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Open Questions in Particle Physics

What is the structure of the vacuum?  
   The Higgs potential. 

What is the energy content of the universe? 
   Dark matter and dark energy. 

Why is there so much more matter than 
antimatter in the universe?  
   Violation of the charge-parity (CP) symmetry.
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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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Outline of the Presentation

Task at hand: make sure we have the right tools at the 
right time to answer open physics questions  
(and possibly questions we have not yet thought about) 

Guiding questions: 
▪ Which future projects drive instrumentation development? 

▪ Which technologies are required on which timescale? 

▪ Who will work on instrumentation?
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Collider Detectors Today

Image credit: CERN
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Example: CMS Experiment

Based on  2014 J. Phys.: Conf. Ser. 513 (2014) 022032 

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000 A

PRESHOWER
Silicon strips ~16 m  ~137,000 channels

SILICON T CKERS

MUON CHAMBERS
Barrel: 250 Dri  Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers

FORWARD CALORIMETER
Steel + Quartz bres ~2,000 Channels

STEEL RETURN YOKE
12,500 tonnes

HADRON CALORIMETER (HCAL)
Brass + Plastic scintillator ~7,000 channels

CRYSTAL 
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO  crystals

Total weight
Overall diameter
Overall length
Magnetic eld

: 14,000 tonnes
: 15.0 m
: 28.7 m
: 3.8 T

CMS DETECTOR

Pixel (100x150 μm ) ~1.9 m  ~124M channels
Microstrips (80–180 μm) ~200 m  ~9.6M channels

Charged Particle 
Tracking: 

Momentum

Calorimetry: 
Energy

Muon Detection: 
Particle ID

http://iopscience.iop.org/article/10.1088/1742-6596/513/2/022032/meta
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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 (HL-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.

Technical 
Design Reports

Letters of Intent/
Technical 
Proposals

CMS Upgrade Week 2014

Production & 
Commissioning
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A Simplified Timeline

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

1: HL-LHC & EIC

Today

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

ePIC  
(Electron-Ion Collider)

Belle II 
(SuperKEKB)

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

Side View
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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.

20

LHCb U2 
(HL-LHC)

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)

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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Proposed 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
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Detector Concepts for a Higgs/EW/Top Factory

Key subdetectors: 
▪ Dual readout calorimeters: detect scintillation and 

Cherenkov light → constrain electromagnetic fraction in 
hadronic showers 

▪ Light weight drift chamber: tracking & particle 
identification using cluster counting (dN/dx) 

▪ Silicon wrapper: precision 3D space point + sub 100-
picosecond timing

9

Example: IDEA – Dual Readout Calorimetry for the FCC-ee

Figure 1: 3D cutout view of the IDEA baseline detector design with subdetector
labels.

Figure 2: Event display of a sample ZZ event at an e+e→ center of mass energy
of 240GeV with the IDEA baseline design in DD4hep di!erentiable full simulation.
Subdetector hit markers are coded by color and shape. The first 100 simulated tracks
by generation time are shown.

These running conditions are particularly challenging for the detectors at the Z
energy, due to the fast beam-related backgrounds and the rather high rate of interest-
ing physics, which is expected to be in the order of 100 kHz. Limitations also exist in
the current final focus configuration due to the magnetic field of the detector solenoid,

2

https://arxiv.org/pdf/2502.21223 

https://arxiv.org/pdf/2502.21223
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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 – 10 TeV partonic center-of-mass energy 
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Proposed Key Collider Projects

1: HL-LHC & EIC

Today

2: HET Factory

3: Beyond
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Strategic R&D: Detector R&D Collaborations (DRDs)

11

DRD Collaborations

DRD2: Liquid Detectors  
for Neutrinos · Dark Matter 
· 0vbb

DRD4: Photon detectors
vacuum, solid-state (SiPM), hybrid 
single-photon and SciFi detectors ·  
applications in PID, RICH, tracking

DRD5: Quantum Sensors
Quantum dots · superconduct. 
nanowires · bolometers · TES · 
MMC · nuclear clocks
Applications in LEPP, first 
projects in HEPP happening

DRD8: Mechanics
Ultra-thin beam pipes · CF foam and 
new materials · curved, retractable 
sensors · air & micro-channel cooling 
· eco-friendly cooling fluids · robots · 
augmented reality

DRD1: Gaseous Detectors
Large · Fast ·  eco-friendly 
gases · MPGD, e.g. GEMs

DRD3: Semiconductor Det.
Monolithic CMOS · LGADs · 
radiation hardness · interconns.

DRD6: Calorimetry
Energy resolution · High 
granularity · dual readout ·  
particle flow · sandwich · optical

DRD7: Electronics
ADC/TDC IP Blocks · Opto-
electronics · packaging · power · 
extreme environments · COTS ·  
intelligence on detector · foundry 
access

σ ~ 25
ps per
track

PICOSEC: NIMA903 
(2018) 317

© Nature

Si-Fiber couplers

26 June 2025 T. Bergauer -- ESPP Open Symposium -- DRD Collaborations 28
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+ close collaboration and efforts in the US, Japan, and China

T. B
ergauer
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Semiconductor Detectors

Physics: pn junction in doped semiconductors 
→ space-charge region sensitive to ionization 

Selected semiconductor properties:  
▪ Pro: Large signal, fast, thin, radiation-hard, 

~industrial process, scalable  

▪ Con: rather expensive 

Tracking and vertexing of charged particles: 
layers of position-sensitive detectors 

Energy measurement in calorimeters: 
sensitive elements in sampling calorimeters

12

Workhorse for Tracking, Vertexing, Calorimetry

Collision Position-sensitive
Detector

Particle
Trajectory

Hit

Vertex

⊗ Magnetic Field

Charged Particle Tracking & Vertexing

CMS High-Granularity Calorimeter (HGCAL)
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MAPS: Monolithic Active Pixel Sensors

Guiding idea: integrate particle detection and first signal amplification stage in a 
single device → monolithic active pixel sensors (MAPS) 

Most commonly used: CMOS sensors 

▪ Microelectronics standard:  
widely available (digital cameras, …), 
more affordable and more power 
efficient than hybrid detectors  
(sensor + separate readoutchip) 

▪ No/small bias voltage: particle  
detection in epitaxial layer (20 µm)  
→ diffusion to shallow depletion zone 

▪ Small signals but also small noise
13

Prime Choice for Future Vertex Detectors
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Figure 2.1: Schematic cross section of a MAPS pixel in the TowerJazz 0.18 µm imaging
CMOS with the deep p-well feature.

ALICE ITS Pixel Chip (Sec. 2.3) and briefly present the specifications of the STAR pixel
detector, which is the first large-scale application of CMOS sensors in a HEP experiment
(Sec. 2.4). It will be shown that the state-of-the-art MAPS do not fulfil the ALICE ITS
requirements, which motivates the development of new architectures (Sec. 2.5). Several
prototypes have been developed to optimise the di↵erent parts of the Pixel Chip. The
prototypes and their characterisation are presented in Sec. 2.6. All aspects related to the
radiation hardness of the technology and the specific circuits implemented in the ALICE
Pixel Chip are discussed in Sec. 2.7. The chapter concludes with a summary (Sec. 2.8),
giving the prospect for the development of the final chip.

2.1 Detector technology

The 0.18 µm CMOS technology by TowerJazz has been selected for the implementation of
the Pixel Chip for all layers of the new ITS. Figure 2.1 shows a schematic cross section
of a pixel in this technology. In the following section, we discuss the main features that
make this technology suitable, and in some respect unique, for the implementation of the
ITS Pixel Chip.

• Due to the transistor feature size of 0.18 µm and a gate oxide thickness below 4
nm, it is expected that the CMOS process is substantially more robust to the total
ionising dose than other technologies (such as 0.35 µm) employed up to now as the
baseline for the production of CMOS sensors in particle physics applications.

• The feature size and the number of metal layers available (up to six) are adequate
to implement high density and low power digital circuits. This is essential since a
large part of the digital circuitry (e.g. memories) will be located at the periphery of
the pixel matrix and its area must be minimised to reduce the insensitive area as
much as possible.

• It is possible to produce the chips on wafers with an epitaxial layer of up to 40 µm
thickness and with a resistivity between 1 k⌦ cm and 6 k⌦ cm. With such a resistivity,
a sizeable part of the epitaxial layer can be depleted. This increases the signal-to-
noise ratio and may improve the resistance to non-ionising irradiation e↵ects.

• The access to a stitching technology allows the production of sensors with dimensions
exceeding those of a reticle and enables the manufacturing of die sizes up to a single
die per 200mm diameter wafer. As a result, insensitive gaps between neighbouring
chips disappear and the alignment of sensors on a Stave is facilitated. This option

J. Phys. G: Nucl. Part. Phys. 41 (2014) 087002 The ALICE Collaboration
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Example: TowerJazz 180-nm process, from J. Phys. G41 (2014) 087002 

https://iopscience.iop.org/article/10.1088/0954-3899/41/8/087002


U. Husemann: Detectors for Particle Physics

MAPS: Monolithic Active Pixel Sensors

Example: ALPIDE 
▪ Developed for ALICE experiment at the LHC: 

low power, low material, fast 

▪ Transfer to medical applications: proton radiography, 
secondary ion tracking in ion beam therapy 

Example: HV-CMOS pixel detectors 
▪ Faster (drift instead of diffusion) and more radiation hard 

(high depletion voltage) than standard MAPS 

▪ Application: new beam monitor for Heidelberg Ion Beam 
Therapy Center (HIT)

14

Examples

https://ep-ese.web.cern.ch/project/alice-its 

https://www.mdpi.com/2410-390X/7/1 

https://ep-ese.web.cern.ch/project/alice-its
https://www.mdpi.com/2410-390X/7/1
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Silicon Photomultipliers

Avalanche photodiode (APD): 
▪ Photon absorption in intrinsic layer  
→ electron drift into multiplication zone 

▪ Amplification by impact ionization,  
typical gains: G = 100–1000 

Silicon photomultiplier (SiPM):  
▪ 2D array of APDs operated with voltage above breakdown voltage (“Geiger mode”)  
→ discharge independent of light input (single-photon avalanche diode, SPAD) 

▪ Single SPAD: binary device, intensity = sum of photons detected in all SPAD 

▪ Performance similar to PMT, but: very compact design, insensitive to magnetic fields, 
low afterpulsing → replacement for traditional PMTs

15

Workhorse for Photon Detection in Basic Science
n+ doped layer

intrinsic layer  
(very weakly p doped)

bias voltage –V

Avalanche 
Photodiode signal

p doped layer

p doped layer

|E|

drift

multiplication
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Instrumentation for Future Experiments

Pushing detector performance: higher 
particle rates, higher resolution, lower noise, 
lower power, ultra-fast timing, … 

Incorporating the latest technologies: 
microelectronics, heterogeneous computing, 
AI, quantum sensing, materials science, 
additive manufacturing, … 

Keeping both experienced experts and 
early-career researchers in the field: 
challenging projects, attractive career paths, 
recognition …

16

Major Challenges Ahead

substantial temperature fluctuations of the mixing chamber platform
(and hence the detector setup) that were as large as DT=T ’ 6:4
!10"4 (measured with the mixing chamber thermometer). As a result,
we plan to improve the temperature stability of our cryostat and subse-
quently to systematically study whether sub-eV energy resolution can
be achieved or whether we are approaching a yet unknown limit.
Despite this remaining point, we nonetheless note that the presented

detector provides the best energy resolution power E=DEFWHM of any
energy-dispersive detector in the soft and tender x-ray range.

In conclusion, we have presented two variants of a magnetic
microcalorimeter with paramagnetic temperature sensors and inte-
grated dc-SQUID readout for high-resolution x-ray emission spectros-
copy. As the first variant suffers from Joule power dissipation of the
SQUID, athermal phonon loss, and reaching the slew rate limit of the

FIG. 4. Schematic illustration of a (a) side view and (b) top view of the membrane arrangement developed to reduce the impact of SQUID Joule heating on the detector perfor-
mance. (c) Colorized SEM picture of the shunt resistor section of a finalized prototype detector of the second variant. The thermalization bridges and stabilization structures are
sitting on a SiO2 membrane that is undermined using SF6 based reactive ion etching. (d) and (e) Cross-sectional views of the regions marked in (b).

FIG. 5. (a) Signal height dUSQ for an energy input of 5.9 keV and white noise level
ffiffiffiffiffiffiffiffiffi
SUSQ

p
vs temperature T as well as the expected dependence derived by numerically simu-

lating the detector behavior. The deviation of the measured data from the simulation toward low temperatures is caused by a slight thermal decoupling of the detector from the
heat bath due to remaining SQUID power dissipation. The dashed line is an extrapolation from the measured data to the expected values from which we can determine the
actual detector temperature. (b) Ka and (c) Kb line of the 55Fe calibration source used for detector characterization. The solid red lines are the result of a fitting procedure to
determine the energy resolution DEFWHM ¼ 1:25ð18Þ eV of the detector. The filled areas illustrate the shape of the expected spectra assuming an ideal detector with
DEFWHM ¼ 0 eV. Comprehensive details about the data analysis and a breakdown of the statistical and systematic errors are discussed by Toschi et al.19
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Instead of a Summary

What is the relevance of your research within your research field? 
	 → detector instrumentation: enabler and driver of new scientific projects 

What is the relevance of your research for other fields? 
	 → same/similar detectors in neighboring fields (astroparticle physics, nuclear  
	      physics, …), but often with different requirements/challenges  

What theoretical/experimental input would benefit your work? 
	 → broad range of improved (microelectronics) and novel technologies (quantum, AI) 

What methods are you using or developing that could be useful for others? 
	 → hardware & software for precision imaging & fast low-latency data processing
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Attempting to Answer Cigdem’s Charge
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