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U. Husemann: Tools for Discovery

Particle Physics – a Tool-Driven Scientific Field

Unraveling the physics of elementary particles and their 
interactions: sophisticated tools required  
→ particle detectors, electronics and software/AI 

Basic detection task (seemingly) simple:  
collect full information of all final state particles 

A more detailed look reveals:  
▪ Wide variety of technology requirements 

▪ Very different time scales and technological maturity 

▪ Widely varying cost and technology dependencies 

▪ Very different availability of skilled people and funding
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From R&D to Large Detectors

Example: Phase-2 upgrades of the ATLAS and CMS detectors  
for the high-luminosity phase of the LHC 
 
 
 
 
 
 
 
 
 
 

Smaller-scale experiments: shorter development cycles, more agile  

The world is changing fast around us new, e.g. materials science, quantum technologies, AI
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Typical Development Cycles: 20–30 Years

Early 2000s 2012–2015 2017–2021 2022–2030

First ideas and 
workshops
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Abstract. We discuss the physics potential and the experimental challenges of an upgraded LHC running
at an instantaneous luminosity of 1035 cm−2s−1. The detector R&D needed to operate ATLAS and CMS in
a very high radiation environment and the expected detector performance are discussed. A few examples of
the increased physics potential are given, ranging from precise measurements within the Standard Model
(in particular in the Higgs sector) to the discovery reach for several New Physics processes.
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Outline of the Presentation

Useful metrics to evaluate instrumentation projects  
in detail: key performance indicators (KPIs) and 
technology readiness levels (TRLs) 

This presentation: less quantitative 
→ attempt to answer three guiding questions: 
▪ Which future projects drive instrumentation development? 

▪ Which technologies are required on which timescale? 

▪ Who will work on instrumentation?
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Metrics and Guiding Questions
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A Simplified Timeline

▪ Era 1: ALICE 3, LHCb Upgrade II, Belle II, ePIC 
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Key Collider Projects

1: HL-LHC & EIC

Today

https://www.bnl.gov/eic/epic.php 

ePIC  
(EIC, #114)

Belle II 
(SuperKEKB, 
#205)

ASIC will be designed in 28 nm technology. New radiation-hard silicon sensors will be
also developed, with R&D results identifying 3D sensors as a promising candidate for this
purpose.

For the tracking stations, high-granularity pixel sensors provide a solution to cope
with the high particle density in the UP and in the central MT region, and to minimise
the incorrect matching of upstream and downstream track segments. The emerging
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Figure 5: Schematic side-view of the Upgrade II baseline detector. The x-direction is defined to
form a right-handed coordinate set, together with y (pointing vertically upwards) and z pointing
along the beamline in the direction from the VELO to the Muon detector.
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Figure 6: (Left) Tracks produced in a bunch crossing with 42 pp collisions, as seen from a
detector with no timing capability. (Right) Tracks selected in a 30 ps time window, showing a
drastic reduction of the vertex multiplicity to O(1). Tracks are coloured according to time of
production.
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LHCb U2 
(HL-LHC, #148)

EPPSU input - Sensor developments for ALICE 3 1

1 Introduction
The goal of the ALICE physics programme is to determine the properties of the quark–gluon
plasma (QGP), the deconfined state of strongly-interacting matter. While significant progress is
expected from the LHC programme of Run 3 and Run 4 (until 2033), a number of fundamental
questions on the QGP and other aspects of the strong interaction will remain open. In order to
address these questions and to fully exploit the potential of the high-luminosity LHC as a heavy-
ion collider during Runs 5 and 6, as recommended by the 2020 update of the European Strategy
for Particle Physics, a completely new setup ALICE 3 is proposed as part of the Phase IIb Up-
grades of the LHC experiments during the fourth long shutdown (LS4, 2034–2035) [1].

The ALICE 3 apparatus (Fig. 1) consists of a silicon-pixel tracking system with unique pointing
resolution over a large pseudorapidity range (→4 < ! <+4), complemented by systems for par-
ticle identification, from ultra-low to intermediate momentum, including silicon time-of-flight
layers (TOF), a ring-imaging Cherenkov detector (RICH), a muon identification system (MID),
an electromagnetic calorimeter (ECal), a forward photon conversion tracker (FCT), and two for-
ward counting detectors (FD). A new superconducting solenoid magnet with a field strength of
2 T provides a transverse momentum resolution similar to that of the present ALICE detector in
the central region, as well as good momentum resolution at forward rapidity.

The Scoping Document for ALICE 3 [2] has recently been reviewed by the LHC Committee
(LHCC). R&D for these detectors has started three years ago and is intensifying in preparation
of Technical Design Reports. The two main aspects of the R&D studies are the development
and selection of sensors and readout ASICs, and the design of full detector systems, including
sensors, readout, and all services (mechanical supports, cooling, powering, data links, etc.). The
target specifications for the trackers, TOF and RICH detectors, in terms of spatial and timing
resolution, material budget, and radiation tolerance for the full Run 5 integrated luminosities
of 18 fb→1 and 33.6 nb→1 in pp and Pb–Pb, respectively, demand frontier R&D beyond the
presently-available silicon sensors. The specifications and the R&D lines for these subsystems
are the main focus of this document and they are reported in Sections 2 and 3. For completeness,

Figure 1: ALICE 3 detector layout (corresponding to version 1 of the Scoping Document [2]).

ALICE 3 
(HL-LHC, #70)

https://www.bnl.gov/eic/epic.php
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A Simplified Timeline

▪ Era 1: ALICE 3, LHCb Upgrade II, Belle II, ePIC 

▪ Era 2: Higgs/Electroweak/Top (HET) factory
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Key Collider Projects

1: HL-LHC & EIC

Today

2: HET Factory
The European Committee for Future Accelerators (ECFA) 
organises a series of workshops on physics studies, 
experiment design and detector technologies towards a 
future electron-positron Higgs/electroweak/Top factory.

+ -The aim is to bring together the efforts of various e e  
projects, to share challenges and expertise, to explore 
synergies, and to respond coherently to this high-priority 
item of the European Strategy for Particle Physics

https://agenda.infn.it/event/ecfa2023

INTERNATIONAL
ADVISORY
COMMITTEE

J.C. Brient (Paris LLR)
P. Conde Muino (IST/LIP)
D. Contardo (IN2P3)
M. Dam (Copenhagen NBI)
J. Fuster (Valencia)
J. D’Hondt (VU Brussel)
C. Grojean (DESY)
K. Jakobs (Freiburg, Chair)
P. Janot (CERN)
M. Klein (Liverpool)
C. Leonidopoulos (Edinburgh)
T. Lesiak (Krakow)
C. Meroni (Milano)
J. Mnich (CERN)
A. Nisati (ROME I)
A. Robson (Glasgow)
F. Simon (KIT)
S. Stapnes (CERN)
R. Tenchini (Pisa)
G. Wilkinson (Oxford)
A. Wulzer (Lausanne)

PROGRAMME
COMMITTEE

P. Azzi (INFN Padova)
J. De Blas (Granada)
M. C. Fouz (CIEMAT, Madrid)
C. Grojean (DESY)
J. List (DESY)
F. Maltoni (Louvain/Bologna)
G. Marchiori (IN2P3, APC Paris)
F. Piccinini (INFN Pavia)
A. Robson (Glasgow)
F. Sefkow (DESY)
D. Zerwas (IJCLab/DMLab)

LOCAL
ORGANISING
COMMITTEE

M.G. Alviggi (Federico II and INFN Naples)
P. Azzi (INFN Padova)
A. Cagnotta (Federico II and INFN Naples)
M.T. Camerlingo (Federico II and INFN Naples)
M. Campaiola (Federico II and INFN Naples)
F. Carnevali (Federico II and INFN Naples)
F. Cirotto (Federico II and INFN Naples )
F.A. Conventi (Parthenope and INFN Naples)
A. D'Avanzo (Federico II and INFN Naples)
A. De Iorio  (Federico II and INFN Naples)
G. De Nardo (Federico II and INFN Naples)
C. Di Donato (Parthenope and INFN Naples)
O. Iorio (Federico II and INFN Naples)
V. Izzo (INFN Naples)
L. Lista (Federico II and INFN Naples)
P. Paolucci (INFN Naples)
B. Rossi (INFN Naples)
E. Rossi (Federico II and INFN Naples)

Topics:
 Physics potential of future Higgs and electroweak/top factories
 Required precision (experimental and theoretical)
 EFT (global) interpretation of Higgs factory measurements
 Reconstruction and simulation
 Software
 Detector R&D

Università 
degli Studi 

di Napoli 
Federico II

Università 
degli Studi 

di Napoli 
Parthenope

11-13 October 2023  
Paestum / Salerno / Italy

PROGRAMME
COMMITTEE

P. Azzi (INFN-Padova / CERN)
J. de Blas (U. Granada)
M.C. Fouz (CIEMAT)
P. Koppenburg (Nikhef)
C. Leonidopoulos (Edinburgh)
J. List (DESY / CERN)
F. Maltoni (UC Louvain / Bologna)
G. Marchiori (IN2P3, APC Paris)
F. Piccinini (INFN Pavia)
A. Robson (University of Glasgow)
F. Sefkow (DESY)
D. Zerwas (IJCLab/DMLab)
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A Simplified Timeline

▪ Era 1: ALICE 3, LHCb Upgrade II, Belle II, ePIC 

▪ Era 2: Higgs/Electroweak/Top (HET) factory 

▪ Era 3:  Beyond
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Key Collider Projects

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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Requirements for Era 2: Higgs/Electroweak/Top Factory
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From Physics Goals to Instrumentation Challenges, #141 
Parallel Session: F. Palla

Physics Program Instrumentation Challenges

Higgs Factory
Outstanding momentum/impact parameter resolution 
W/Z/H boson separation in multijet events 
Hadron identification

Precision Electroweak & 
QCD Physics

Outstanding absolute and relative luminosity accuracy 
Bias-free tracking with outstanding angular resolution

Heavy Flavor Physics
Excellent impact parameter and secondary vertex resolution 
Excellent ECAL energy resolution 
Particle ID: π0/γ and π/K separation

Physics of Feebly 
Interacting Particles

Excellent sensitivity to detached vertices (up to meters) 
Hermetic detectors 
Precision timing

H
. R

itsch/M
. R

enn

K. Sakai / Quanta Magazine

https://agenda.infn.it/event/44943/contributions/265977/
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Example: HET Detector Concepts

→ guide R&D, maintain freedom to combine technologies later
11

A Link between Requirements and Technology, #94, #95, #102, #211 
Parallel Session: F. Palla

Concept SiD ILD’* CLD* IDEA ALLEGRO

Vertexing Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Silicon 
MAPS

Tracking/
PID

Silicon  
Strips

Time 
Projection 
Ch.

Silicon,  
RICH 
option

Gaseous
Gaseous, 
Silicon+ 
RICH

Calorimetry Silicon/
Scintillator

Silicon/
Scintillator, 
Gaseous

Silicon Dual 
Readout

Noble 
Liquids

Muon 
System Scintillator Scintillator Gaseous Gaseous Gaseous

Magnet 5 T 3.5 T 2 T 2 T 2 T

2 Overall Dimensions and Parameters

Yoke

HCAL

ECAL

Coil

6
 m

Figure 2: Vertical cross section showing the top right quadrant of CLD. Details of the MDI region are
not shown.

Figure 3: Transverse (XY) cross section of CLD.

7

CLD

*evolutions from detector concepts for CLIC (#78) and ILC

#102 #211in #95#94 in #95

material. Noble-liquid calorimetry was successfully used in many high-energy experiments due to
its excellent energy resolution, linearity, stability and uniformity, properties that are clearly essential
for high precision measurements, e.g. at the Z-pole, but also for the planned Higgs measurement
program. For the ALLEGRO detector concept a highly granular version of such a noble-liquid
calorimeter is proposed, combining both, the excellent intrinsic performance and stability of this
technology and the granularity to allow for 4D imaging, machine learning and - in combination
with the tracker measurements - particle-flow (PFlow) reconstruction of jets.

Figure 1. Sketch of a cross-section of a quarter of the ALLEGRO detector concept (left) and 3D view of the
implementation into the FCC-SW (right).

The tracking system consists of a silicon vertex detector and a main tracker that could be either
a gaseous tracker, a silicon tracker or a scintillating fibre tracker. The vertex detector is expected to
use either the MAPS1 or DMAPS2 technology, with the possible inclusion of an LGAD3 layer for
precise timing measurements. For the gaseous tracker option, both, a drift chamber and a recently
proposed straw chamber concept are considered. Both solutions aim at minimizing the material
budget, thereby reducing multiple scattering and improving the momentum resolutiuon. In case
a gaseous tracker is chosen, a silicon wrapper is foreseen at the outer periphery of the tracking
volume, to provide precise track measurements at the entrance of the calorimeter, and possibly a
precise measurement of the time of flight by using silicon sensors with high timing resolution such
as LGADs or DMAPS (see 3.3).

A high granularity sampling noble liquid ECAL surrounds the tracker, consisting of lead
absorbers and liquid argon (LAr), with possible other options using tungsten and/or liquid krypton
(LKr). A depth of 22 𝐿0 is achieved in a thickness of 40 cm for the Pb–LAr option, but this thickness
could be somewhat reduced for denser solutions based on W and LKr. The sampling term of the
resolution ranges from 7–8%/

→
𝑀 for a solution based on LAr down to below 5%/

→
𝑀 for one based

on LKr. The use of multilayer PCBs as readout electrodes allows for great flexibility in the size of the
readout cells as function of their position. Innovative, low-power, cold frontend electronics placed

1Monolithic Active Pixel Sensor
2Depleted Monolithic Active Pixel Sensor
3Low Gain Avalanche Detector

– 2 –

ALLEGRO

acceptance, 100 mrad

Muon chambers
Return yokes

DR Fibre Calo

Coil
DR Crystal Calo
Silicon Wrapper

Drift Chamber

Vertex Detector

r (
m

)

z (m)
Figure 3: Overview of the IDEA detector layout.
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IDEA

2

FIG. 1. Left: Single quadrant view of the ILD detector. Right: Event display of a simulated hadronic decay of a tt̄ event in
ILD. The colouring of the tracks show the results of the reconstruction, each colour corresponding to a reconstructed particle.

A. Specifics for ILD at a Linear Collider

ILD was originally conceived for use at a linear collider, in particular, the ILC [1]. The ILC will operate in a
so-called bunch-train mode, in which bunches spaced by a few 100 ns are combined into trains of 1 or 2 k bunches,
which repeat at 5 or 10 Hz. The ILC anticipates a maximum center-of-mass energy of around 1 TeV. These boundary
conditions have a profound impact on the design of the detector:75

• The relatively long inter-bunch time make it easy to distinguish between bunches and to uniquely assign objects
in the detector to a bunch crossing.

• The long time between bunch trains allows a thermal management, which, in most cases, can operate with a
minimum of active cooling. Large parts of the detector can be operated in the so-called power-pulsing mode, in
which power-hungry components are only activated during bunch trains.80

• The long intervals between bunch trains also allow a local bu!ering of data during bunch trains, and a readout
during the inter-bunch intervals. This opens the way to a triggerless operation of the detector.

• The very high final energy of 1 TeV implies a relatively thick iron calorimeter and iron return yoke, to be able
to e”ciently reconstruct events up to highest energies.

• The very high focusing of the beams at a linear collider result in intense beam-strahlung at the IP, whose e!ect85

on inner detector systems must be considered in their design.
• The beam optics of linear colliders allow a relatively large distance between the IP and the first beam elements.
The central part of the detector thus can be designed without heavy objects, for example, magnets, intruding
into the central detector region.

Studies are ongoing into how the ILD design would change for use at an asymmetric collider, such as the HALHF90

proposal. First results indicate that this would not significantly change the performance of the detector.

B. Specifics for ILD at a Circular Collider

ILD proposes to use a derivative of the detector at the FCC-ee collider proposal. The FCC-ee does not operate in
a bunch train mode, but in a continuous mode. The time interval between collisions is as short as 20 ns, significantly
less than at the ILC.95

• The collision repetition rate at the FCC-ee forbids the use of power pulsing, signficantly increasing (by about a
factor of 100) the power dissipation in detectors, compared to linear colliders.

• The continuous operation of the collider makes a triggerless operation significantly more challenging.
• The lower top-energy of the colliders allows for a design of a more compact (and thus somewhat cheaper)
detector.100

• The final beamline elements are significantly closer to the IP, and will intrude into the active detector region. A
very careful design of the innermost part of the detector is needed to minimize the backgrounds in the detector,
and to maximise the detector acceptance.

• As the beams are less tightly focused, the beamstrahlung per collision is less intense. Due to the larger number

ILD

ment using the particle flow technique. The complete
tracking and calorimeter systems are contained within a
superconducting solenoid, which has a 5T field strength,
enabling the overall compact design. The coil is located
within a layered iron structure that returns the magnetic
flux and is instrumented to allow the identification of
muons. All aspects of SiD are the result of intensive
R&D aimed at achieving performance at unprecedented
levels.

At the same time, the design represents a balance be-
tween cost and physics performance. The key parame-
ters of the SiD design are listed in Table I.

SiD Barrel Technology In rad Out rad z extent

Vtx detector Silicon pixels 1.4 6.0 ± 6.25

Tracker Silicon strips 21.7 122.1 ± 152.2

ECAL Silicon pixels-W 126.5 140.9 ± 176.5

HCAL RPC-steel 141.7 249.3 ± 301.8

Solenoid 5 Tesla SC 259.1 339.2 ± 298.3

Flux return Scint-steel 340.2 604.2 ± 303.3

SiD Endcap Technology In z Out z Out rad

Vtx detector Silicon pixels 7.3 83.4 16.6
Tracker Silicon strips 77.0 164.3 125.5
ECAL Silicon pixel-W 165.7 180.0 125.0
HCAL RPC-steel 180.5 302.8 140.2
Flux return Scint/steel 303.3 567.3 604.2
LumiCal Silicon-W 155.7 170.0 20.0
BeamCal Semicond-W 277.5 300.7 13.5

TABLE I: Key parameters of the baseline SiD design.
(All dimension are given in cm).

III Changes to the Baseline post-DBD

With the completion of the DBD and the intention from
the Japanese HEP community to host the ILC in Japan,
two major design changes were made to the baseline
designs, that was presented in the DBD, the switch from
a purely digital hadron calorimeter (DHCAL) with RPCs
as active medium [13–16] to a scintillator-based solution
with analog read-out (AHCAL) and the change of the iron
yoke from a octagon to a dodecagon. The first choice
was driven by the huge progress in the SiPM technology
in terms of noise and stability, while at the same time
the limitations of a large-scale RPC system with several
million individual channels in terms of uniformity, calibra-
tion and long-term stability became more clear. As there
were neither clear cost or performance benefits of the
DHCAL at the time, this led to a switch to an AHCAL so-

4 m

2 m

1 m

FIG. 2: The SiD detector concept with the reconfigured
dodecagonal iron yoke.

lution. The mechanical structure of the HCAL was left
unchanged.

From a systems point of view, the elimination of both
a 7 kV HV system and an elaborated gas system had
of course significant implications, as no other other sub-
detector of SiD required such systems.

The second choice was mainly driven by site-specific
studies for the potential Kitakami site. The SiD iron yoke
is assembled by stacking of eleven individual iron plates
into wedges. By switching the iron-yoke geometry from
an octagon to a dodecagon, the weight of the individual
plates could be kept below 30 t, allowing easier trans-
port by truck on Japanese highways. At the same time
the overall yoke design changed from a vertical interface
between the barrel and endcap to a 30°interface.

IV Updating the SiD detector design

The last time the SiD detector design received a ma-
jor overhaul was in the preparation of the DBD. With al-
most a decade past, technology choices, in particular,
for the individual subsystems need to be reviewed. In
the follow section, potential updates are outlined show-
casing also the areas where dedicated R&D is needed
and new contribution would be extremely welcome. Also
with the advances in technology driven e.g. by the HL-
LHC in terms of silicon sensor and ASIC development,
novel timing detectors and improved services for power
distribution and data transmission, it is very interesting to
explore how these could be incorporated into an updated
SiD detector concept.

The use of Particle Flow Algorithms (PFA) for recon-
struction puts significant constraints on the detector de-
sign. PFA detectors meed to have both the tracker and
the calorimeter inside the solenoid for the best possible
performance. A key ingredient of any PFA detector is a
combination of large tracker radius and a strong field to
separate the clusters from charged and neutral particles.

2

SiD

https://agenda.infn.it/event/44943/contributions/265977/
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Im
age credit: A

dobe S
tock 

https://stock.adobe.com/de/images/narrow-canal-with-gondola-and-bridge-in-venice-italy-architecture-and-landmark-of-venice-cozy-cityscape-of-venice/293414266?prev_url=detail


U. Husemann: Tools for Discovery

The ESPP Input Documents

More than 80 submissions related to 
instrumentation → shows great interest and 
innovation capability of our community 

Wide range of inputs received 
(more details in parallel session presentations) 
▪ Single technologies, small and large experiments, 

trigger, data acquisition, electronics, software, AI 

▪ Collider and beyond, e.g. dark sector, neutrinos 

▪ Summaries of DRD Collaborations 

▪ National inputs highlighting importance of 
instrumentation

13

Lots of Excellent Material for us to Read…

PPG Instrumentation Group Spreadsheet
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PPG Instrumentation Group … and Parallel Session Speakers
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Thank you all very much for your commitment!

T. Årrestad T. Bergauer S. Bressler M. Doser I. Gil-Botella A. Giuliani

U. Husemann F. Palla R. Pestotnik F. Sefkow D. vom Bruch

D. Bortoletto M. Demarteau

G. Gaudio F. Simon M. Titov



U. Husemann: Tools for Discovery

Colliders and Beyond: Vertexing

Key requirements (Eras 1 and 2, #70):  
 
 
 
 
 
 
 

Key technology: MAPS – monolithic active pixel sensors 
▪ Integration of sensitive elements and logic on a single chip  
▪ Leveraging industry standard CMOS processes, modified for 

particle physics (e.g. LFoundry 110 nm, TPSCo 65 nm)
15

#17, #32, #68, #70, #75, #78, #94, #95, #101, 
#102, #131, #145, #148, #157, #211, #245 
Parallel Session: D. Bortoletto

CERN EP News 

ALICE ITS3

DESY. Page 5

Technology: Monolithic Active Pixel Sensors 

| 3rd DRD3 week - Simulations of MAPS for the OCTOPUS Project | Gianpiero Vignola 05 June 2025

Towards New Generation of MAPS 

MAPS pixel sketch

Higher logic density

✓ Smaller pixel

✓ Decrease in power 

✓ More in-pixel functionality

• Small collection electrode MAPS developed in 
commercial CMOS processes

• Already in use as detectors in HEP experiments

• Several R&D ongoing for the next-gen. MAPS   
produced using a 65 nm process

• MLR1 (2021) and ER1 (2023) multi-project 
submission to TPSCo65 CIS

MLR1 reticle ER1 reticle

OCTOPUS MAPS Layout

EPPSU input - Sensor developments for ALICE 3 9

Table 4: Comparison of silicon pixel sensor specifications for the ALICE ITS3, ALICE 3 Vertex
Detector and Tracker, ePIC at EPIC [31], and FCC-ee detector.

ITS3 ALICE 3 VTX ALICE 3 TRK ePIC FCC-ee

Single-point res. (µm) 5 2.5 10 5 3
Time res. (ns RMS) 2000 100 100 2000 20
In-pixel hit rate (Hz) 54 96 42 few 100
Fake-hit rate (/pixel/event) 10→7 10→7 10→7

Power cons. (mW / cm2) 35 70 20 <40 50
Hit density (MHz/cm2) 8.5 96 0.6 200
NIEL (1 MeV neq/cm2) 4 ·1012 1 ·1016 2 ·1014 few 1012 1014 (/year)
TID (Mrad) 0.3 300 5 few 0.1 10 (/year)
Material budget (X0/layer) 0.09% 0.1% 1% 0.05% ˜0.3%
Pixel size (µm) 20 10 50 20 15-20

to establish the technology to reshape PbWO4 crystals with the required taper for ALICE 3. To
ensure high light yield and high energy resolution, the PbWO4 cells need to be cooled to →25↑C
with temperature stabilisation !t = 0.1↑C, as achieved for the PHOS operation in ALICE.

5 Connections and synergies with ECFA silicon detector R&D
The R&D directions for the silicon-based ALICE 3 sensors have a large overlap with those for
the EIC experiments, which are on the same timescale as ALICE 3, as well as experiments at
lepton collider options (ILC, FCC-ee, CLIC, Muon Collider) in the more distant future. This
overlap is illustrated in Fig. 2 from the 2021 ECFA Detector R&D Roadmap [3]. The strongest
priorities for ALICE 3 (red symbols) are position precision, low material budget (x/X0), low
power and large-area sensors for trackers, as well as ultra-fast timing for time-of-flight mea-
surement and radiation tolerance for the SiPM sensors. These match the priorities for future
lepton colliders. The quantitative target specifications for pixel sensors, reported in Tab. 4, are
similar for what concerns position resolution (2.5 and 10 µm for the VD and OT, respectively),
material budget (0.1 and 1% of X0, respectively), and power consumption (70 and 20 mW/cm2,
respectively) as well as hit densities of the order of 100 MHz/cm2.

The key R&D goals for ALICE 3 align significantly with goals and activities of the ECFA De-
tector R&D groups DRD3/DRD7 (for the Inner Tracker and Outer Tracker sensors), and DRD4
(for the RICH sensors and radiation damage mitigation). The ALICE collaboration fully sup-
ports collaborative R&D in this context.

In summary, the R&D program for ALICE 3 will advance sensor technology in directions that
have clear synergies with other programs in the near (e.g. EIC) and more distant (FCC-ee) future.
The ongoing development program can serve as a concrete mid-term milestone in the longer-
term roadmap. The R&D for ALICE 3 outlined in this document is therefore an integral part of
the strategic roadmap for detector development.

https://agenda.infn.it/event/44943/contributions/265978/
https://ep-news.web.cern.ch/content/ultralight-air-cooled-mechanics-alice-its3
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Colliders and Beyond: Tracking & Muon Detection

Key requirements (example figures for Era 2, FCC-ee): 
▪ Resolution (momentum: 0.1% at 45 GeV, time) 
▪ Particle identification (dE/dx or dN/dx in gaseous detectors:  
π/K separation up to 100 GeV; muon ID) 

▪ New: 4D tracking (3D position: < 30 µm, time: < 30 ps) 

Key technologies: 
▪ Gaseous detectors: parallel plates, wire chambers, micro-

pattern detectors, drift chambers, time projection chambers 
▪ Silicon detectors: hybrid and monolithic pixels, ultrafast timing, 

strips (FCC-ee: gaseous tracker enclosed with silicon “wrapper”) 
▪ Scintillating (fiber) detectors
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The wire chamber, visible in figure 3, provides up to 112 space-point measurements along a 
charged particle trajectory with an excellent particle identification provided by the cluster counting 
technique.  

 
Figure 3 Drift chamber schematic drawing 

 
Figure 4 Dual readout crystal electromagnetic calorimeter 

An outstanding energy resolution for electrons and photons is provided by a finely segmented 
crystal electromagnetic calorimeter, shown in figure 4. The particle identification capabilities of 
the drift chamber are complemented by a time-of-flight measurement provided either by LGAD 
technologies in the Si wrapper or by a first layer of LYSO crystals in the ECAL. Outside an ultra-
thin, transparent superconducting solenoid the calorimeter system is completed by the dual readout 
fibre calorimeter, promising an outstanding energy resolution for hadronic showers.  
The muon detection system is based on the μ-RWELL detectors, a recent micro pattern gas detector 
that will provide a space resolution of a few hundreds of microns, giving the possibility to select 
muons with high precision and also to reconstruct secondary vertices at a large distance from the 
primary interaction point.  
A cross-sectional view of the IDEA detector is shown in figure 5, and a 3D drawing is visible on 
figure 6. 
Apart from the described detector, which form the current baseline version of the IDEA detector 
concept, we are also following other technological options, like LGAD detectors for the outer 
wrapper of the central tracker or bent CMOS sensors for realizing the innermost layers of the 
vertex tracker.  
An extensive program of R&D was started already since a few years on all the detector 
technologies considered for the baseline, as well as for a few other options. 
A detailed publication describing the IDEA detector concept is in an advanced state and will be 
available as a reference before the end of March, in time for the European strategy update. 
 

IDEA Drift Chamber

FCC-ee Straw Tracker

https://agenda.infn.it/event/44943/contributions/265978/
https://agenda.infn.it/event/44943/contributions/265979/
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Colliders and Beyond: Calorimetry 

Key requirements (example figures for Era 2, FCC-ee): 
▪ Energy resolution (3–4% at 100 GeV) and compensation of 

different response to electrons and hadrons  
▪ Suited for modern algorithms: particle flow, machine learning 
▪ New: 5D calorimetry (energy, 3D position, time) 

Key technologies: 
▪ Main types: sandwich, optical (crystal, fiber), noble liquids 
▪ High granularity imaging calorimeters  
→ high lateral and longitudinal segmentation  

▪ Dual-readout calorimeters: scintillation and Cherenkov effects 
▪ Optical calorimeters: efficient photon detectors (→ later)
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Dual Readout Crystal ECAL
Implementation of dual-readout 
in the crystal section

● Simultaneous readout of scintillation and 
Cherenkov light from the rear segment 
with dedicated SiPMs+wavelength filters
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Rear crystal ECAL segment: 
Two 4x4 mm² SiPMs with optical 

filters optimized for scintillation and 
cherenkov detection resp.

Front crystal ECAL segment: 
Single 5x5 mm² SiPM per crystal 
optimized for scintillation light detection

~1/λ²

infra-red optimized 
SiPM

UV optimized 
SiPM

Cherenkov photons 
above scintillation peak 
are much less affected 
by self-absorption

BGO/BSO have larger 
stokes shift, i.e. a wider 
range of transparency 
for ‘UV Cherenkov’

PWO BGO / BSO

Estimated:
- >2000 phe/GeV for 
scintillation photons
- >100 phe/GeV for 
Cherenkov photons

R. Hirosky

2023 JINST 18 P11018
(a) (b)

Figure 17. Examples of events recorded with the AHCAL technological prototype: (a) cosmic ray muon
interacting inside the detector, (b) beam muon. The colours show hits in several amplitude ranges: green hits
are in the range 0.5–1.65 MIP, yellow in the range 1.65–2.9 MIP, orange in the range 2.9–5.4 MIP, and red
above 5.4 MIP.

(a) (b)

Figure 18. Examples of events recorded with the AHCAL Technological Prototype: (a) 50 GeV electron,
(b) 80 GeV pion. The colours show hits in several amplitude ranges: green hits are in the range 0.5–1.65 MIP,
yellow in the range 1.65–2.9 MIP, orange in the range 2.9–5.4 MIP, and red above 5.4 MIP.

7 Conclusion

We have constructed a highly granular 38-layer analog hadron calorimeter prototype consisting of
steel absorber and scintillator tiles individually read out with directly coupled SiPMs. The focus of
the design of the technological prototype lies on the scalability of the detector layout to a collider
detector and the scalability of the production methods. The beam tests show a reliable operation

– 30 –

Event in SiPM-on Tile Analog HCAL

CALICE 

https://agenda.infn.it/event/44943/contributions/265980/
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Neutrino Physics and Rare Event Searches

Diverse set of physics objectives: 
▪ Neutrino oscillation, CP violation, mass ordering 
▪ Direct neutrino mass measurement 
▪ Neutrinoless double beta decay (0𝜈ββ) 
▪ Coherent elastic neutrino-nucleus scattering (CE𝜈NS) 
▪ Direct Dark Matter detection 

Diverse set of detector requirements: 
▪ Combinations of signals from photons/phonons/ionization 
▪ Outstanding (recoil) energy resolution 
▪ Outstanding background control and mitigation 
▪ Scalability of technologies (e.g. with target volume)
18
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38 CHAPTER 2. LIQUID DETECTORS

Phonons

Ionisation Photons

Ar: DEAP-3600 
Xe: KamLAND-zen 
XMASS 

CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRE, 
COSINUSXe: LZ, PandaX-4T, XENONnT, DARWIN 

Ar: DarkSide-50, DarkSide-20k, ARGO

Ge, Si:  
SuperCDMS 
EDELWEISS 

CaWO4:  
CRESST 

C3F8: PICO 
Ge: CDEX 
Si: DAMIC-M, SENSEI  
Ar, Ne: TREX-DM 
He:SF6: CYGNUS 
Ag, Br, C: NEWSdm

Ar/Xe: SBC

He: HeRALD 
QUEST-DMC

Ge: LEGEND  
LAr veto

Te: CUORE 
CUPID 

AMORE 

H2O: Super-K, 
Hyper-K, KM3Net

LAr:  
DUNE, ArgonCube, MicroBooNE, SBN

Multi:  
SuperNEMO

Liquid Scintillator:  
JUNO, LiquidO, SNO+, Theia, TAO

Xe:  
NEXT, nEXO

Figure 2.1: Current and near-future experiments addressing the physics drivers for liquid
detectors (neutrino physics, neutrino astrophysics, 0⌫��, dark matter), grouped by de-
tection modality, with liquid targets in purple. (Figure modified from L. Baudis, ECFA
Plenary Input Session (see Appendix C).)

luminescence, increasing the secondary signal. TPCs are typically instrumented with
readout technologies to measure both charge and light (from primary or secondary emis-
sion produced in an amplification region). Dark matter experiments that are optimised
to detect low-mass dark matter, below the GeV scale, additionally often benefit from
instrumenting targets to detect a combination of the ionisation and heat energy parti-
tions. For neutrinoless double beta decay searches, large detectors tend to detect the
products of the decaying isotopes with liquid scintillator or with xenon TPCs (where the
detector medium is both the source and the detection material). Liquid argon is also
used as a veto for large crystal detectors [Ch2-1].

There are several large-scale and many small-scale running and planned experiments
exploiting liquid targets. These are shown in Figure 2.1, grouped by energy partition
measurement strategy. The major Detector R&D Themes for liquid detectors that have
been identified in the framework of this Roadmap include in particular those listed below.
It should be noted that R&D should be anticipated for facilities beyond the timelines
illustrated in Figure 11.1 but it is not possible today to sensibly suggest dates for such
even longer-term programmes requiring liquid detectors.

DRDT 2.1 - Develop readout technology to increase spatial and energy res-
olution for liquid detectors.
Developments should achieve readout of more highly pixelated detectors with greater
photon collection capabilities. Advancing liquid detector readout technologies towards

m
odified from

 L. B
audis

Dark Matter Detection Modalities

P
hotograph: M

. C
avazza

protoDUNE Vertical Drift module0
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Neutrino Physics and Rare Event Searches 
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Magnetic Microcalorimeter

Frontiers in Physics 12 (2024) 1358810 

A field compensation coil is needed for phase 1, mostly for the
circulators operating in a background magnetic field up to 1.5 T
(Figure 4), as well as for SQUID in phase 2. HEMT amplifiers are
known to not be sensitive to magnetic fields when they are oriented
parallel to magnetic field lines [23]. This has been confirmed by
recent measurements of the gain and noise of a low-noise factory
HEMT amplifier performed at Institut Néel up to 12 T.

3.4 Haloscope cryogenics with the
superconducting compensation coil

3.4.1 Cryogenics
A specific cryostat must be built for the 700-mm diameter RF

cavity that will be cooled to a temperature below 50 mK with a 3He/
4He dilution refrigerator (DR) able to extract 300 μW at 100 mK.
The volume optimization of the cryostat is ongoing with three, or
possibly two, thermal shields for the selected intermediate
temperature stages of 50 K and 4 K (Figure 5). The proposed
cryogenic scheme uses the electronics as an additional DR stage
to reach 100 mK and extract 50 μW at this temperature, that is, a
double-DR configuration. This is an original architecture that could
also be applied to other projects requiring several cold stages in
distant locations, such as several quantum processors for quantum
computing. The required cooling performances of the overall
cryogenics are similar to the DR system used in astrophysical

applications developed at Institut Néel for the NIKA [24] and
CONCERTO [25] experiments. The choice of the “dry” cryogenic
approach, avoiding the use of cryogenic liquids, relies on a 4-K
powerful pulse-tube cryocooler. All equipment sensitive to the stray
magnetic field will be deported to approximately 4.5 m from the
magnet center, that is, in a field region with B ≤ 10 mT.

To limit the transmission of mechanical vibrations, the cryocooler
and the pumping system will be installed in a separate box and coupled
to the experimental cryostat by a flexible cryogenic line of several
meters. The thermal coupling of the cryostat with the two stages of the
cryocooler is realized with a pressurized helium loop, which is
developed by Absolut System and tested at the Néel Institute for
applications to quantum computing (QuCUBE project [26]).

3.4.2 Superconducting compensation coil
The magnetic field profile of the large bore superconducting

“outsert” coil was computed for a 9-T central field (Figure 6). Within
the cavity volume of 0.538 m3, the average Bz component is equal to
7.993 T while the Root Mean Square of Bz is equal to 8.055 T. To reduce
the magnetic stray field at the level of the first RF circulator (Figure 4), a
field cancelation coil will be built and integrated at 1,544 mm from the
magnetic field center. Several coil design options are being considered to
provide a magnetic compensation field up to 2 T, either a commercial
Nb-Ti coil or one based on a high-temperature superconductor (HTS).
The parameters of the pre-designed compensation coil used for the field
computation given in Figure 6 are summarized in Table 1.

FIGURE 5
Schematic integration of the haloscope cryostat within the large-bore superconductingmagnet. The RF cavity at 50 mK is shown in light green with
its connection to the first dilution refrigerator. The plate in dark green is at 1 K. The thermal shield in blue will be approximately 4 K; it is embedded in the
50-K shield shown in orange. Three radiative screens will cover the 50-K shield. The tube on the left side, for He flow, is closed by a powerful Joule
Thomson (JT) valve to cool the 4-K shield.

Frontiers in Physics frontiersin.org05

Pugnat et al. 10.3389/fphy.2024.1358810

GrAHal-DMAG Cryostat

Broad range of key technologies:  
▪ Liquid detectors: water Cherenkov, scintillators, noble liquids,  

including photon detectors (→ later) 

▪ Semiconductor detectors: (skipper) CCDs,  
silicon and germanium detectors 

▪ Quantum sensors: transition edge sensors (TES), magnetic 
microcalorimeters (MMCs), superconducting quantum interference 
devices (SQUIDs), nuclear magnetic resonance (NMR) devices,  
atomic magnetometers, …  

▪ And more: microwave cavities, bolometers, emulsions, noble gases, … 

Dedicated infrastructures important: CERN Neutrino Platform, 
underground laboratories, etc.

https://agenda.infn.it/event/44943/contributions/265983/
https://doi.org/10.1063/5.0180903
https://doi.org/10.3389/fphy.2024.1358810
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Photon Detection & Particle Identification

Photon detection: 
▪ Key requirements: high quantum efficiency, single-photon 

detection, high speed, low dark rate, radiation hardness, 
temperature-stabilized and/or cryogenic environment  

▪ Key technologies: silicon photomultipliers (SiPMs), 
traditional PMTs (including microchannel plates, MCPs) 

Particle identification (PID): dedicated detectors 
▪ Key requirements: pion/photon and hadron separation over 

various relevant momentum ranges 

▪ Key technologies: ring-imaging Cherenkov (RICH) counters 
and time-of-flight (TOF) detectors, e.g. using ultrafast silicon 
detectors (e.g. low-gain avalanche detectors, LGADs)
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been established as a task within the newly formed DRD4 col-
laboration for detector R&D on Particle ID and Photon Detec-
tors [6] with the milestone of a full conceptual design within a
year, and a prototype of a single ARC cell to be delivered within
three years. Such a prototype will be essential to demonstrate
the feasibility of the low-mass construction and will provide
an excellent test-bed for the study of the key developments re-
quired for this as well as other future RICH detectors: the radi-
ator gas and aerogel properties, lightweight mirror and vessel,
and SiPM performance, along with the very compact readout
electronics required. The focus of this note is instead on the
status of the comprehensive simulation studies of the concept
that have already made progress. The structure of the note is as
follows: Section 2 describes the working principles of the de-
tector, Section 3 details the geometry implementation and other
software-related aspects, and Section 4 describes how the ge-
ometry of the internal components is optimized to maximize
the performance of the detector. Finally, the first performance
study of ARC based on the full simulation chain is presented in
Section 5.

2. ARC working principles

The components of an ARC cell are shown schematically in
Fig. 1. The bulk of each cell is filled with a gas radiator, which
together with a layer of silica aerogel form the heart of the
RICH system. Charged particles passing through these radi-
ators emit Cherenkov radiation in a cone of angle ωC , which
depends on the index of refraction of the radiator and the speed
of the charged particle. Particles from the e+e→ interaction point
cross the cell from bottom to top. The cone of Cherenkov pho-
tons is focused into a ring on the SiPM detector plane, which
is common to both radiators, by a spherical mirror. For a given
charged particle track momentum, which is determined by the
preceding tracking system, the radius of the Cherenkov rings
directly correlates with the particle mass, and thus the identity
of the charged particle can be inferred from the sample of pho-
ton hits.

The baseline choice for the gaseous radiator is C4F10 at at-
mospheric pressure, due to its attractive optical properties, as
used for example in RICH1 of LHCb, aiming for a closed cir-
culation leak-free system. With the high photon detection ef-
ficiency possible with SiPMs this can give a sufficient number
of detected photons, about 15–20 for a high momentum parti-
cle, despite the limited radiator length of around 15 cm. Due to
environmental concerns the use of such fluorocarbons is, how-
ever, anticipated to be restricted on the timescale of FCC-ee, as
they are typically greenhouse gases with large global-warming
potential. It is therefore desirable to conduct R&D on alterna-
tive gases that have similar optical properties. An option being
considered is xenon, but with mild pressurization to ensure a
sufficient photon yield.

The aerogel radiator extends the particle identification per-
formance to low momenta, below 10 GeV/c, while also serving
a second purpose: it is an extremely efficient thermal insula-
tor. It is therefore used to separate the gas radiator from the
SiPM detector plane, which is likely to need cooling to limit the

Figure 1: Schematic cross-section through the ARC barrel detector showing the
various components that make up a single cell.

dark-count rate—although the possibility of suppressing noise
with timing cuts will also be investigated. This would allow
the SiPMs to be operated at around →40 ↑C, for instance with
mixed-phase CO2 circulation, while maintaining the radiator
gas at room temperature to prevent its condensation (if C4F10
is used).

The lightweight vessel surrounding the cells is proposed to be
of carbon-fibre composite construction. The individual cells are
open at their sides, so share the same gas volume. There exists
a possibility of pressurizing the radiator gas, at the expense of
requiring somewhat increased wall thickness.

3. Physics simulation software

The detector description is implemented using DD4hep, a com-
prehensive framework that manages the detector description in-
cluding geometry and other functionalities necessary for sim-
ulation and reconstruction. Physics simulations were done us-
ing DDSim, a user-friendly interface to the Geant4 toolbox [7],
for which detector geometry description is the primary input as
Geant4 provides built-in physics [8], and DD4hep the mech-
anisms to record and write simulation data. FTF BERT is
used for hadronic physics, EM0 for electromagnetic physics,
and default optical physics including Cherenkov process to
generate the optical photons (scintillation and transition ra-
diation were not included). The rest of the full simulation
chain relies on Gaudi [9], an event processing framework, and
EDM4hep [10, 11] as the event data model. The ARC physics
simulation output data is of type edm4hep::SimTrackerHit,
and the event reconstruction code is implemented as Gaudi
functional algorithms. In this section, details are given of the
geometry layout and the impact of the optical parameters.

3.1. Geometry description

The overall size of the ARC subdetector corresponds to a cylin-
der with an outer radius of 2 m, 4.4 m long, and radial thickness
of 20 cm. The vessel walls are 1 cm thick, and the geometry is
subdivided into a barrel and two endcaps, each equivalent to a

2
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Transversal Topics: Electronics

Requirements: 
▪ Dedicated chips (ASICs) and programmable logic (FPGAs) 

at the detector frontend and in the “counting room” 

▪ New development: “intelligent” frontends  
→ smart pixels, embedded FPGAs 

▪ Low-noise, cryogenic, superconducting electronics  
(e.g. SQUIDs, parametric amplifiers, …) 

▪ Packaging, interconnects, system integration  

Challenges: 
▪ Special requirements compared to industry → high costs 

▪ Increasing gap to industry state of the art (e.g. feature size)
21

Custom-made or Off-the-shelf, Increasingly “Intelligent” 
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Source: xb100/freepik.com
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Transversal Topics: Trigger and Data Acquisition (TDAQ)

Requirements: 
▪ High-rate electrical/optical data transmission, photonics  

▪ Traditional approach: triggered readout 

▪ New trend: triggerless/streaming readout with  
(ML-enabled) “intelligent” backend processing  

▪ Heterogeneous trigger farms: CPU/GPU/FPGA 

Status and challenges: 
▪ Era-1 experiments (LHCb Upgrade II, ALICE3, Belle II, ePIC):  

all TDAQ requirements for next flagship likely fulfilled 

▪ Challenges: maintain versatile heterogeneous frameworks  
(no vendor lock-in), avoid bottlenecks between ASIC and DAQ
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LHCb Run 3 Trigger System

LHCb Starter Kit 

cms.cern 

CMS HLT Node: CPU + GPU
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Transversal Topics: Quantum, Software, AI

Quantum sensing: 

▪ Potential seen in the community (→ national inputs) 

▪ Particle physics applications driven by non-accelerator 
experiments (e.g. axion and DM searches, neutrinos) 

▪ Some ideas for colliders (e.g. quantum dots in “chromatic” 
calorimeters, nanowires in luminometers) 

Software and Artificial Intelligence (AI): 
▪ Tighter integration of hardware and full software stack 

(simulation, pattern recognition, reconstruction, …) 

▪ Edge AI: integration of real-time AI in frontend and trigger 

▪ Detector optimization with AI  
(e.g. surrogate models, differentiable simulation code)
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Fig. 2. Comparative Diagrams of Chromatic Calorimeter Modules: On the left, a module featuring QD-doped inorganic dense
crystal scintillators for variable light emission. On the right is a module employing standard dense crystal scintillators with
interlayered doped organic scintillators serving as wavelength converters. Both feature a photodetector and a spectrometer at
the module’s rear to measure the scintillation light produced by the di!erent crystal layers.

will impart scintillation properties to the host medium2.
Collaboration with specialised labs is essential in the de-
velopment of suitable inorganic crystals.

A speculative yet potentially groundbreaking method
within this approach is the mixing of QD powder3 with
the raw materials of the scintillating crystal before the
melting phase [36]. This method, demanding a thor-
oughly homogenised mixture for even QD distribution,
will proceed through the high-temperature Czochralski
process [37], followed by quality control tests to confirm
QD incorporation and assess modified scintillating prop-
erties.

The second approach is what we call the hybrid ap-
proach shown in Figure 2b, which takes advantage of
the recent research on QDs embedding in organic poly-
mers or scintillators [28, 30, 31, 38–41]. In this approach,
the quantum dots can be embedded in a polymer matrix
such as Polymethyl Methacrylate (PMMA) and then in-
terlayered with inorganic crystals handling the shower
initiation and containment. This approach requires de-
termining key parameters such as quantum dot concen-
tration, transparency, radiation hardness, time response,
and light yield of di!erent quantum dot and matrix com-
binations. Considering the potential limitations related
to the melting points and thermal stability of QDs when
directly embedding them into high-Z scintillating crys-
tals, the hybrid QDs approach emerges as an alternative
worth consideration.

2 Recent studies have explored embedding QDs into transparent
matrices to enhance scintillation performance, such as in polymer
matrices [35], borosilicate glass [33], and Glass-Ceramic [32].

3 An example of such powder could be from QDotTM [36]. This
commercial powder is a composite material containing Perovskite
CsPbBr3 QDs that have been embedded into a transparent
Cs4PbBr6 matrix

To interpret the shower profile from the spectral in-
tensity distribution, the photodetector must be capable
of discerning the intensities and timings of individual
spectral lines. The subsequent phase involves captur-
ing and measuring light, given that the detection prin-
ciple is based on capturing the yielded scintillation and
Cherenkov lights while simultaneously measuring their
wavelengths. This can be achieved by using photode-
tectors coupled with optical band-pass filters carefully
selected to match the emission spectra of the QDs. The
design relies on the transparency of the bulk material
with minimised self-absorption to allow the light from
di!erent layers to reach the photodetectors at the rear of
the calorimeter module.

Such an approach is experimentally possible with cur-
rent technology. Photon counting can be done using
the standard Silicon Photomultipliers (SiPMs), which
are now widely available in the market. In contrast,
the wavelength measurement should be done in a sep-
arate spectrometer device. Various micro-spectrometers
are now available, such as the ultra-compact C12666MA
spectrometer from Hamamatsu or the multispectral
AS7262 sensor-on-chip solution from ams-OSRAM. For
example, the AS7262, a multispectral sensor-on-chip,
could be an e”cient and cost-e!ective spectral recon-
struction solution. This sensor has six-channel spectral
sensing across visible wavelengths (approximately 430 nm
to 670 nm) with a full-width half-max (FWHM) of 40 nm.
Selecting QDs tuned to this chip’s detection peaks would
make it a compelling choice for precise spectral identifi-
cation in the CCAL calorimeter.

Alternatively, more recent compact spectrometers
based on nanowires [42] or nanodots [43, 44] have been
developed or are in active development. More traditional,
though bulkier, alternatives like Bragg spectrometers or
prismatic structures coupled to photodiode arrays are

Chromatic Calorimeter
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AI Detector Optimization

https://agenda.infn.it/event/44943/contributions/265984/
https://agenda.infn.it/event/44943/contributions/265988/
https://arxiv.org/abs/2501.12738
https://doi.org/10.1016/j.revip.2023.100085


U. Husemann: Tools for Discovery

Transversal Topics: Mechanics, Sustainability

New challenges for mechanics and cooling:  
▪ Requirements: high granularity and power density,  

ultra-low material budget for tracking 

▪ Technologies: curved/titled sensors, retractable 
detectors, air cooling, new coolants, low-mass alignment 
systems, novel materials and manufacturing techniques 

Tomorrow’s detectors will be sustainable: 
▪ All technologies: full life cycle assessment (LCA) 

▪ Individual technologies: e.g. eco-friendly gases, 
reduction of hazardous substances (RoHS) in electronics
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U. Husemann: Computing and Instrumentation

A Simplified Timeline

Small-scale experiments: 
▪ Individual requirements similar to future flagships 

(“technology benchmarks”), see e.g. #46, #92, #115 

▪ But: future flagships require full detector systems  
→ non-trivial combinations of requirements 

Era-1 experiments and upgrades as a showcase: 
▪ ALICE 3 and LHCb Upgrade II at the HL-LHC,  

ePIC at the EIC, Belle II + Upgrade at SuperKEK 

▪ Similar requirements: vertexing with low material budget 
(MAPS), tracking with gaseous/silicon detectors, triggerless 
high-rate readout, new superconducting solenoids  
→ exploit synergies
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Who will work on 
instrumentation?
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U. Husemann: Tools for Discovery

Instrumentation Workforce

Key questions: 
▪ How large will instrumentation workforce be in n years from now? 

▪ How can we establish/maintain a working talent pipeline? 

▪ Is instrumentation attractive for early-career researchers?  
→ ambitious projects, recognition, transparent career paths  

▪ How do we attract experts and keep them in the field (including 
highly specialized experts, e.g., in chip design or electronics)? 

Action items for the community (non-exhaustive list): 
▪ Prioritize the most ambitious projects 

▪ Foster mobility: internationally, in and out of particle physics 

▪ Coordinate expert training: from university education to deep 
tech expertise (ECFA Training Panel, #30)

27

Who are we? And if “yes”: How many? – #30, #42, #90, #93 
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https://agenda.infn.it/event/44943/contributions/265989/


Tools for Discovery
Instrumentation Requirements for Particle Physics

The future of particle physics is bright: 

▪ Vivid field, broad range of physics objectives and experimental techniques 

▪ Broad range of future experiments, requirements, and challenges 

Future of instrumentation in particle physics:  

▪ Significant technological limitations and challenges to overcome for future projects 

▪ New ideas, may turn out as potential game changers (AI, second quantum revolution) 

▪ Community showed willingness and ability for transformation → to be further developed


