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1 Introduction70

Different types of calorimeters are proposed for experiments for future fixed-target facilities, elec-71

troweak and Higgs factories ([1, 2, 3, 4, 5]), hadron ([6]) and muon colliders ([7]) but also for72

medium and low-energy facilities. EIC [8] is also among possible recipients of the R&D program73

developed in this DRD-on-Calorimetry. The ECFA Detector Roadmap [9] has defined the following74

Detector R&D Themes (DRDTs):75

• DRDT 6.1: Radiation-hard calorimeters with enhanced electromagnetic energy and timing76

resolution.77

• DRDT 6.2: Highly granular calorimeters with a multi-dimensional readout for optimised use78

of particle flow methods.79

• DRDT 6.3: Calorimeters for extreme radiation, rate and pile-up environments.80

These themes are the guidelines for the R&D program that will be carried out in the Detector81

R&D Collaboration on Calorimetry, DRD-on-Calorimetry (sometimes also labelled DRD 6 here-82

after). While the focus of the activities will be future experiments at high-energy accelerators,83

the programme will also cover R&D for medium and low-energy experiments. A reference to the84

DRDTs for the different projects is reported in Tables 1, 3, 4 and 6. The mission of the DRD-on-85

Calorimetry is to bring a diverse set of calorimeter technologies to a level of maturity such that86

they can be considered for a technology selection of future experiments. The maturity will have to87

be demonstrated with full-scale prototypes1. The DRD will develop collaborative structures and88

tools such that a comparison between different technologies will be on equal footing. The research89

programme presented in this proposal is the result of community consultations. This started with90

a first community meeting in January 2023 [10], followed by a call for input proposals in February.91

For these proposals, interested groups have been asked to federate themselves behind research92

projects that meet the R&D themes mentioned above. These projects were briefly described and93

a preliminary estimation of resources was given, largely following the suggestions by the coordina-94

tors of the DRD process. Altogether, 23 input proposals were collected. In these input proposals,95

110 institutes declared their interest in joining the DRD-on-Calorimetry. A summary of the input96

proposals and a discussion on the way towards the proposal of the DRD-on-Calorimetry and its97

formation were given in the second community meeting in April 2023 [11]. Afterwards, the input98

proposals were condensed into the present proposal of the DRD-on-Calorimetry. Many of the in-99

put proposals that went into the DRD-6 draft, target future Higgs factories, and, among those,100

many target the FCC-ee. The current timeline for the FCC-ee foresees physics in the second half101

of the 2040s, and requires TDRs in mid-2030s, CDRs in early 2030s. With the long production102

and early installation times of calorimeter systems, these are realistic lead time. TDRs should be103

backed by realistic prototypes, CDRs by demonstrators that address the main performance and104

integration challenges. Consequently, the R&D in the next 3-year period (2024-26) will focus on105

conceptual and component studies, but with system aspects tracked from the beginning, in order106

to be ready for the possible development of demonstrators in the subsequent period and for the107

construction and test of realistic modules by 2035. A linear collider could in principle start even108

earlier, but would directly benefit from the already more advanced development of power-pulsed109

readout concepts.110

2 Organisation of the DRD-on-Calorimetry111

Following the key technologies identified in the EFCA roadmap, the DRD-on-Calorimetry has112

collected, through both the community meetings and a dedicated input collection process, the113

calorimeter projects which are currently proposed or being developed within the community. The114

received proposals showed different levels of maturity and support in terms of personpower and115

funds. This section outlines the scientific as well as governance aspects of the DRD-on-Calorimetry.116

117

1Prototypes able to completely contain (actually more than 95%) either an electromagnetic or a hadronic shower,
depending on the calorimeter target. For electromagnetic calorimeters this corresponds to 20 radiation lengths or
more and for hadronic calorimeters to 5-6 interaction lengths or more.
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Figure 1: Schematic representation of the DRD-on-Calorimetry organisation. Please see text for
details.

2.1 Scientific organisation118

The projects are organised under four Work Packages, described in detail in the following and119

shown schematically in Fig.1.120

• Work Package 1 collects Sandwich Calorimeters (i.e. alternating absorption and sensitive121

layers) with fully embedded electronics. For all these projects, the system aspects of the122

electronics and service integration in the detector are of primary importance.123

• Work Package 2 describes calorimeters based on Liquified Noble Gases. At present it124

includes one proposal for R&D on further optimising Noble-Liquid Calorimetry for future125

accelerator experiments and building a module for beam tests.126

• Work Package 3 organises developments of optical calorimeters: scintillator-based sampling127

and homogeneous calorimeters. This includes the development of materials and associated128

photodetection readout systems as well as the study and demonstration of novel calorimetry129

techniques.130

• Work Package 4 projects indicated that the need for ASIC developments has, in general,131

common characteristics and will, anyway, benefit of a common management, e.g. for wafer132

production. Also in this case, a common effort should be of general interest.133

The description of the different calorimeter projects is given in more details in the following sec-134

tions. Besides the synergies that can be exploited within each WP, scrutinising the submitted135

projects highlighted the existence of several common needs which, we believe, have to be com-136

monly addressed, to exploit synergies among projects, save money and personpower and progress137

faster in the overall project. For this scope, we have identified, at present, five Working Groups138

(WGs), which are listed below and described in the document.139

• Photodetectors: Most of the projects will read out their detectors with Silicon PhotoMul-140

tipliers (SiPMs). Providing specifications for their use in calorimetry, performing photode-141

tector characterisation and choosing the best options will be a common effort while taking142

specific needs into account. This activity will be carried on in close collaboration with DRD143

4.144

• Testbeam infrastructure: All projects foresee exposing their prototypes to particle beams145

in test campaigns during the lifetime of the projects. A coordination of the requests and,146

possibly, common infrastructure and beam instrumentation will be beneficial for the collab-147

oration.148
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• Detector Physics, Simulation, Algorithms and Software Tools: Calorimeter beam149

tests will provide a large amount of physics data which will allow both the performance150

to be assessed and our knowledge of particle interaction with matter to be improved. In151

particular, shower simulation models need to be further developed in order to match the152

precision requirements of future e+e− experiments. Commonalities across the project in the153

software field are addressed in this WG.154

• Industrial Connections and Technology Transfer: A connection between the detector155

R&D community and the companies producing the materials, photodetectors or electronics156

used in calorimetry is of utmost importance and will allow both to progress faster.157

• Mechanics and Integration: The need to have a dedicated Working Group on these topics158

is still under discussion. This will become particularly important if there is no DRD on these159

subjects as these aspects play a central role in calorimetry.160

Within the DRD 6 collaboration, contact persons who are also active in other DRD collabo-161

rations have been identified to provide clear channels of communication on technology needs and162

topics of shared interest. The list of contact persons identified at present is reported in Appendix B.163

The interconnections among DRDs is described in Sec. 9.164

2.2 Governance165

The top part of Fig.1 sketches a preliminary model of the governance of the DRD-on-Calorimetry.166

A detailed proposal on governance is in preparation by the Proposal Team. It will become effective167

once discussed and approved by the Collaboration Board, which will be introduced below. Here,168

only a general description can be given.169

At the time this proposal is written, we work in an interim regime. The Proposal Team has170

identified a list of participating institutes (see Appendix A, status as of November 1st 2023) and171

the names of a representative person for each of them. These will constitute a proto-Collaboration172

Board (proto-CB). This proto-CB will collaborate with the Proposal Team on the concrete steps173

towards the full implementation of governance. We intend that this proto-CB will transit into the174

“real” Collaboration Board in early Spring 2024.175

176

The Collaboration Board (CB) will consist of:177

• Representatives of all collaborating institutes. Regardless of size, each institute is represented178

by one CB member.179

• A chairperson, who is non-voting if she/he is not also an institute representative.180

• Ex-officio (non-voting) members: Chairs of the Technical Board (TB), Speaker and Publica-181

tion Bureau (SPB) and Resource Board (RB), who do not represent their institutes in the182

CB.183

The role of the Collaboration Board is:184

• to approve major decisions within the collaboration;185

• to decide changes in the collaboration structure and policy;186

• to decide on group/institute membership;187

• to allow all participating institutes to take part in decision making.188

The Spokesperson (SP) represents the collaboration and is the official contact between the189

DRD-on-Calorimetry and the management of external organisations. The SP organises and chairs190

the collaboration meetings, and coordinates the preparation of external reviews. The SP has overall191

authority for the production and dissemination of approved results.192

The election of both the Collaboration Board Chair and the Spokesperson is preceded by a selection193

by a Search Committee, normally consisting of three members to identify suitable candidates.194

Details of the election process are subject to an agreement within the collaboration. The size of195

the collaboration motivates to consider that both SP and CB Chair will be supported by deputies.196

The number of deputies and their nomination are subject to further decisions by the collaboration.197
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2.2.1 Executive bodies198

The Spokesperson proposes the chairs of the executive bodies: Technical Board (TB), Resource199

Board (RB) and Speaker and Publication Bureau (SPB). All three will be introduced in the fol-200

lowing.201

202

The Technical Board (TB) is an executive body of the collaboration. It:203

• monitors all R&D activities;204

• follows the preparation of beam-test campaigns and reviews their readiness;205

• coordinates the beam time requests to test facilities;206

• coordinates the development of common infrastructure, frameworks and tools;207

• nominates coordinators for common tasks such as software, data acquisition and photode-208

tectors;209

• oversees run coordinators for common beam-test campaigns.210

The members of the Technical Board are:211

• The Technical Board Chair.212

• The representatives of the Work Packages (to be decided with which level of granularity).213

• The coordinators of the Working Groups.214

• Ex-officio members: the Spokesperson and the Speakers-and-Publications Bureau Chair.215

Spokespersons emeriti and Technical Board Chairs emeriti at their discretion.216

The Resource Board is constituted by:217

• A representative of each funding agency (e.g. National Representative). Each FA organises218

itself according to its needs.219

• The Resource Board Coordinator, chairperson of the body.220

The role of the board is to debate and approve the sharing and usage of common resources among221

the different funding agencies and funds for small service works. The Resource Board is not meant222

to administrate the project’s funds. It will, anyway, vigilante on agreed contributions. The exact223

mandate of the board is under discussion.224

225

A Speaker and Publication Bureau (SPB) will decide on general rules for talks and publica-226

tions. Also, in this case, the exact implementation of this Bureau is subject to further discussion227

and decisions once the collaboration has been established. It is however clear that for example,228

publication rules must be clear at a very early stage.229

230

3 Work Package 1: Sandwich calorimeters with fully em-231

bedded electronics232

3.1 Description233

The devices studied in this work package seek to produce high-resolution images in 3 dimensions234

of the final state of particle collisions. With the inclusion of time and energy, five quantities235

are available per active element. The overarching goal is to provide calorimeters optimised for236

the application of Particle Flow Algorithms (PFAs) [12, 13, 14]. They should therefore provide237

an excellent particle separation complementing high-resolution tracking. The combination of the238

information of the two (calorimetry and tracking) systems aims at a jet energy resolution of 3-4%239
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which is the design goal for future, both linear and circular, Higgs factories. This will allow for240

efficient separation of the 2-jet final states of Z, W and Higgs bosons. The 3D granularity is at least241

two orders of magnitude higher than what is proposed for calorimeters in other Work Packages.242

In addition, a full 4π coverage with little room for services is required to fully exploit the potential243

of these imaging calorimeters. Maybe more than others, this type of detectors requires a holistic244

approach, i.e. to take special care of high-level system integration already during the R&D phase.245

This applies in particular to the embedding of the front-end electronics into the detector volume.246

In turn, these front-end electronics have to feature low-power consumption without compromising247

performance. A summary of the main overarching R&D directions in Work Package 1 is given in248

Fig. 2. The technologies pursued in this work package are all considered suited to meet the goals

Figure 2: Synthetic overview on the main research directions common to all projects in Work
Package 1.

249

of imaging calorimeters. Many of the projects are a continuation of R&D so far carried out by250

the CALICE Collaboration [15]. Before the individual projects will be introduced, some general251

features shared by the proposals are recapitulated below.252

• Most proposals feature (analogue and digital) readout electronics fully integrated into the253

calorimeter volume. Where this is not (yet) the case, it is recommended that the design254

should be adapted.255

• It is common practice in calorimetry to build and handle electromagnetic and hadronic256

calorimeters as separate entities. Imaging calorimeters should be thought of as one device257

with finer pixelisation in the inner part (the electromagnetic section) and coarser pixelisation258

in the rear part (the hadronic section). It is therefore important that the R&D program259

plans from the beginning beam tests that combine electromagnetic and hadronic sections.260

This will allow for the development of common electrical but also mechanical interfaces and261

infrastructures. Such beam tests are comparable in size and complexity to real experiments.262

As outlined in Sec. 8.2, the DRD-on-Calorimetry envisages to pay particular attention to263

beam test infrastructures for the benefit of all projects.264

3.2 Activities and objectives265

In the following, the projects, that would like to deliver large-scale prototypes in the coming 3-6266

years, are introduced. Either the prototypes do already exist and could be extended, or the size267

of the groups and the anticipated resources are large enough such that credible prospects for their268

realisation can be made. The projects are grouped into tasks to exploit in the best way synergies269

between them. These tasks are ordered by section, either electromagnetic or hadronic. Within the270
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electromagnetic part, three tasks propose semiconductors as sensitive elements. Note already here271

that all proposals for the electromagnetic sections use tungsten (W) as absorber material. Tasks272

on hadronic sections are split according to the sensitive element, either optical or gaseous.273

3.2.1 Task 1.1: Highly pixelised electromagnetic section274

• Subtask 1.1.1: A Silicon-Tungsten Electromagnetic Calorimeter SiW-ECAL uses silicon275

pad sensors with analogue readout embedded between tungsten (W) absorber layers. Sil-276

icon allows for high pixelisation and tungsten for a compact design. An individual layer277

has to remain within an envelope of around 5mm. Compared with the CMS HGCAL [16],278

currently under construction, the lateral density is about 2-4 times higher while the lon-279

gitudinal density is around a factor of two higher. This implies that the integration of a280

layer has to be different from the one currently developed by CMS. The device builds on281

the current CALICE SiW-ECAL technological prototype [17] and the first step in the R&D282

will be to conclude the ongoing work. For future Higgs factories, the tendency is to increase283

the beam collision frequency, with respect to the case of the International Linear Collider.284

The extreme case is the Z-pole running at a circular electron-positron collider that must be285

supported by the front-end electronics and readout system. Excellent timing resolution is286

a promising avenue to considerably improve the performance of the PFA. The actual need287

for timing resolution will have to be determined before hardware specifications can be made.288

Still, both high collision frequency and excellent time resolution will yield an increase in the289

power consumption of the front-end electronics. On the other hand, the electronics have to290

minimise the need for cooling in order to not compromise the quality of the PFA. A full291

system study, in close coordination with detector optimisation studies for relevant physics292

processes, has to be carried out in order to specify the hardware needs for future prototypes.293

Main R&D topics: Solid construction of basic detection elements; extension of current294

prototype(s) based on power pulsing to continuous operations; reduction of power consump-295

tion; study of the need for cooling; study of the addition of timing, with either dedicated296

layers or volume timing. For both linear and circular collider operation, the performance of297

real-size layers will have to be studied.298

• Subtask 1.1.2: Highly compact calorimeters will measure the luminosity and the beam-299

induced background in particle physics detectors (“forward calorimetry”). The reduced space300

and the quest for separation of close-by electron and photon showers, call for an even higher301

level of compactness compared with the SiW-ECAL introduced before. Therefore, the R&D302

focuses on the reduction of auxiliary components such as readout or transmission wires.303

This implies, for example, the testing of GaAs sensors with readout strips on the sensor304

substrate. The space available in the forward region of particle detectors is very limited.305

Therefore, forward calorimetry constitutes a field of application of wireless data-transfer306

technologies that will be developed in the DRD-on-Electronics (DRD 7). Several aspects307

of forward calorimetry will be addressed in the frame of the LUXE experiment [18]. In308

particular, partially shared with the SiW-ECAL project R&D, detector elements of forward309

calorimeters require the study of connectivity technologies in terms of sensor gluing.310

Main R&D topics: Testing of sensors with readout strips, solid construction of basic311

detection elements (study of conductive gluing), application of wireless data transfer.312

• Subtask 1.1.3: DECAL: Separation power through high pixelisation is the main motivation313

for the application of calorimeters based on semiconductors. The Digital-Electromagnetic314

Calorimeter DECAL will increase the transverse granularity w.r.t. the SiW-ECAL by a fac-315

tor of around 104 by using reconfigurable CMOS MAPS sensors. In this case, each pixel will316

be read out with a 1-bit resolution resulting in digital calorimetry. The aim is to produce317

a large, granular sensor that can be a testbed for digital calorimetry, outer tracking and318

preshower applications. Recent work in the context of the EPICAL-1 and -2 Ultra-High319

Granularity Electromagnetic Calorimeter Prototypes have confirmed the potential for digital320

calorimetry in terms of energy resolution and shower separation [19]. Separately, prototypes321

of dedicated CMOS MAPS sensors, such as the DECAL sensors, for digital calorimetry, outer322
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tracking and preshower applications, have paved the way for developing devices that can ad-323

dress the specific requirements of multiple subdetectors, including digital calorimeters [20].324

The future R&D will take the best aspects of both existing projects, developing a new sensor325

optimised for calorimetry, either by integrating the design of the DECAL DMAPS chip with326

an existing mature sensor or by continuing its own development, and ultimately deploying327

the resultant sensor for a beam test. By taking advantage of the EPICAL-2 prototype and328

existing data for evaluation of performance extrapolated to what will be a custom sensor, it329

is envisaged to demonstrate the ultimate potential of this alternative approach to the tradi-330

tional silicon analogue readout as used in CMS HGCAL and proposed for some future collider331

experiments. The development carried out here will be calorimetry specific. Still, there is332

a natural synergy with MAPS and CMOS sensor development for trackers in the DRD on333

solid state detectors (DRD 3).334

Main R&D topics: Development of a CMOS MAPS-based DECAL sensor optimised for335

calorimetry. This implies, in particular, the reduction of the power consumption from around336

10mW/cm2, as of today, by at least an order of magnitude. Sensor size and stitching tech-337

nologies have to be developed in order to equip a surface of around 2000m2. The selected338

sensors and technology will have to be validated by beam-test prototypes.339

• Subtask 1.1.4: While the previous three projects develop electromagnetic calorimeters based340

on semiconductors, the Sc-ECAL ([21]) uses scintillating strips of around 45× 5× 2mm3
341

in size. In alternating layers, the strips are rotated by 90◦ yielding an effective 5× 5mm2
342

transverse granularity. A prototype of this type of calorimeter has been tested in 2022343

and 2023 with beam at CERN. As for the SiW-ECAL, this prototype was operated with344

ASICs designed for power-pulsed operation at a linear collider. The technology needs thus345

to be adapted to the operation at circular colliders. This implies also the development of346

a cooling system. Apart from these obvious R&D items, the project also will engage in347

the R&D of new scintillator material to improve light yield, radiation hardness, ageing and348

timing performance. The Sc-ECAL is a potential field of application for future quantum-dot349

technologies developed in the DRD on quantum technology (DRD 5)350

Main R&D topics: Extension of current prototype based on power pulsing to continuous351

operations: reduction of power consumption and of cooling, study of the addition of timing,352

with either dedicated layers or volume timing. For both linear and circular collider operations,353

the performance of real-size layers will have to be studied.354

3.2.2 Task 1.2: Hadronic section with optical tiles355

• Subtask 1.2.1: The Analogue Hadron Calorimeter AHCAL is based on the SiPM-on-Tile356

technology previously developed in the CALICE collaboration and now also applied in the357

CMS-endcap calorimeter upgrade (HGCAL). For hadron calorimeters, primarily targeted at358

Higgs Factories, one aims at maximum compactness, with considerably tighter requirements,359

in particular in the barrel region, than for CMS. Channel count and instrumented area are360

also more than an order of magnitude larger. A full technological prototype capable of con-361

taining high-energy hadronic showers has been constructed [22], with electronics optimised362

for linear e+e− colliders using power pulsing to eliminate cooling requirements in the ac-363

tive detector volume. The SiPM-on-Tile technology is relatively mature, shifting the main364

focus of the R&D to system aspects. A central theme is the development of a full system365

suitable for circular colliders which requires continuous high-rate readout, as well as a consol-366

idation and further improvement of the cell-by-cell time resolution. In addition, alternative367

scintillator-integration concepts such as mega-tiles will be studied, in connection with the368

development of new plastic scintillating materials.369

Main R&D topics: Re-design of the full readout and powering chain for continuous read-370

out, data rates and possible trigger requirements of circular Higgs Factories, development of371

appropriate electrical, thermal and mechanical integration concepts.372

• The ScintGlassHCAL ([23])project seeks to replace plastic scintillators with tiles based on373

scintillating glasses. As pointed out in the ECFA Detector R&D Roadmap, this material is374
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supposed to be cheaper than traditional inorganic scintillators. With clear synergies with375

Work Package 3, the development of this type of calorimeter requires some groundwork on376

that type of detector. A trade-off will have to be found between material density and the377

actual light yield. Special attention will also have to be paid to the selection of the photode-378

tectors. The concept of an imaging calorimeter requires, as for the other proposals in this379

Work Package, a high level of integration. Since the use of scintillating glasses is, as of today,380

uncharted territory for imaging calorimeters, this may imply additional, still unknown, R&D381

challenges.382

Main R&D topics: Identification of optimised scintillating glass materials. Selection of383

photodetectors and readout ASICs in synergy with other projects in the DRD. Small “elec-384

tromagnetic” prototypes as a proof of principle with the medium-term goal of a full-scale385

hadronic prototype.386

3.2.3 Task 1.3: Hadronic section with gaseous readout387

• Subtask 1.3.1: The Semi-Digital Hadronic Calorimeter (SDHCAL) is a sampling calorimeter388

studied by the CALICE collaboration to equip the future ILC experiments with a compact,389

self-supporting, hadronic calorimeter using gaseous detectors, such as RPCs, to achieve the390

high granularity required to successfully apply PFA techniques. A prototype of 48 units was391

built in 2011 [24] and tested in the following years until today. The next generation of this392

type of calorimeters should feature a time resolution of better than 150 ps (to be compared393

with around 1 ns of today). In the T-SDHCAL project, the amplification of the avalanche394

process will be boosted by moving from a single-gap RPC to a multigap RPC (MRPC). The395

MRPC will be developed in close coordination with the DRD on gaseous detectors (DRD396

1). The main task in the DRD-on-Calorimetry is the integration of several layers into a397

calorimetry system. The detector has to be read out by a low-jitter, low power-consuming,398

ASIC. Liroc, see e.g. [25], is a promising candidate for this. Operation at circular e+e−399

colliders requires, in addition, the development of a cooling system to sustain the higher400

rates.401

Main R&D topics: Development of multigap RPC (MRPC) to improve timing and study402

of an adequate readout ASIC, such as Liroc. Development of a few layers of 1 × 1m2 that403

could be inserted in the current SDHCAL prototype replacing some of the existing single-gap404

RPCs to allow for the study of full hadronic showers.405

• Subtask 1.3.2: As a complement to the RPC-based sensors, the micropattern gas detector406

hadronic calorimeter MPGD-HCAL proposes gaseous sensors based on Micromegas or407

µRWELL chambers. The main motivation for this approach is that both Micromegas and408

µRWELL chambers are able to stand high particle fluxes. These characteristics make them409

suitable, not only for future e+e− colliders, but in particular for a future muon collider. As410

of today, seven µRWELL chambers and four Micromegas layers of size 20×20 cm2 have been411

constructed within the project. From these, the six best layers will be chosen, yielding an412

“electromagnetic” prototype with a depth of two interaction lengths. For this prototype,413

readout ASICs and DAQ systems are available. This will allow for a proof-of-principle of the414

MPGD-HCAL. This prototype will be complemented by four layers of size 50×50 cm2 yield-415

ing a total depth of three interaction lengths. In the long run, chambers of size 50× 100 cm2
416

and 100× 100 cm2 are planned. The development of all mentioned chambers will be carried417

out in cooperation with DRD 1. For the larger chambers, the project will integrate with the418

general development of readout systems within the DRD.419

Main R&D topics: Simulation studies to assess the performance needs for a hadronic420

calorimeter at a future muon collider, development of large-area MPGD chambers including421

adequate readout electronics.422

• Subtask 1.3.3: The ADRIANO3 is a high-granularity triple-readout calorimeter with fast423

timing, designed by adding a third active element to the ADRIANO2 ([26]) technique. It is424

a highly granular, integrally active, dual-readout calorimeter with 5D shower measurement,425

aiming at disentangling the neutron component of a hadronic shower. ADRIANO3 is com-426

posed of a sandwich of heavy-glass tiles, plastic scintillator tiles, and thin RPCs, assembled427
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Task/Subtask
Sensitive Material/
Absorber

DRDTs Target Application Current Status

Task 1.1: Highly pixelised electromagnetic section

Subtask 1.1.1:
SiW-ECAL

Silicon/
Tungsten

6.2
e+e− collider
central detector

Prototype for
finalising R&D for LC,
Specification for CC and
of timing for PFA needed

Subtask 1.1.2:
Highly compact calo

Solid state (Si or GaAs)/
Tungsten

6.2
e+e− collider
forward part

Prototypes with
non-optimised sensors,
Sensor optimisation and data
transfer studies ongoing

Subtask 1.1.3:
DECAL

CMOS MAPS/
Tungsten

6.2, 6.3
e+e− collider
central detector.
Future hadron collider

Prototypes with non-optimised
sensors,
Sensor optimisation ongoing

Subtask 1.1.4:
Sc-Ecal

Scintillating plastic strips/
Tungsten

6.2
e+e− collider
central detector

Prototype for
finalising R&D for LC,
Specification for CC and
of timing for PFA needed

Task 1.2: Hadronic section with optical tiles

Subtask 1.2.1:
AHCAL

Scintillating plastic tiles/
Steel

6.2
e+e− collider
central detector

Prototype for
finalising R&D for LC,
Specification for CC and
of timing for PFA needed

Subtask 1.2.2:
ScintGlassHCAL

Heavy glass tiles/
Steel

6.2
e+e− collider
central detector

Material studies
and specifications
for prototypes

Task 1.3: Hadronic section with gaseous readout

Subtask 1.3.1:
T-SDHCAL

Resistive Plate Chambers/
Steel

6.2
e+e− collider
central detector

Prototype for
finalising R&D for LC,
Specification for CC and
of timing for PFA needed

Subtask 1.3.2:
MPGD-HCAL

Multipattern Gas Detectors/
Steel

6.2, 6.3
µ+µ− collider
central detector

Small prototype for
proof-of-principle,
Lateral and longitudinal
extension envisaged

Subtask 1.3.3:
ADRIANO3

Resistive Plate Chambers
+Scintillating plastic tiles/
Heavy Glass

6.1, 6.2, 6.3

e+e− collider
central detector
BSM searches
in MeV-GeV range

RPC, Scintillating Tiles
advanced status,
R&D on heavy glass
needed

Table 1: Table summarising the projects in Work Package 1, their grouping into tasks and their
status and plans.

as a single readout layer. The heavy glass is mostly sensitive to the fast EM component428

of the shower above the Cherenkov threshold. The plastic scintillator is sensitive to all the429

ionising particles as well as neutrons. The newly added RPCs, based on heavy gasses and430

glass, are sensitive to all the ionising particles, but not to neutrons, allowing for disentangling431

the neutron component. The RPCs will be based on the CALICE DHCAL technology with432

digital readout for fine segments of 1 cm2.433

Main R&D topics: Optimisation of the construction technique in terms of light yield, RPC434

efficiency, timing resolution, and cost; construction of a few prototype layers; finally, produc-435

tion of a medium-scale prototype, and test in high-energy and low-energy beams to evaluate436

energy and position resolution, PID and time resolution. In addition, the implementation of437

machine learning techniques will also be investigated.438

A summary of the introduced projects is given in Tab. 1. Tab. 2 complements the previous439

table with a list of milestones and deliverables.440

In addition to the described projects, the work package will also follow up on activities that441

are, as of today, at a lower level of maturity. This is, for example, the case for the Double-readout442

Sandwich Calorimeter (DSC) [27]. Here, passive absorber material is replaced by lead glass that443

acts as a Cherenkov light radiator. As for all calorimeters in this section, the readout electronics and444

other services will be embedded in the calorimeter volume. In addition, there are clear synergies445
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Milestone Deliverable Description Due date

Task 1.1: Highly pixelised electromagnetic section

Subtask 1.1.1: SiW ECAL D1.1 Revised 15 layer stack 2024
M1.1 Specifications for timing and cooling 2025

D1.2 Engineering module for Higgs factory >2026

Subtask 1.1.2: High compact calo D1.3 Updated set of compact detection layers 2024

M1.2
Prototype for GaAs sensors with strip
readout

2026

D1.4 Set of validated GaAs sensors >2026

Subtask 1.1.3: DECAL M1.3
Requirements for DECAL-specific sensor
design established

2024

M1.4 Full evaluation of (ALPIDE-based) EPICAL-2 performance 2025

M1.5
Design for next-generation sensor with
DECAL-specific optimisation (with
machine-specific options)

2026

D1.5
New sensors producted and evaluated
in EPICAL-3 prototype

>2026

Subtask 1.1.4: Sc-ECAL
M1.6

Improved components (engineering for
production, timing, active cooling, etc.)

2024

D1.6 40-layer prototype and testbeam 2025

Task 1.2: Hadronic section with optical tiles

Subtask 1.2.1: AHCAL M1.7 Concept for continuous readout 2024
M1.8 First layer with continuous readout 2025

D1.7 EM prototype demonstrating system aspects 2026
D1.8 Full-size layer and multi-layer demonstrator >2026
D1.9 Engineering prototype >2026

Subtask 1.2.2: GlassScintHCAL M1.9 cm-scale tiles 2024
D1.10 15-layer EM module 2025
D1.11 40-layer prototype >2026

Task 1.3: Hadronic section with gaseous readout

Subtask 1.3.1: T-SDHCAL M1.10
Study of the impact of timing on PFA
performance

2024

M1.11 Specifications for first layers 2025
M1.12 First T-SDHCAL layers 2026

D1.12 40-layer prototype >2026

Subtask 1.3.2: MPGD-HCAL D1.13 Completion of 6-layer 20 × 20 cm2 prototype 2024
M1.13 Specifications for 50 × 50 cm2 prototype 2025

M1.14 Design of 50 × 100 cm2 layers 2026

D1.14
10-layers prototype (6L: 20 × 20 cm2

+4L: 50 × 50 cm2)
2026

D1.15 3 100 × 100 cm2 layers >2026

Subtask 1.3.3: ADRIANO3 M1.15 Small-scale test layers 2024
M1.16 Small-scale prototype 2025

D1.16 Large-scale prototype & testbeam 2026

Table 2: Deliverables and milestones in Work Package 1.

12



with the ADRIANO3 project. Both DSC and ADRIANO3 will benefit from the Work Package 3446

on optical calorimeter R&D.447

3.3 Short-term applications448

The technologies of SiW-ECAL and AHCAL, originally developed within CALICE, have been449

adopted by the CMS-HGCAL for the upgrade of the endcaps of the CMS detector. The experience450

gathered in the construction of this new type of calorimeter will feed back into the R&D of Work451

Package 1. The system integration of the detection elements (Si-Modules and TileBoards in the case452

of the CMS HCGAL) is one of the main challenges. The detectors proposed here are typically more453

compact than those of the HGCAL and will have to meet the precision requirements for future e+e−454

colliders. Two of the described projects, the SiW-ECAL and the highly compact calorimeter, are455

also foreseen as detectors at the DESY experiment LUXE. The detector construction for LUXE and456

the DRD-6 program will mutually benefit from each other. This concerns, in particular, detector457

integration, a crucial aspect of the detectors studied in Work Package 1.458

4 Work Package 2: Liquified Noble Gas Calorimeters459

4.1 Description460

Future experiments at e+e−, hadron or muon colliders have an ambitious physics program. The461

role of calorimetry will be to precisely measure particle energies, complement the tracking system462

in an optimal particle-flow event reconstruction, contribute to particle identification and - where463

necessary - provide efficient pile-up rejection. Such functionalities will only be achievable with464

excellent electromagnetic energy resolution, high lateral and longitudinal granularity and - in some465

cases (e.g. pile-up rejection) - excellent time resolution. Calorimetry based on liquified noble gases466

(noble-liquid calorimetry) was successfully used in many high-energy experiments (e.g. E706 at467

FNAL, R806 at ISR, D0, H1, NA48, ATLAS, SLD) due to its excellent electromagnetic energy reso-468

lution, linearity, stability, uniformity and radiation hardness. While radiation hardness is a concern469

mainly for hadron colliders, all other above-mentioned properties of noble-liquid calorimetry will470

be extremely beneficial for the high-precision measurement programme of e+e− colliders, but also471

for precision measurements at future hadron or muon colliders. The unprecedented statistical pre-472

cision achievable in experimental measurements at circular e+e− colliders, such as the FCC-ee, will473

have to be complemented by extremely well-controlled systematic uncertainties, which require an474

excellent understanding of the detector and the event reconstruction. Highly uniform, linear and475

stable measurements in the calorimeters will be a prerequisite to achieving this ambitious goal.476

4.2 Objectives477

This work proposal is meant to further develop calorimetry based on liquified noble gases and478

prepare it for a possible application in a future e+e−, hadron or muon collider experiment. The479

goal for the next years is to design and build a small module for characterisation with test beams.480

Work will focus on the below areas 1-4, leading to a prototype module by the end of 2027:481

1. Further develop the understanding of the needed granularity of an electromagnetic calorime-482

ter for an e+e− experiment by studying pion rejection (tau-lepton physics), axion searches483

as well as jet-energy reconstruction, using 4D imaging techniques, machine learning and/or –484

in combination with the tracker measurements – particle flow algorithms. In parallel, perfor-485

mance studies of the electromagnetic energy resolution will allow us to further optimise the486

geometry of the calorimeter (gap size, sampling fraction, active and passive material, passive487

material correction, absorber composition and shape). In addition, the possibility of reading488

out the Cherenkov light in the liquified noble gas might be studied to investigate potential489

gains in timing measurement or in dual-readout energy measurement.490

2. Optimise the readout electrodes for the defined granularity: a first barrel electrode prototype491

was built and is being tested and compared to finite element simulations. In the coming years,492

the electrode design will be further optimised to minimise crosstalk and electronic noise493
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Project DRDTs Milestone Deliverable Description Due date

Noble-Liquid

Calorimeter
6.1, 6.2, 6.3

M2.1 Design review of test module - sign-off 2025
D2.1 Test module assembled > 2026

M2.2 Test module ready for cool-down > 2026

Table 3: Deliverables and milestones in Work Package 2.

(the goal is to measure photons down to 300MeV and to have an S/N > 5 for minimum494

ionising particles in all cells). Similar work will be performed for the endcap electrodes: after495

investigating possible geometries for the endcap design and optimising the granularity, the496

appropriate electrodes will be designed. A final prototype of the barrel electrode will be497

produced in Q4 2024, the design will be frozen and a call for tender will be prepared for the498

production of the electrodes for the test module. The order will be placed with the goal to499

have all electrodes in hand by Q2 2027 at the latest. It is planned to optimise for and equip500

part of the test module with cold readout electronics, whereas the other part should be read501

out via coaxial cables and warm electronics sitting outside of the cryostat.502

3. Study two different readout designs: readout via cold electronics, sitting inside the cryostat,503

as well as readout via warm electronics, sitting outside the cryostat. It is our intention504

to reuse existing readout chips (e.g. from ATLAS LAr, DUNE, HGCAL,. . . ) and adapt505

them for our use. There are synergies as well with other projects in the DRD, on very-506

low-power integrated front-end electronics for future calorimeters. The necessary cables and507

feedthroughs will also be studied and procured for the test module. For the test beam, some508

kind of back-end electronics will be necessary to record the data.509

4. Mechanical study of a noble-liquid calorimeter: small systematic errors will only be achiev-510

able with a highly uniform and stable calorimetric measurement. This translates into high511

precision and stability of the calorimeter mechanics. It will be studied how such a calorimeter512

could be built with the required precision. This includes the design of the mechanical struc-513

ture including precision spacers, absorbers, readout electrodes and their respective precision514

supports. Prototype absorbers will be procured and tested during the years 2024 and 2025.515

A small test module (full depth, ≥ 22X0 : ∼ 1.0m × 0.5m × 0.5m) will be designed. A516

final design review will be held in Q4 2025, after which the production of the test module517

shall start. The goal is to have the module assembled and tested at warm temperatures by518

the beginning of 2028. Cold tests and tests with beams are planned for 2028 and/or later,519

depending on the CERN SPS beam schedule. An existing cryostat will be adapted or a520

prototype carbon-fibre cryostat used (R&D on such a cryostat is performed in the framework521

of the EP R&D program at CERN – WP4.1b).522

All milestones and deliverables as well as references to the addressed DRDTs are summarised in523

Tab. 3.524

525

5 Work Package 3: Optical calorimeters526

5.1 Description527

Calorimeters based on scintillating materials and photodetectors have a long and successful his-528

tory at high-energy particle colliders. Continuous technological progress in the field, from faster529

and more radiation-tolerant scintillators to compact and cheaper photodetectors such as Silicon530

PhotoMultipliers (SiPMs), has opened the possibility of novel calorimeter designs.531

The goal of Work Package 3 is to explore, optimise and demonstrate with full shower-containment532

prototypes, new concepts of sampling and homogeneous calorimeters based on scintillating materi-533

als. A common trend among different calorimeter concepts is to improve the spatial granularity, the534

time and energy resolution and, in some cases, the radiation tolerance compared to state-of-the-art535

calorimeters. Contrary to the calorimeter concepts discussed in Sec. 3, the calorimeter designs in536

this section do not plan to embed electronics and services inside the calorimeter but rather route537
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Project Calorimeter type Scintillator/WLS Photodetector DRDTs Target

Task 3.1: Homogeneous and quasi-homogeneous EM calorimeters

HGCCAL EM / Homogeneous BGO, LYSO SiPMs 6.1, 6.2 e+e−

MAXICC EM / Homogeneous PWO, BGO, BSO SiPMs 6.1, 6.2 e+e−

Crilin EM / Quasi-Homog. PbF2, PWO-UF SiPMs 6.2, 6.3 µ+µ−

Task 3.2: Innovative Sampling EM calorimeters

GRAiNITA EM / Sampling ZnWO4, BGO SiPMs 6.1, 6.2 e+e−

SpaCal EM / Sampling GAGG, organic MCP-PMTs,SiPMs 6.1, 6.3 e+e−/hh
RADiCAL EM / Sampling LYSO, LuAG SiPMs 6.1, 6.2, 6.3 e+e−/hh

Task 3.3: Hadronic sampling calorimeters

DRCal EM+HAD / Sampling PMMA, plastic SiPMs, MCP 6.2 e+e−

TileCal HAD / Sampling PEN, PET SiPMs 6.2, 6.3 e+e−/hh

Task 3.4: Materials

ScintCal - - - 6.1, 6.2, 6.3 e+e−/µ+µ−/hh
CryoDBD Cal - TeO, ZnSe, LiMoO n.a. - DBD experiments

NaMoO, ZnMoO

Table 4: Overview of R&D activities on optical calorimeter concepts.

the signal away from the active elements (while photodetectors are in some cases embedded). The538

vast majority of the proposed calorimeters exploit SiPMs as compact and cost-effective photode-539

tectors insensitive to magnetic fields and envision the use of particle flow algorithms for event540

reconstruction.541

5.2 Activities and objectives542

For the next three years, the overall goal of Work Package 3 is to increase the level of technological543

readiness (TRL) of various calorimeter concepts based on scintillators or other optical media.544

Since different calorimeter concepts are at different levels of maturity, they also aim at different545

goals within this time scale: from proof-of-concept and definition of component specifications to the546

demonstration of a full-scale prototype performance with beam tests. Different R&D activities also547

target different types of particle colliders (future e+e− Higgs factories, muon colliders and hadron548

colliders) and thus different operating environments and unique challenges (e.g. time resolution549

or radiation tolerance). Table 4 provides a summary of the broad scope of activities within Work550

Package 3. The projects are organised into 4 tasks addressing different technological challenges.551

Each activity concerns the development of a specific calorimeter concept.552

Three of the proposed calorimeter concepts (HGCCAL, MAXICC and Crilin) are designed553

for electromagnetic (EM) shower detection using a homogeneous or quasi-homogeneous approach554

based on scintillating crystals and SiPM readout. (Task 3.1)555

A second group of ECAL concepts develops innovative approaches for sampling calorimetry that556

provide radiation tolerance (SpaCal, RADiCAL) or very fine sampling capabilities (GRAiNITA).557

(Task 3.2)558

A fibre-based dual-readout sampling calorimeter (DRCal) is designed to achieve a 12 − 15%
√
E559

energy resolution for electromagnetic showers and about 30%
√
E for hadronic showers while the560

TileCal offers a cost-effective technology to instrument the hadronic section of a sampling calorime-561

ter with scintillating-light readout using wavelength shifting (WLS) fibres. (Task 3.3).562

Another task aims at identifying the best-suited materials for applications in calorimetry. Needs for563

new optimised materials will be identified and R&D will be carried on in this framework. This task564

will provide a clear overview of the state-of-the-art materials and propose scintillators and other565

optical media with mass-scale production capability for future collider experiments.(Task 3.4).566

A brief description of each activity is given in the following.567

5.2.1 Task 3.1: Homogeneous and quasi-homogeneous EM calorimeters568

• Subtask 3.1.1: The High-Granularity Crystal Calorimeter (HGCCAL) [28] is a homogeneous569

calorimeter with high transverse and longitudinal segmentation based on 1 × 1 × 40 cm3
570
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crystal bars arranged in a grid structure with double-ended SiPM readout. The calorimeter571

is optimised for event reconstruction based on particle flow algorithms (PFA) to achieve572

about a 3%
√
E resolution for electromagnetic showers and a 30%

√
E energy resolution for573

jets, crucial for the physics programmes at future e+e− colliders. The application of PFA574

would benefit from shorter bars of 1 × 1 × 4.5 cm3 is size that are also considered. About575

the front-end electronics for the SiPM readout, it is expected that there will be synergies in576

many aspects (e.g. single photon calibration, a high dynamic range, low power dissipation,577

high event rate) with other projects in DRD 6 and possibly in DRD 7.578

Key R&D required: Mechanical design and integration, development of an EM shower-579

scale prototype; pattern recognition issues and PFA performance for the long crystal bar580

design; studies and developments of SiPMs and ASICs with a large dynamic range, which is581

a new technical challenge for the homogeneous calorimetry structure.582

• Subtask 3.1.2: TheMaximum Information Crystal Calorimeter (MAXICC) is a cost-effective583

homogeneous calorimeter concept for e+e− Higgs factories based on high-density crystals (e.g.584

PWO, BGO, BSO) readout with SiPMs [29]. It features a moderate longitudinal segmenta-585

tion and includes the dual readout of scintillation and Cherenkov light from the same active586

element (by means of optical filters for instance) for optimal integration with a dual-readout587

hadronic calorimeter. It targets an electromagnetic energy resolution of 3%
√
E, a time res-588

olution of O(30) ps and a jet energy resolution of about 30%
√
E when combined with a589

dual-readout hadron calorimeter.590

Key R&D required: Identification of optimal components (crystal, optical filters, SiPMs)591

for the isolation and extraction of the Cherenkov signal, development of an EM-shower-scale592

prototype.593

• Subtask 3.1.3: The Crystal calorImeter with Longitudinal InformatioN (Crilin) [30] is a594

quasi-homogeneous calorimeter based on PbF2 crystals and SiPMs for a future Muon Col-595

lider. It relies on longitudinal segmentation and fast detector response to mitigate the Beam596

Induced Background (BIB) expected at muon colliders. It targets an EM energy resolution597

in the 5 − 10%
√
E range, limited by BIB and SiPM noise effects due to radiation-induced598

damage (for an expected 1014 1-MeV neq/cm
2 fluence). The series connection of SiPMs for599

signal readout allows close events (below 100 ps) to be temporally resolved. Time resolution600

measurements will be performed in test beams.601

Key R&D required: Validation of the concept design and simulations with an EM-shower-602

scale prototype.603

5.2.2 Task 3.2: Innovative sampling EM calorimeters604

• Subtask 3.2.1: The GRAiNITA concept [31] consists of a very-fine-sampling calorimeter in605

which sub-millimetric grains of high-Z and high-density inorganic scintillator crystals (e.g.606

ZnWO4, BGO) are supposed to be evenly distributed in a bath of transparent high-density607

liquid (e.g. CH2I2). The scintillation light is locally collected and transported to the pho-608

todetectors (SiPMs) using wavelength-shifting fibres. Preliminary simulations indicate an609

energy resolution at the level of 2%
√
E.610

Key R&D required: Characterisation of scintillator grains, Monte Carlo simulations, de-611

velopment of prototypes.612

• Subtask 3.2.2: The Spaghetti Calorimeter (SpaCal) [32] is a sampling electromagnetic613

calorimeter made of scintillating fibres inserted in a high-density absorber material such614

as tungsten with a tunable energy resolution and time resolution of O(10-20) picoseconds.615

The possibility to use radiation-hard crystal fibres as active elements makes such a calorime-616

ter a viable technology for applications in extreme radiation environments at future hadron617

colliders. An optimisation of the calorimeter for e+e− collider applications is also possible.618

EM-shower-scale prototypes with tungsten and lead absorbers were successfully tested with619

high-energy electron beams.620

Key R&D required: Optimisation of absorbers, light guides, photon detectors, scintillat-621

ing fibres and simulation software. Development of ASIC optimised for waveform sampling622

with 15 ps time resolution.623
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• Subtask 3.2.3: The RADiCAL detector is a compact sampling EM calorimeter with fast-624

timing capabilities, designed to achieve a sufficient radiation tolerance for operation in ex-625

treme radiation environments [33]. It is based on a Shashlik-type geometry with crystal plates626

alternated with tungsten plates and uses quartz capillaries filled with a WLS filament and627

quartz rods to bring the light signals towards both the front and rear sides of the calorimeter628

cell where SiPMs are used as photodetectors. The front side sees WLS light; the rear side629

sees both WLS and Cherenkov light. Precise timing and spatial localisation of EM showers is630

derived from WLS filaments positioned longitudinally within the capillaries at the maximum631

of EM showers. Beam test measurements were performed with earlier prototypes.632

Key R&D required: Development of radiation-hard wavelength shifters, construction of633

EM-shower-size prototype.634

5.2.3 Task 3.3: Hadronic sampling calorimeters635

• Subtask 3.3.1: A longitudinally unsegmented dual-readout sampling calorimeter, made of636

scintillation and Cherenkov fibres inside an absorber groove, can provide a 30%
√
E energy637

resolution for single hadrons and jets exploiting the dual-readout method to correct for638

fluctuations of the electromagnetic fraction of hadronic showers [34]. The calorimeter can also639

be optimised for electromagnetic shower measurements with resolutions in the 12− 15%
√
E640

range. The goal of this activity (DRCal) is to build prototypes with full hadron-shower641

containment and qualify them with beam tests to assess performance and validate large-642

scale assembly processes and scalability of the highly granular, SIPM-based, readout.643

Key R&D required: Development of a readout system and construction of prototypes644

with containment of hadronic showers.645

• Subtask 3.3.2: Scintillator tiles readout with wavelength shifting fibres, interleaved to a646

high-density material, are a consolidated technology used in a variety of LHC experiments647

for cost-effective instrumentation of hadronic calorimeters. The objective of the TileCal648

activity is to optimise such technology for application at future e+e− and hadron colliders649

[35] and explore new PEN and PET materials as well as optimise the WLS fibre and SiPM650

readout efficiency.651

Key R&D required: Characterisation of PEN (Polyethylene naphthalate) and PET (polyethy-652

lene terephthalate) scintillators. Mechanical design and construction of prototypes.653

5.2.4 Task 3.4: Materials654

The calorimeter concepts proposed in Work Package 3, and some of those in Work Package 1, have655

common requirements regarding the performance of scintillating materials such as good optical656

quality, high light yield, fast decay time, sufficient radiation hardness, high density for homogeneous657

calorimeters and cost-effective mass production.658

• Subtask 3.4.1: ScintCal This subtask on materials aims to identify the key R&D activi-659

ties necessary to be carried out on various scintillators and wavelength shifters (inorganic,660

organic, glasses, ceramics) to achieve the required performance for the various calorimeter661

concepts proposed in Work Package 3. They will depend on the radiation environment condi-662

tions expected in future experiments and the type of calorimeter (sampling or homogeneous)663

to identify the best-suited scintillators for future optical calorimetry in the next decades.664

The goal of the first R&D phase (2024-2026) is to get an overview of available state-of-the-665

art scintillation materials that potentially fulfil the requirements of the detector concepts666

to be developed. Then, identify the most appropriate materials for each detector concept667

and key R&D areas for further property improvements. In this respect, while activities in668

WP3 are specific to the need for scintillators in HEP and specifically to calorimeter appli-669

cations, the Crystal Clear Collaboration will continue for generic R&D on scintillators (e.g.,670

understanding of the scintillation process, development of new materials and their use in671

many applications). Not all the institutes participating in WP3.4 are members of the Crys-672

tal Clear Collaboration. On the other hand, the Crystal Clear members participating in the673

task can bring their expertise in fundamental aspects of scintillators to advise for the choice674
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and quslification of materials and help interpret the results but not necessarily perform the675

full R&D needed to have a specific scintillator used in a particular detector. One aspect to676

be considered within the R&D effort is the potential use of such materials in beyond colliders677

and/or beyond HEP and NP experiments. Three axes of R&D have been identified:678

– Fast and radiation-hard organic and inorganic scintillators:679

∗ Search for new materials and improve fabrication and processing conditions.680

∗ Understand radiation damage mechanism for ionisation dose and hadrons and the681

dependence of light output on dose rate, material composition and temperature.682

∗ Identify and develop radiation-hard scintillators based on the study of radiation683

damage mechanisms.684

∗ Investigate approaches to cure radiation-induced damage in situ (e.g., by optical685

bleaching during and after irradiation).686

∗ Develop radiation-hard wavelength shifters for timing and position resolution, e.g.,687

at EM shower maximum and for potential depth segmentation.688

∗ Study excitation energy transfer in activated scintillators and radiation-induced689

phosphorescence that is the limiting factor for the time resolution of fast radiation690

detectors in the 10 ps domain.691

– Ultrafast inorganic scintillators for ultrafast calorimetry:692

∗ Screen/survey/develop cross-luminescence materials for ultrafast timing with a fo-693

cus on shifting cross-luminescence emission towards the visible region and optimis-694

ing/improving UV transmission and photodetection.695

∗ Screen/survey/develop Cherenkov materials with a focus on optimising UV trans-696

mission and photodetection.697

∗ Develop Deep-Learning (DL) analysis combined with ray-tracing simulation to ex-698

tract high-precision time information from Cherenkov and cross-luminescence ma-699

terials.700

– Cost-effective inorganic scintillators:701

∗ Improve fabrication technologies for low-cost crystal growth, including low-cost cru-702

cibles in Czochralski or micro pulling-down technologies, increasing the size of crys-703

tal ingots by optimising crystal growth using AI.704

∗ Investigate low-cost fabrication technologies for ceramic and glass scintillators and705

improve their density, temporal response, light output, uniformity and radiation706

hardness.707

• Subtask 3.4.2: Cryogenic DBD-calorimeters Future generations of double beta decay708

experiments based on cryogenic calorimeters (CUPID-1ton and beyond) would also benefit709

from a joint development of new scintillating materials to be used both as targets (scintillating710

crystals containing the isotopes under study) and as active structural components of the setup711

or veto systems for external background. In this case, radiopurity and compatibility with a712

cryogenic environment are of paramount importance.713

5.3 Milestones and deliverables714

The major objective of Work Package 3 is to demonstrate the viability of a set of scintillator-based715

calorimeter systems for future lepton and hadron colliders. To some extent and with different716

optimisations, various EM and HAD calorimeter concepts can be used in different collider envi-717

ronments.718

Some calorimeter concepts are more advanced in terms of specifications and prototyping and719

thus aim at demonstrating the scalability of a large-scale detector and the possible solutions to720

the corresponding integration and readout challenges. Conversely, there are novel calorimeter721

concepts that require more R&D at the single component level to identify (if not develop custom)722

optimal scintillators, optical elements and photodetectors. In this latter case, the goal of the723
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activity is mainly the proof-of-concept of the proposed calorimeter technology and the definition724

of the technical specifications of the components. These activities are thus strictly connected to725

developments that will take place in this WP and in the working groups discussed in Section 8. The726

testing of calorimeter prototypes, foreseen for all the proposed technologies, will strongly benefit727

in terms of resources from a coordinated effort on common beam-test infrastructures as described728

in Section 8.2.729

A list of milestones and deliverables is reported in Table 5. Deliverables usually include the730

construction and testing of calorimeter prototypes. Milestones include reports on material and731

photodetector characterisation studies, the definition of technical specifications and are used to732

monitor progress and evaluate the completion of a corresponding deliverable. Particularly mile-733

stones also indicate steps toward developments that go beyond the scope of the R&D programme734

described here.735

5.4 Short-term applications736

Some of the subtasks proposed in WP3 have already a high level of technological readiness. For737

this reason they can be evaluated by experiments which are on a shorter time scale w.r.t future738

accelerators. A few examples, where connection has already been established, are reported below.739

The Crilin community is working together with the people in charge of the HIKE future proposal.740

The HIKE Small Angle Calorimeter (SAC) ([36]) is an independently proposed, highly granular,741

longitudinally segmented, fast crystal calorimeter with SiPMs readout and performance require-742

ments similar to those for Crilin. A successful development and test of the Crilin prototype will743

automatically translate into a successful R&D for the Hike SAC.744

The SpaCal technology, as developed in subtask 3.2.2, is foreseen for the inner region of the pro-745

posed LHCb Upgrade II ECAL (PicoCal). The high particle fluxes expected from Run 5 mandate746

timing capabilities with O(10) ps precision. After LS4, the innermost SpaCal modules with tung-747

sten absorbers are planned to be equipped with radiation-hard scintillating crystal fibres. SpaCal748

modules with lead absorbers and radiation-tolerant organic scintillators are suitable for the sur-749

rounding region.750

6 Work Package 4: Electronics and readout751

6.1 Description752

Calorimeter electronics exhibit several commonalities, such as large dynamic range (10-16 bits),753

very low noise, high accuracy (< 1%) and usually large capacitance (100’s of pF). This also makes754

them specific compared to other detectors. The recent trend has been a sharp increase in gran-755

ularity (“imaging calorimeters”) and sub-ns timing capability (“5D calorimetry”) to allow better756

particle reconstruction. This has led to the development of low-power highly integrated embedded757

electronics, integrated inside ASICs.758

R&D developments will focus on reducing the power dissipation by at least an order of magni-759

tude, down to ∼ 1mW/ch in order to further increase the granularity in Work Package 1 or allow760

cryogenic operation without creating deadly bubbles in Work Package 2. For Work Package 3,761

improving the timing performance will also be an important asset. It will be pursued by exploiting762

the lower occupancy of future experiments at e+e− colliders, compared to HL-LHC, allowing slower763

shaping and on-chip data processing in order to reduce the output bandwidth. Various front-end764

electronics will be studied to optimise the dynamic range handling (dynamic gain switching, multi-765

gain preamps, ToT technique...). ADC/TDCs, digital logic will also be studied in order to reduce766

their power dissipation and in particular their instantaneous current spikes and minimise digital767

noise, which is a recurrent issue in calorimetry mixed-signal ASICs.768

769

6.2 Objectives770

It is proposed in this Work Package to develop a family of ASICs, optimised for the different sub-771

detectors proposed and sharing as much as possible common back-end and readout systems. In772
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Milestone Deliverable Description Due date

HGCCAL

M3.1 Specifications of crystal, SiPM and electronics for highly granular
EM crystal calorimeter prototype 2024

D3.1 Development of 1-2 crystal EM modules to be exposed to beam tests 2024
M3.2 Beam tests characterisation of a full containment highly granular 2025

EM crystal calorimeter prototype
M3.3 A first mechanical design for a final detector with crystal modules 2025
M3.4 New reconstruction software for the long-bar design and updated PFA 2026

D3.2 Large crystal module for hadronic performance, system integration
studies and combined testbeam with HCAL >2026

MAXICC

M3.5 Completion of qualification tests on components and selection 2025
of crystal, filter and SiPM candidates for prototype

M3.6 Report on the characterisation of crystal, SiPM and optical filter 2025
candidates and their combined performance for Cherenkov readout

D3.3 Full containment dual-readout crystal EM calorimeter 2026
prototype and testbeam characterisation

M3.7 Joint testbeam of EM module prototype with dual-readout >2026
fibre calorimeter prototype (DRCAL)

Crilin

D3.4 Acquisition and tests of crystals and SiPMs; 2024
design and production of electronics boards;
design and production of the mechanical components

D3.5 Calorimeter fully assembled 2025
M3.8 Beam test characterisation of a full containment 2025

EM calorimeter prototype
M3.9 Report on testbeam results 2026

GRAiNITA

M3.10 Characterisation of materials, wavelength shifters 2024
and SiPMs and identification of best technological choices

D3.6 Development of a GRAiNITA demonstrator as EM calorimeter 2026
prototype for e+e- collider (full shower containment)

SpaCal

D3.7 Tungsten and lead absorbers for module-size prototypes 2024
M3.11 Design of optimised light guides 2025

D3.8 Set of crystal samples, SPIDER ASIC prototype 2026
M3.12 Specification of photon detector and 2026

improved simulation framework available
D3.9 Module-size prototypes (significantly larger than EM showers) >2026

built and validated in beam tests

RADiCAL

D3.10 Single module with prototype scintillating crystals, SiPMs and front-end 2024
electronics cards built and tested.

D3.11 3x3 array of RADiCAL modules built and tested 2026
M3.13 Paper on beam-test results for EM shower position, timing and energy 2026
M3.14 Continue beam testing with alternative scintillation and >2026

wavelength shifting materials - for improved cost/performance.

DRCal

D3.12 Construction of full-scale dual readout module with hadronic shower 2025
containment

M3.15 Testbeam campaign to assess module performance: result paper 2026
M3.16 Continue beam testing with alternative readout elx >2026

TileCal

M3.17 Characterisation of PEN- and PET-based scintillating tiles 2025
including optimisation of readout with WLS fibres and SiPMs

D3.13 Construction of up to 3 prototypes of a sampling tile calorimeter 2026
module with WLS fibres and SiPM readout (for beam tests after 2026)

M3.18 Paper on beam test results >2026
D3.14 Full hadron-shower containment prototype built and tested >2026

ScintCal

M3.19
Dataset of scintillation and radiation hardness properties of various
scintillation materials studied

2026

D3.15 Samples of a set of scintillators produced and characterised 2026
D3.16 Samples of most promising glasses produced and characterised >2026

M3.20 Material selected for future detectors >2029

CryoDBDCal

M3.21
Report crystals in terms of optimisation of growing/doping
procedures

2024

D3.17
Scintillating polymer for 3D-printing, with optimal mechanical and
light-production properties, produced and tested

2025

Table 5: Deliverables and milestones in Work Package 3.
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DRDTs Milestone Deliverable Description Due date
Electronics and DAQ 6.1, 6.2, 6.3 M4.1 Specifications for common ASIC production 2024

D4.1 Common ASIC production 2025

Table 6: Deliverables and milestones of Working Package 4

order to remain in phase with the overall direction of the R&D on electronics, the development of773

the ASICs will make use of component libraries that will be shared with the DRD-on-Electronics774

(DRD 7). Shared engineering runs in 65 and/or 130 nm will allow the production of enough chips775

(likely hundreds) to read out full prototypes and study different architectures while minimising the776

overall cost (currently ∼ 300 k$ for an engineering run in 130 nm and twice more in 65 nm). These777

shared runs would be open to the whole HEP community and the common readout specification778

would allow other groups to design and compare other readout architectures. The details of the779

sharing should be fixed in an addendum to the MOU, in the ideal case complemented with an780

agreement on the testing of the ASICs and an eventual need for a 2nd production of debugged781

ASIC versions. If possible, to save funding, we will seek for opportunities to hook onto a large-scale782

ASIC production for an approved project such as the EIC. Before a production will happen, we783

will organise a production readiness review to which members of the DRD-on-Electronics (DRD784

7) will be invited. In general, we will report regularly at DRD 7 meetings and will invite DRD 7785

members to DRD-on-Calorimetry meetings. Let us point out that a similar procedure was and is786

followed in the various European AIDA projects.787

It is also proposed to develop a common DAQ framework so that different ASICs could be supported788

within this DAQ and different detectors and/or chips could be efficiently jointly operated, as789

described in Sec. 8.3.2.790

7 Resources791

In Tab. 7 and 8 the present understanding of the available resources and those required to complete792

the proposed R&D is reported, both in terms of personpower and funds. In general, the additional793

requests need yet to be discussed and agreed with the funding agencies. This will be a matter of794

discussion in view of the sign-off of the MoU.795

8 Working Groups796

Working Groups will address work that is common to all work packages in the DRD. They thus797

ensure coherence and synergy of the scientific program of the DRD itself. Since the work carried on798

in the Working Groups is required by the different projects to successfully reach the experimental799

goals, funds and personpower need to be included in the budget of the Working Packages concerned800

with. For some of the activities, funding does already exist or the need is directly connected to801

the construction of prototypes. Other Working Groups cover service tasks such as the organisation802

and conduction of beam tests, if possible in a dedicated beam line for calorimetry, and the provi-803

sion and maintenance of software tools. The funding of these service tasks should be the subject804

of dedicated discussions in the course or shortly after the formation of the DRD. The idea of a805

Working Group on mechanics was born just recently and will be worked out further soon.806

807

In the following, a detailed description of the objective of the different Working Groups that808

have been identified so far will be given. The detailed organization of the work within each working809

group is under the responsibility of the coordinator(s) who will be elected.810

8.1 Photodetectors811

Photon detection, from the viewpoint of future highly granular optical calorimeters, requires ad-812

dressing radiation hardness, time resolution and extended sensitivity, in both the UV and infrared813

regions, over a large, and linear, dynamic range. Radiation hardness and time resolution are partic-814

ularly relevant for experiments at hadron colliders, roughly following the instantaneous luminosity815
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FTE Available Additional Expected FTE
2024 2025 2026 ≥ 2027 2024 2025 2026 ≥ 2027

DRD CALO WORK PACKAGE 1
Task 1.1: Highly pixelised electromagnetic section
Subtask 1.1.1: SiW-ECAL 9.7 9.7 9.7 9.7 1.0 1.0 1.0 10.0
Subtask 1.1.2: Highly compact calo 5.5 6.0 5.5 3.0 0.5 1.0 1.5 1.0
Subtask 1.1.3: DECAL 2.0 2.0 2.0 2.0 11.2 11.2 11.2 11.2
Subtask 1.1.4: Sc-ECAL 7.3 7.3 7.3 0.0 0.0 0.0
Total 24.4 24.9 24.4 14.6 12.7 13.2 13.7 22.2
Task 1.2: Hadronic section with optical tiles
Subtask 1.2.1: AHCAL 8.2 8.2 8.2 11.0 3.8 3.8 3.8 7.0
Subtask 1.2.2: GlassScintHCAL 14.1 14.1 14.1 16.0 0.9 0.9 0.9 4.0
Total 22.3 22.3 22.3 27.0 4.7 4.7 4.7 11.0
Task 1.3: Hadronic section with gaseous readout
Subtask 1.3.1: T-SDHCAL 15.4 15.4 15.4 2.5 2.5 2.5
Subtask 1.3.2: MPGD-HCAL 5.0 5.0 5.0 4.0 2.0 3.0 5.0 16.0
Subtask 1.3.3: ADRIANO3 1.5 1.5 1.5 4.0 4.0 4.0
Total 21.9 21.9 21.9 4.0 8.5 9.5 11.5 16.0

DRD CALO WORK PACKAGE 2
Liquified noble gases 9.1 9.1 9.1 8.6 5.5 6.5 5.5 6.5

DRD CALO WORK PACKAGE 3
Task 3.1: Homogeneous and quasi-homogeneous EM calorimeters
Subtask 3.1.1: HGCCAL 6.0 6.0 6.0 6.0 4.0 4.0 4.0 5.0
Subtask 3.1.2: MAXICC 8.0 8.0 8.0 5.0 5.0 5.0
Subtask 3.1.3: CRILIN 7.2 7.2 7.2 0.0 2.3 2.3
Total 21.2 21.2 21.2 6.0 9.0 11.3 11.3 5.0
Task 3.2: Innovative Sampling EM calorimeters
Subtask 3.2.1: GRAiNITA 2.0 2.0 1.3 1.3 3.3
Subtask 3.2.2: SpaCal 16.8 16.8 16.8 16.8 6.5 6.5 6.5 6.5
Subtask 3.2.3: RADiCAL 4.0 4.0 4.0 4.0 6.0 6.0
Total 22.8 22.8 20.8 16.8 11.8 13.8 15.8 6.5
Task: 3.3: Hadronic sampling calorimeters
Subtask 3.3.1: DRCal 18.5 18.5 18.5 18.5 0.0 12.0 12.0 12.0
Subtask 3.3.2: TileCal 8.0 8.0 8.0 8.0 0.0 2.0 2.0 2.0
Total 26.5 26.5 26.5 26.5 0.0 14.0 14.0 14.0
Task: 3.4: Materials
Subtask 3.4.1: ScintCal 30.4 30.4 29.2 25.0 26.0 22.3
Subtask 3.4.2: CryoDBDCal 2.7 2.7 0.5 1.4 1.4 24.9
Total 33.1 33.1 29.7 26.6 27.4 24.9

DRD CALO WORK PACKAGE 4
Electronics and DAQ 4.0 4.0 4.0 0.0 0.0 0.0

Table 7: Existing and required FTE (Full Time Equivalent) to realise the programme sketched in
Tables 2, 3, 5 and 6. Up to 2026 the estimation of required FTE is based on realistic assumptions
on funding and progress of R&D. Beyond 2026 the uncertainty on available resources is very large
in many cases. These numbers come from the needs of the projects. At present, they are not
agreed with funding agencies.
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Funds Available (ke) Additional Expected Funds (ke)
2024 2025 2026 ≥ 2027 2024 2025 2026 ≥ 2027

DRD CALO WORK PACKAGE 1
Task 1.1: Highly pixelised electromagnetic section
Subtask 1.1.1: SiW-ECAL 205 0 0 0 40 0 1000
Subtask 1.1.2: Highly compact calo 90 115 75 30 35 75
Subtask 1.1.3: DECAL 150 10 10 10 40 115 130 130
Subtask 1.1.4: Sc-ECAL 485 35 35 0 0 0
Total 930 160 120 10 70 190 205 1130
Task 1.2: Hadronic section with optical tiles
Subtask 1.2.1: AHCAL 100 100 100 150 40 40 40 100
Subtask 1.2.2: GlassScintHCAL 125 0 0 200 200 200
Total 225 100 100 150 240 240 240 100
Task 1.3: Hadronic section with gaseous readout
Subtask 1.3.1: T-SDHCAL 10 140 70 20 90 90
Subtask 1.3.2: MPGD-HCAL 100 30 35 60 50 65
Subtask 1.3.3: ADRIANO3 150 150 150 150 250 350
Total 260 320 255 230 390 505

DRD CALO WORK PACKAGE 2
Liquified noble gases 63 63 260 560 60 100 110 280

DRD CALO WORK PACKAGE 3
Task 3.1: Homogeneous and quasi-homogeneous EM calorimeters
Subtask 3.1.1: HGCCAL 125 0 0 0 100 100 200 0
Subtask 3.1.2: MAXICC 280 80 10 22 285 262
Subtask 3.1.3: CRILIN 50 20 80 80 20
Total 455 100 10 0 202 465 482 0
Task 3.2: Innovative Sampling EM calorimeters
Subtask 3.2.1: GRAiNITA 150 150 150
Subtask 3.2.2: SpaCal 125 125 125 125 58 58 58 58
Subtask 3.2.3: RADiCAL 60 60 60 140 240 240
Total 185 185 185 125 348 448 448 58
Task: 3.3: Hadronic sampling calorimeters
Subtask 3.3.1: DRCal 920 110 0 260 360 275
Subtask 3.3.2: TileCal 29 39 69 130 284
Total 949 149 69 130 0 260 360 559
Task: 3.4: Materials
Subtask 3.4.1: ScintCal 156 156 156 30 162 162 72 0
Subtask 3.4.2: CryoDBDCal 60 60 60 55 55 55
Total 216 216 216 30 217 217 217 0

DRD CALO WORK PACKAGE 4
Electronics and DAQ 750

Table 8: Existing and required funds (in ke) to realise the programme sketched in Tables 2, 3, 5
and 6. Up to 2026 the estimation is based on realistic assumptions on funding and progress of R&D.
Beyond 2026 the uncertainty on available resources is very large in many cases. These numbers
come from the needs of the projects. At present they are not agreed with funding agencies.
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increase. However, e.g., both parameters play an important role also at a muon collider. A time816

resolution of O(10-20) ps, for pile-up mitigation, and a radiation tolerance up to several 1015 1-MeV817

neq/cm
2 are required already for the LHCb Upgrade II (during LS4, data taking from 2035).818

A time resolution in the range of 10-30 ps is a quite general requirement for optical calorimetry,819

for example also in fixed-target experiments at the intensity frontier. In addition to fast sensors,820

it needs the development of dedicated readout ASICs.821

A special case is the longitudinally unsegmented fibre-sampling dual-readout calorimeter where822

the timing information may provide information about the depth the shower development started.823

However, a time resolution of about 100 ps should allow a position resolution of 5 cm to be reached.824

The (UV and IR) extended sensitivity is very relevant for the Cherenkov light detection in dual-825

readout calorimetry (e.g. DRCal and MAXICC) and, as well, in the PbF2 Crilin calorimeter for826

the Muon Collider.827

MCP-PMTs and SiPMs are the photodetector families that, at present, promise to successfully828

deliver the above requirements. In this respect, the high liveliness of the market looks reassuring.829

In addition, the development of CMOS digital SiPMs would make it possible to integrate in a single830

chip the sensor and the front-end electronics and, in principle, allow the readout architecture to be831

highly simplified. This R&D will be likely pursued within the DRD on Photosensors and Particle832

Identification (DRD 4), with the collaboration of groups participating also to DRD 6. This should833

guarantee that the synergies will be fully exploited.834

Many prototypes of the DRD-on-Calorimetry will be equipped with photosensors. During835

the designing and construction phase, we will consult with DRD4 about the best choice for a836

photosensor. If adaptation will be needed, then the adaptation, testing and, of course, integration837

into calorimetry systems will be part of the DRD 6 work.838

Cryogenic calorimeters for double beta decay need specific photosensors that can operate at839

millikelvin temperatures. They must be sensitive both to small scintillation (or Cherenkov) sig-840

nals from the main detectors (crystals containing the double-beta decay candidate isotope) and841

to scintillation light from active shielding and structural materials. The potential of current tech-842

nology (Ge wafers instrumented with NTD-Ge thermistors) must be enhanced by implementing843

Neganov-Trofimov-Luke amplification of the thermal signal, by upgrading the thermistors to more844

sensitive quantum sensors (TES/KIDs) or, most likely, by a combination of the two actions. The845

actual development of these or other innovative quantum-sensors will be carried out in the DRD846

on quantum sensors (DRD 5) and members of the DRD-on-Calorimetry are also members of DRD847

5. As for other R&D projects, the focus in the DRD-on-Calorimetry will be put on adaptation of848

new technologies to the need for (cryogenic) calorimeters and the overall system integration.849

8.2 Testbeam plans, facilities and infrastructure850

Beam tests play a crucial role in the development cycle of a calorimeter. It is therefore of no851

surprise that almost all the input proposals plan for one or more beam tests in the coming three852

to six years. The target projects are Higgs Factories but also future muon and hadron colliders. A853

rough overview of how currently existing beamlines meet the needs of the calorimeter R&D is given854

in Table 9. From this overview, it is clear that, in the long run, facilities will need to be extended in855

order to meet the needs of the detector R&D. While the need for performant irradiation facilities856

is shared with other DRDs, the need to cover an adequate energy range and the need for beam857

instrumentation for particle ID is specific to calorimeters.858

We expect beam tests throughout the coming years with an increased intensity after around859

2026/27. At present, there is a known issue with the availability of beam-test facilities, in coinci-860

dence of the most requested period. Since this will be a generalised problem of all the DRDs, we861

expect that all the Collaborations and the DRDC will cooperate to find a suitable solution.862

Internally to this DRD, the economic use of resources has to be ensured. There exists, for example,863

already quite a set of absorber structures for electromagnetic and hadronic calorimeters. In the864

ideal case, these will have to be reused. Concerning the required funds and personpower, these865

will follow the same schema as described in 8.866
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Energy Range
Irradiation
capabilities

Higgs Factory√
s=90 - 1000GeV

Radiation level ≤ 1014 neq/cm
2

✓ ✓

HL-LHC√
s=14TeV

Radiation level ≤ 1016 neq/cm
2

(✓) ✓

Muon Collider√
s=3-10TeV

Radiation level ∼ HL− LHC
× ✓

Future Hadron Collider√
s=100TeV

Radiation level up to ∼ 1018 neq/cm
2

× ×

Table 9: Synoptic summary on how existing test facilities (beam or irradiation) meet the R&D
needs described in this proposal.

8.2.1 Thoughts on facilities and infrastructures867

A beam test setup consists of one or more devices capable of absorbing electrons and hadrons in868

the energy range of a few GeV up to hundreds of GeV. The typical size of a beam test setup ranges869

from around 20× 20× 20 cm3 up to around 1m3. Here come basic requirements for a beamline.870

• A large energy range from a few GeV to hundreds of GeV. It is clear that this is not available871

everywhere but the set of available beam test facilities has to cover this.872

• Enough space to host 1m3 devices.873

• Moving tables that can carry devices of several tons.874

• Storage space at beam test facilities in case of a beam test programme.875

• It should be possible that data are immediately sent to mass storage devices accessible to876

everyone in the collaboration.877

The complexity of the analysis and the particular scientific value of the recorded data requires the878

availability of auxiliary devices and a profound understanding of the operation and the character-879

istics of a beam line. Examples of auxiliary components are:880

• beam telescopes to determine the impact point of the primary particle;881

• beam telescopes with ps time reference;882

• threshold Cherenkov counters to distinguish particle species;883

• magnets to measure the performance in magnetic fields.884

For efficient usage of these devices, it has to be ensured by the facilities that they are attended885

to in terms of the actual availability and working conditions but also in terms of interfaces to886

the devices under test. On the other hand, the DRD-on-Calorimetry has to provide contact887

persons who closely collaborate with the facility operators. These human resources will have to be888

incorporated into the funding and require agreements between funding agencies. Service work for889

the seamless conduction of beam tests should open career opportunities to those who ensure this890

important task.891

The complexity and the scientific value of calorimeter beam tests justify the creation of a892

dedicated calorimeter beam line with the corresponding funding. Since calorimeters typically893

cannot be concurrently run with other devices, it may be considered to reserve dedicated slots per894

year for calorimeter beam tests. In the example of Europe, a typical test cycle is a test with a895

smaller setup or a dress rehearsal at DESY or the PS before moving to the SPS to have access to896
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higher energies. Therefore, one may consider reserving slots for calorimeters at smaller facilities897

in the spring of a given year and corresponding slots at the SPS during summer or early autumn.898

Therefore, the SPS will be the beam test site for which the creation of a dedicated calorimeter899

beamline would have priority.900

8.3 Detector physics, simulations, algorithms and software tools901

Even though each project has its peculiarity, some common software tools can be prepared and902

shared among the community. Aims of this Working Group is to create a pool of experts in the903

different software tools described below, which can help in the core development of the different904

tools and can assist newcomers from the particular project to develop the detector-specific part.905

A consistent software framework requires sustained support from a team that is led by a software906

coordinator. Concerning the required funds and personpower, these will follow the same schema907

as described in 8.908

8.3.1 Data models and data management909

One of the important missions of DRD-on-Calorimetry is to ensure that results obtained by the910

various technologies can be compared on an equal footing. While the actual event reconstruction is911

specific to the device under test, it should be possible to develop common data models. These data912

models may, for example, define an object Calorimeter Hit. In addition, information recorded913

from auxiliary devices, including beamline parameters, will have to be encoded in a consistent914

format understood by the entire collaboration. A common understanding of the recorded and915

reconstructed data will also facilitate cross-participation in the data analysis. Recorded data will916

have to be stored and made available to the entire collaboration. Here we will make use of data917

management tools available through the grid. The proper way to store calibration constants and918

other metadata such as detector-control data is a database. Therefore, DRD 6 will consider setting919

up database services with well-defined software interfaces.920

8.3.2 DAQ software921

One of the first needs for the test of prototypes on a beamline, is the data acquisition system. We922

already described the need for a common dedicated area. Having also a generic framework for the923

DAQ, where all the common aspects are already described, and only the detector-specific parts924

need to be implemented, would save a large amount of time and work. EUDAQ [37] is a generic925

multi-platform data acquisition framework, which seems to be a good candidate for this task. It926

has a modular structure, based on a finite-state machine, which should allow for factorising the927

calorimeter libraries from the beam-line common DAQ.928

8.3.3 Simulation929

Calorimetry is among the detectors which have wider support from the Geant4 collaboration and930

DRD 6 is willing to strengthen this collaboration. Among the most common tasks, G4 is used931

for optimising the detector layout and performing data to Monte Carlo comparison to better un-932

derstand detector performance and physics data. Simulation is also used to extrapolate detector933

performance for physics reach. The rich physics content in the calorimeter test beam data can be934

used in the Geant-Val [38] infrastructure to improve the Geant4 code for a better agreement with935

data. In particular, this will allow for the improvement of accurate showering models to match the936

precision requirements for both future lepton and hadron colliders.937

Given that the fast simulation of detector responses is widely used in particle physics experiments,938

the development of accurate and efficient fast calorimeter simulation algorithms will also be exten-939

sively investigated.940

Important for all these software aspects is the need to preserve the data for a long time, after they941

were acquired. A common Event Data Model, for example, EDM4HEP [39], which is widely used942

nowadays, could help in this respect and could ease the comparison among different detectors.943
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8.3.4 Particle flow algorithms944

Most of the proposal aims at developing a highly granular calorimeter in order to exploit this945

capability for the application of Particle Flow Algorithms (PFAs), which combine calorimeters946

and track information in order to improve the jet energy resolution. PFA algorithm packages are947

already available and will need to be adapted to the particular calorimeter needs.948

8.3.5 Machine learning approach949

The machine learning approach is gaining more and more importance in HEP, and in calorimetry in950

particular, due to the highly complex data with a large number of detailed information that present951

calorimeters offer. A dedicated project has been submitted that aims at exploiting such information952

richness to improve Particle Identification from nuclear reactions, apply some intelligence on board953

the front-end electronics and help in the optimisation of an experiment design, based on the954

hybridisation of tracking and calorimetry.955

8.4 Industrial connection and technological transfer956

The materials and electronics which are needed for the development and construction of the pro-957

posed prototypes will require the scientific community to get in close contact with the industrial958

world. This connection will cover different aspects. On one hand, we need to perform a wide959

market survey to understand what has been already developed by industries, and what trends960

influence the industry production. Indeed, the products which are of interest for more general961

industrial applications will advance faster and at a lower price.962

On the other hand, some specific needs of the scientific community will be developed in our labo-963

ratories, and a good connection with the industries will allow us to transfer this know-how to the964

companies, helping in general progress, but also finding partners for mass production.965

Another important element of this synergy will be the shared R&D with the industry, where we966

can develop the needed elements in collaboration with them. This will allow us to exploit the967

technical industrial capability for production addressing the needed developments.968

As a first step, the coordinator will collect information from all the subtasks in the DRD-on-969

Calorimetry about existing contacts and collaborations with industries. This will allow the cre-970

ation of a pool of industry partners of interest of the community.971

There are national and international regulations for Intellectual Properties Protection in Europe972

[40], which will be implemented in the agreements with the companies. On the other hand, rules973

on how to share IP among the members of the community must be defined at the onset of the974

Collaboration.975

8.5 Mechanics and Integration976

Calorimeters are, in general, large detectors, with a sizeable weight. For this reason, mechanical977

supports cannot be neglected when a prototype is designed. This, of course, becomes even more978

important when we consider the design for a 4π geometry.979

Other services, such as power supply, cooling, and signal handling are also of crucial importance980

in calorimetry, especially in present projects, where the number of channels becomes higher and981

higher.982

Though the prototypes are quite different from each other, some solutions to common problems983

can be shared avoiding duplications and applied to each particular projects.984

9 Interconnections with other DRDs985

In general, the DRD-on-Calorimetry will not develop on its own sensitive material or readout986

devices like photodetectors or ASICs. The key goal of all projects is the construction and operation987

of prototypes. The prototype construction will be preceded by the selection of sensitive material988

and the readout system in the wider sense. This selection will happen in close coordination with989

other DRDs. For this, members of other DRDs will be invited to DRD-on-Calorimetry meetings or990
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reviews. For the specific case of electronics, we expect to profit from centrally available libraries on991

ASIC components (see also Sec. 6). In other cases we expect that proof-of-principles are given in992

the DRDs before they will be applied in the prototypes of the DRD-on-Calorimetry. An example993

are MRPCs. Solid state sensors will be used in all future experiments, however often with diverging994

goals and focus. For example, requirements on feature size and power dissipation might be different995

for a tracker with respect to a calorimeter. Here we would expect that the DRD on solid state996

detectors provides at least a platform from which tracker and calorimeter sensors could be derived.997

The special adaptation should happen in the DRD-on-Calorimetry.998

Contact persons of DRD 6 (see Appendix B) have the role of observing developments in both999

directions and ensuring the coherence between a given DRD and the DRD-on-Calorimetry. In the1000

ideal case, the contact person carries out, or is at least closely connected to, basic R&D carried1001

out in the DRD he is following and is well placed in the construction and operation of prototypes1002

of the DRD-on-Calorimetry. Calorimetric measurements require a set of robustly working layers1003

or modules already during the R&D phase. However, calorimeter prototypes can also provide1004

an infrastructure for testing under quasi-real conditions cutting-edge technologies that go beyond1005

those that are actually used for the prototypes. Contact persons, in communication with the1006

corresponding other DRD, could help enabling those tests.1007

10 Conclusion1008

The DRD-on-Calorimetry proposes a rich programme of development of technologies that all are1009

promising to meet the DRDTs formulated in the introduction. All major future facilities, i.e. LHC1010

after LS4, Higgs Factories, future hadron and muon colliders are addressed. The range of activities1011

spans from highly granular calorimeters that put emphasis on the capability of particle separation,1012

compactness and hermeticity, to optical calorimeters where the focus is put on an excellent elec-1013

tromagnetic energy resolution or on a hardware separation of the electromagnetic and hadronic1014

components of a shower. Calorimeters based on liquified noble gases are situated between these1015

two poles and seek to port a well-established calorimetric technology to future needs. Therefore1016

the scientific programme will provide a comprehensive coverage of viable options for future collid-1017

ers. The initial programme depends largely on already available resources or modest additional1018

investments. This is due to a realistic estimation of the current funding situation. However, all1019

projects envisage in the medium and long run constructing and operating sizeable prototypes. This1020

ambitious programme requires adequate funding. Details of the funding profile in the out years1021

should become the subject of an update of the R&D programme that can be expected towards the1022

end of 2025/beginning of 2026.1023

A Institute list1024

Institute WP (subtask)
Austria

HEPHY WP1 (DECAL)
Belgium

VUB WP1 (T-SDHCAL)
China

GlassScintColl WP1 (GlassScintHCAL)
IHEP WP1(Sc-ECAL, GlassScintHCAL), WP3 (HGCCAL)
SICCAS WP3(HGCCAL)
SJTU WP1(Sc ECAL,T-SDHCAL), WP3 (HGCCAL)
TDLI WP3(HGCCAL)
USTC WP1(Sc-ECAL)

Czech Rep.
CTU WP3 (Materials)

Continued on next page

28
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Institute WP (subtask)

CU WP2, WP3 (TileCal)
FZU WP1 (AHCA) WP3 (SpaCal, TileCal, Materials)

Estonia
IPUT WP3 (Materials)

France
CEA-Irfu WP3 (ScintCal, CryoDBDCal), WP4 (Electronics)
DMLAB WP1 (SiW-ECAL)
ILM WP3 (Materials)
IN2P3-APC WP2
IN2P3-CPPM WP2 , WP3 (ScintCal)
IN2P3-IJCLab WP1 (SiW-ECAL), WP2, WP3 ( SpaCal, GRAiNITA)
IN2P3-IP2I WP1 (T-SDHCAL), WP3 (SpaCal, Materials)
IN2P3-LLR WP1 (SiW-ECAL)
IN2P3-LPC Caen WP3 (SpaCal)
IN2P3-LPC CF WP1 (T-SDHCAL), WP3 (GRAiNITA, SpaCal)
IN2P3-LPNHE WP1 (SiW-ECAL), WP2

IN2P3-OMEGA
WP1 (SiW-ECAL, T-SDHCAL, AHCAL),
WP2, WP4(Electronics)

UCA WG (SW)
Germany

DESY WP1 (DECAL, AHCAL)
FH Aachen WP3 (Materials)
Giessen U WP3 (Materials)
Goethe Universität Frankfurt WP1 (DECAL)
Göttingen U. WP1 (AHCAL)
Hamburg U. WP1 (AHCAL)
Heidelberg U. WP1 (AHCAL)
Humboldt U. WP1 (DECAL, AHCAL)
HZDR WP3 (Crilin)
JGU (Mainz) WP1 (AHCAL)
KIT WP1(AHCAL), WG(SW)
MPP Munich WP2
RPTU WG (SW)
TU Dresden WP2

Greece
NTUA WP1 (DECAL)

India
TIFR WP3 (Materials)

Israel
TAU WP1(HighCompactCalo)
Weizmann Inst. WP1(MPGD HCAL)

Italy
FBK WP4 (Electronics)
GSSI WP3(CryoDBDCal)
INFN and Uni Bari WP1(MPGD HCAL)
INFN and UNI MIB WP3 (MAXICC, SpaCal, ScintCal,CryoDBDCal)
INFN CT WP3 (DRCal)
INFN-BO WP3 (DRCal)
INFN-LNF WP3 (Crilin)
INFN-MI and Uni Insubria WP3 (DRCal)
INFN-NA WP3 (MAXICC)
INFN-PD WP3 (Crilin), WG (SW)
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Institute WP (subtask)

INFN-PI WP3 (DRCal)
INFN-PV WP3 (DRCal)
INFN-RM1 WP3 (DRCal, CryoDBDCal)
INFN-TO WP3 (Crilin)
INFN-TS WP3 (Crilin)
LNGS WP3(CryoDBDCal)
LNL WP3(CryoDBDCal)
UNIVPM WP3 (ScintCal)

Japan
ICEPP WP1 (Sc-ECAL, Adriano3)
KEK WP1 (SiW-ECAL)
Kyushu U. WP1 (SiW-ECAL)
Shinshu WP1 (Sc-ECAL, Adriano3)

Lithuania
Vilnius U WP3 (Materials)

Netherlands
Utrecht U. WP1 (DECAL)

Norway
UiB WP3 (TileCal)

Poland
AGH-Cracow WP1(HighCompactCalo), WP4 (Electronics)
Warsaw U. WP1(HighCompactCalo)

Portugal
LIP WP3 (TileCal, ScintCal)

Romania
IFIN-HH and UPB WP2
INCDTIM WP3 (TileCal)
ISS WP1(HighCompactCalo)

Slovakia
U. Kosice WP2

South Africa
iThemba LABS WP1 (SiW-ECAL)

South Korea
GWNU WP1 (T-SDHCAL), WP3 (DRCal)
Hanyang U. WP3 (DRCal)
KNU WP3 (DRCal)
Korea U WP3 (DRCal)
Pusan U. WP3 (DRCal)
Seoul U, WP3 (DRCal)
SKKU WP3 (DRCal)
YCC WP1 (T-SDHCAL)
YU WP3 (DRCal)

Spain
CIEMAT WP1 (T-SDHCAL)
DIPC WP3 (Crilin)
IFIC WP1 (SiW-ECAL), WP2, WP3 (SpaCal, TileCal)
UB WP3 (SpaCal)
UCO WP1 (T-SDHCAL)
UVO WG (SW)

Sweden
LTU WG (SW)

Switzerland
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CERN WP1 (SiW-ECAL), WP2,
WP3 (MAXICC, SpaCal, TileCal, ScintCal)

Tunisia
Tunis U. WP1 (T-SDHCAL)

Turkey
Beykent U. WP1 (Adriano3)
Istanbul Technical University WP3 (RADiCAL)
Istanbul University WP3 (RADiCAL, ScintCal)
Istanbul University Cerraphasa WP3 (RADiCAL)
Yildiz Technical University WP3 (RADiCAL)

UK
Birmingham U. WP1 (DECAL)
Imperial Coll. WP1 (DECAL)
Rutherford WP1 (DECAL)
U. Sussex WP1 (DECAL), WP3 (DRCal)

Ukraine
ISM-NASU WP3 (GRAiNITA, ScintCal)

USA
Argonne WP1(Adriano3), WG3(MAXICC)
BNL WP2
Caltech WP3 (MAXICC, RADiCAL, ScintCal)
Coe College WP3 (RADiCAL)
Columbia U WP2
Fairfield WP3 (Adriano3)
FNAL WP1(Adriano3), WG3(MAXICC)
Hofstra University WP3 (RADiCAL)
Kansas U, WP3 (Adriano3)
Michigan WP3 (MAXICC)
MIT WP3 (MAXICC)
NIU WP3 (Adriano3)
Notre Dame WP3 (RADiCAL, ScintCal)
ORNL WP3 (MAXICC, ScintCal)
Princeton WP3 (MAXICC)
Purdue WP3 (MAXICC)
SLAC WP1 (DECAL)
Southern Methodist University (SMU) WP2
Stony Brook WP2
Texas Austin WP2
TTU WP3 (MAXICC, DRCal)
U Minnesota WP1 (AHCAL)
U Oregon WP1 (DECAL)
U. Arizona WP2
U. Iowa WP1 (Adriano3), WP3 (RADiCAL, ScintCal)
U. Maryland WP3 (MAXICC, ScintCal)
U. Virginia WP3 (MAXICC, RADiCAL, ScintCal)
UT Arlington WP1 (AHCAL)
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B Contact persons to other DRDs1025

• DRD on Gaseous Detectors (DRD 1): Imad Laktineh (IN2P3-I2PI, imad.laktineh@in2p3.fr)1026

• DRD on Liquid Detectors (DRD 2): Martin Aleksa (CERN, Martin.Aleksa@cern.ch)1027

• DRD on Solid State Detectors (DRD 3): Jim Brau (University of Oregon, jimbrau@uoregon.edu)1028

• DRD on Particle ID and Photondetectors (DRD 4): Alberto Gola (FBK, gola@fbk.eu),1029

Roberto Ferrari (INFN-Pavia, roberto.ferrari@pv.infn.it)1030

• DRD on Quantum Sensores (DRD 5): Etiennette Auffray (CERN, Etiennette.Auffray@cern.ch)1031

• DRD on Electronics (DRD 7): Frank Simon (KIT, frank.simon@kit.edu), Christophe de la1032

Taille (IN2P3-OMEGA, taille@in2p3.fr)1033

• Training: Roberto Ferrari (INFN-Pavia, roberto.ferrari@pv.infn.it), Gabriella Gaudio (INFN-1034

Pavia, gabriella.gaudio@pv.infn.it), Roman Pöschl (IN2P3-IJCLAB, roman.poeschl@ijclab.in2p3.fr)1035
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