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We review the design motivations, technological challenges, and recent progress toward a highly
granular silicon-tungsten electromagnetic calorimeter (SiW-ECAL) suited for future lepton-
collider detectors, such as a Higgs factory. We describe ongoing developments – ranging from
compact embedded readout electronics to test-beam campaigns – and how these efforts address
the stringent requirements of future detectors. Finally, we discuss design optimisations and the
roadmap toward a full-scale ECAL system.
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1. Introduction

Future lepton colliders proposed as Higgs factories impose demanding performance require-
ments on detectors, particularly regarding jet energy resolution. Achieving these goals relies on
the Particle Flow Approach (PFA) [1–3], in which charged particles are precisely reconstructed in
the tracker, while neutral particles (photons and neutral hadrons) are measured in the calorimeters.
This approach requires an electromagnetic calorimeter (ECAL) offering excellent spatial granular-
ity, compactness, and hermeticity.

A silicon-tungsten ECAL (SiW-ECAL) is a particularly promising option: tungsten provides a
short radiation length and small Molière radius, leading to compact electromagnetic showers, while
silicon pad sensors offer fine segmentation and stable operation compatible with the requirements
of highly granular calorimetry.

In this contribution, we summarise the SiW-ECAL design motivations and challenges, high-
light the latest prototype developments and test-beam results, and outline ongoing optimisation
studies aimed at a full-scale ECAL for future lepton-collider detectors.

2. SiW-ECAL Design and Requirements

2.1 Concept and Motivation

The SiW-ECAL consists of alternating layers of tungsten absorber and finely segmented sil-
icon sensors mounted on PCBs that also host the readout electronics. The choice of tungsten is
motivated by its very short radiation length and small Molière radius, enabling compact showers
and improved shower separation. Silicon sensors, typically segmented into pads of 5 mm lateral
dimension, provide the granularity required for precise shower imaging and PFA performance.

A realistic full-scale ECAL for a Higgs-factory detector requires of order 108 readout channels,
arranged in many layers while remaining within a limited radial envelope (20 cm to 25 cm) inside
the solenoid. This drives stringent constraints on the mechanical design, integration of electronics,
thermal management, and overall detector hermeticity.

2.2 Technical Challenges

Realising such a dense, highly segmented calorimeter poses several challenges:
• Layer compactness: Each sampling layer – absorber, silicon, readout, and support – must be

kept thin (typically <1 cm to respect the radial envelope, requiring slim mechanical structures
and compact electronics.

• Electronics integration: Embedding front-end electronics with minimal dead zones and
low material budget is essential. Power consumption, thermal management, and long-term
stability must be carefully addressed.

• Large-area silicon production: A full detector requires thousands of square metres of silicon
sensors produced at high quality and reasonable cost.

• Scalability and industrialisation: Mass production of basic detector units (a PCB with ∼
1000 channels) and detector slabs (chains of 8–12 units) is required. These slabs must be
inserted into tungsten–CFRP structures forming the barrel and endcap modules.
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• Calibration and stability: Despite the intrinsic stability of silicon, a system with 108 chan-
nels requires robust procedures for gain calibration, noise monitoring, and long-term stability
control.

• DAQ and data handling: Data from tens of millions of channels require scalable DAQ sys-
tems, efficient zero suppression, and robust data flow with manageable power and cooling
budgets.

A design fulfilling all those requirements has been proposed for the ILC [4], sketched in fig. 1.
It is being adapted for the circular colliders.

Figure 1: Sketches of the SiW-ECAL design for ILD: the octagonal barrel (top left) is composed of 40
modules and is suspended from the hadronic calorimeter (HCAL). Modules typically have dimensions of
1.8 × 0.9 m2 and a thickness of 23 cm. Each should have five columns with 24 to 30 slabs each (bottom
right). A slab (middle right) is assembled from ∼ 8 ASUs (top right), each of which is responsible for the
management of 16 ASICs, 4 sensors, and 1024 cells. Cooling and DAQ services must be offered at one end
of the slabs and in the 3-cm gap between the HCAL and ECAL. For circular colliders, the slab’s cooling layer
needs to be ”active,” meaning that water circulation must be embedded. The endcaps (not presented here)
follow the same hierarchy, which is based on quadrants and right trapezoidal modules.

3. Recent Prototype Developments and Test-Beam Results

3.1 Technological Prototype: Compact PCBs and COB Readout

The SiW-ECAL R&D program has developed a technological prototype emphasising thin
PCBs that satisfy mechanical, electrical, and integration constraints: mechanical precision, sig-
nal integrity, power stability, and low noise. The PCB must also support serialisation over 8–12
units for signal routing, configuration, and power distribution.

After years of improvements—both on the standard PCB design with packaged ASICs and
the ultra-thin Chip-on-Board (COB) implementation—a refined version (FEV2.1), based on the
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SKIROC2 ASIC [5], has been produced. This design features improved stability and reduced noise,
notably through the integration of voltage regulators.

Recent investigations into the silicon-to-PCB glueing process have identified and corrected
weaknesses, leading to a standardised and reliable procedure.

These developments demonstrate the feasibility of constructing densely segmented silicon lay-
ers with minimal dead material while ensuring robust readout performance.

3.2 Beam-Test Performance

Prototype ECAL stacks have undergone extensive beam testing. Early campaigns used small
stacks (e.g. seven layers) with various tungsten thicknesses to characterise electromagnetic showers.
More recent tests have used larger stacks, including 15 active layers with thousands of channels, to
approach realistic ECAL conditions. These tests [6] have validated the noise performance, granu-
larity, and operational stability of the system, while also revealing issues (e.g. glueing robustness,
collective silicon biasing effects), that are being addressed in the FEV2.1 design and assembly pro-
cedure.

Preliminary results from March 2025 beam tests at DESY [7], using two FEV2.1 boards and
one COB layer, show stable operation, excellent noise performance, and reliable MIP detection
(see fig. 2). High-energy electromagnetic shower tests are planned for 2026.

Figure 2: Left and Middle) Preliminary energy spectrum of punch-through electrons (behaving as MIPs)
and noise for two gains of the ASICs. The two parts can be clearly separated. Right) a hit map of an ASU
in beam, illustrating the low level of noise afar from the beam and the very few excluded channels. The
thresholds were not finely adjusted due to a lack of time, hinting at better final performances.

4. Design Optimisations for Higgs-Factory ECAL

The requirements of a Higgs-factory ECAL are driven by both physics performance (PFA,
photon and jet energy resolution) and machine environment (geometry, background levels, available
space). Below we summarise ongoing optimisation efforts.

4.1 Adaptation of the SiW-ECAL to FCC-ee

The original SiW-ECAL concept was developed for a linear collider (LC), featuring pulsed op-
eration that enables power pulsing and reduces average heat dissipation dramatically. The FCC-ee,
operating in continuous mode with significantly higher rates and backgrounds, poses new chal-
lenges. Readout electronics are expected to dissipate 30–50 times more heat than at an LC.
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Active cooling: While passive cooling suffices for LC operation, FCC-ee conditions require active
cooling. A promising solution involves a thin copper cold plate (4 mm thick) with a 1 8” embedded
pipe for water circulation. Preliminary thermal simulations indicate that a flow of 0.4 L/min is
sufficient to maintain silicon temperature gradients below 10 °C for a slab dissipating 130 W (8912
channels).

Data fluxes: Data occupancy and hit (a cell above threshold) rates have been evaluated using
GEANT4 simulations of physics and background processes at 90 GeV and 240 GeV centre-of-mass
energies [8]. Preliminary results indicate manageable hit occupancies compatible with the archi-
tecture of the new ASIC generation under development.

4.2 Optimisation of Energy Resolution for Highly Granular Calorimeters

Beyond their PFA role, ECALs measure all photons – which carry about 25 % of jet energy –
and the early part of roughly one-third of neutral hadron showers. Since many photons have energies
below a few GeV, improvements in ECAL energy resolution can significantly impact overall jet
reconstruction performance.

Optimising the energy resolution of a highly granular ECAL involves absorber sampling, sensor
segmentation, electronics performance, and reconstruction techniques. Notably, hit counting has
been shown to outperform analogue energy summation for photons below 2 GeV [9]. Ongoing
studies aim to combine such methods with the SiW-ECAL design to achieve optimal performance.

5. Discussion and Outlook

Scaling from prototype to full detector requires addressing industrial production, cost opti-
misation, calibration strategies, and integration with other subsystems (HCAL, tracker, magnet,
services).

Future R&D priorities include:
• Demonstrating mass-production viability through construction of a full-scale module (of or-

der one million channels) to validate mechanical, thermal, and readout aspects.
• Developing calibration and monitoring procedures scalable to 108 channels.
• Implementing DAQ systems capable of coping with high channel count, including zero sup-

pression and efficient data handling.
• Conducting integration studies to ensure hermeticity, minimal dead zones, and feasible ser-

vice routing (power, cooling, cabling).

6. Conclusion

A high-granularity SiW-ECAL – combining tungsten absorbers with finely segmented silicon
sensors and embedded readout electronics – is a strong candidate for future lepton-collider detectors
aiming for excellent PFA and jet energy resolution.

Recent prototype developments and beam-test results confirm the feasibility and robustness of
the concept. Upcoming data, using the ultimate electronics implementation developed for linear
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colliders, will feature a four-fold improvement in lateral shower granularity w.r.t. previous cam-
paigns [10].

Adapting the SiW-ECAL to FCC-ee conditions introduces new challenges related to higher
rates and increased thermal load. A new generation of readout ASICs is being developed, while the
ECAL design is being revisited to integrate active cooling and improved reconstruction techniques.

Future prototypes, gradually increasing in scale toward full detector modules (∼106 channels),
will be essential for validating performance and establishing industrial production methods in prepa-
ration for full detector construction.
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