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ILD: A Versatile Detector for an Electron-Positron
Collider at Energies up to 1 TeV

Vincent Boudry𝑎,∗ for the ILD Concept Group
𝑎Laboratoire Leprince-Ringuet (LLR), CNRS, École polytechnique, 91120 Palaiseau, France
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The International Large Detector (ILD) is a detector concept developed for a future high–energy
electron–positron collider. Its design aims at exceptional performance in precision measurements
of the Higgs boson, the top quark, electroweak processes and potential new physics at energies up
to 1 TeV. In this article, we provide an updated overview of the ILD concept, incorporating recent
results presented at EPS-HEP 2025. We discuss detector performance, capabilities for staged
operation, ongoing technological developments, and the integration of ILD into possible collider
implementations such as FCC-ee.
ILD is based mostly on technologies which have been demonstrated by extensive research and test
programs. The concept has been developed by a group of nearly 60 institutes from around the
world, and offers a well developed and powerful environment for science and technology studies
at lepton colliders. The required performance of the detector, the proposed implementation and
the readiness of the different technologies needed are discussed.
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The ILD Detector Concept Vincent Boudry

1. Introduction

The physics case for a next-generation e+e− collider is exceptionally strong. The clean ex-
perimental environment complements the LHC by enabling per-mille-level measurements of Higgs
couplings, one per 10,000 precision on electroweak parameters, detailed top-quark studies, and
sensitive searches for new phenomena. The ILD detector concept was developed to exploit these
advantages through a combination of highly granular calorimetry, precision tracking, and advanced
particle flow reconstruction.

The European Strategy on Particle Physics putting forth Higgs factories such as the FCC-ee [1]
and LCF [2], has driven renewed optimisation and long-term R&D. This contribution summarises
updated detector studies, new performance results, and ongoing R&D efforts.

2. Physics Motivation and Collider Context

The initial operational phase of a lepton collider is expected to focus on the Z-pole at 91 GeV
and Higgs production via the Higgstrahlung process peaking at 240–250 GeV. Increasing the centre-
of-mass energy to 350–500 GeV opens the door to precision top physics, and Higgs self-coupling
direct measurements, while operation near 1 TeV enhances sensitivity to new electroweak states and
heavy particles.
ILD is designed to support this physics through:

• excellent momentum resolution for charged tracks,
• strong flavour-tagging capabilities,
• ∼ 3% jet energy resolution,
• resilience against beam backgrounds,
• modularity enabling staged upgrades.

3. ILD Detector Concept and Design

Yoke/Muon

Coil

HCAL

ECAL

TPC

Vertex

LumiCALBeamCAL FTD/SITLHCAL

Figure 1: A quarter view of the ILD detector

The ILD detector is organised
around the principles of particle flow
reconstruction [3], requiring precise
tracking, minimal material in front of
the calorimeters, and highly granular
calorimetry. The mechanical layout
and subsystem choices reflect more
than a decade of optimisation stud-
ies and dedicated R&D. The main
subsystems illustrated on figure 1 are
briefly described below. The reader
is refereed to [4–6] for further details.

Vertex Detector: The ILD vertex
detector is designed for extremely
high precision in the reconstruction
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The ILD Detector Concept Vincent Boudry

of decay vertices from heavy flavour quarks and 𝜏 leptons. The baseline geometry features three
double-sided layers based on CMOS sensors to achieve an extrapolation resolution near 2 µm. The
emphasis is on maintaining a very low material budget, even when including powering, cooling,
and support structures. Studies for the updated design paper have refined the mechanical layout to
improve thermal stability and to reduce distortions from support elements. These refinements play
a central role in the performance gains seen in recent flavour-tagging studies.

Time Projection Chamber The TPC continues to serve as the central tracking device, delivering
more than 200 three-dimensional space points per track. Its intrinsic resolution, combined with the
long lever arm in the ILD magnetic field, yields a momentum resolution that meets the target of
𝜎(1/𝑝𝑇 ) ≈ 2 × 10−5 (GeV/c)−1. The TPC also offers particle-ID capability through d𝐸/d𝑥 , which
is particularly effective for low-momentum tracks in multi-jet final states. New designs with higher
readout granularity allows for cluster counting reconstruction (d𝑁/d𝑥 ) methods, that are currently
under investigation. Work on ion-backflow mitigation, segmentation of the endplate amplification
modules, and precise alignment strategies are crucial for maintaining this performance under real-
istic beam conditions.

Silicon Tracking and Forward Detectors A system of silicon strip and pixel layers provides
complementary high-precision space points, reinforcing the pattern recognition and improving the
tracking robustness in dense jet environments.

In the very forward and backward regions, compact silicon-tungsten calorimeters extend cov-
erage down to small polar angles. These subsystems are essential for luminosity measurement, for
the beam monitoring (for Linear Colliders), for the reconstruction of forward leptons and photons,
and for suppressing backgrounds from beamstrahlung and two-photon processes. Those devices are
investigated by the FCAL collaboration [7].

Calorimeter System The calorimeter system consists of 3 sections of highly-granular ECAL’s
and HCAL’s: one for the barrel and two for the endcaps, complemented by “rings” covering the
special regions close to beam-pipe and the barrel-endcap transition. Two technological solutions
are explored for both the ECAL and HCAL. The optimisation of their cell sizes and absorber layer
thicknesses balances cost and performance, based on full reconstruction with a particle flow tech-
nique [8], in the context of large-scale industrial production. The R&D and calorimeter prototypes
testing have been done by the CALICE collaboration, and are now under the hospices of the DRD
Calo collaboration.

Electromagnetic Calorimeter The ECAL baseline is a silicon–tungsten sampling device
with 5 − 7 mm transverse and longitudinal segmentation. This granularity is critical for the separa-
tion of nearby photons and electrons inside jets, and specific final states. An option with scintillators
strips of 550 mm, readout by SiPM and making use of charge splitting for MIP’s tracking is also
studied.
Current R&D aims at establishing a design accommodating the heat load due to continuous oper-
ation inherent of a circular collider, by having thin cold plates using water as a coolant. Also, the
optimal granularity is being reevaluated in light of the superior performance of digital calorimetry
(”hit counting”) for the measurement of low-energy photons, as well as the utilization of precise
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The ILD Detector Concept Vincent Boudry

localization for numerous photon final states. A new family of readout electronics (CALOROC [9])
is being developed compatible with all low occupancy calorimeters.

Hadronic Calorimeter ILD foresees two realisations of the HCAL: a scintillator-based ana-
logue HCAL and a gaseous, semi-digital readout option using GRPCs1. Both approaches rely on
highly granular sampling to ensure efficient separation of neutral and charged hadronic contribu-
tions in jets. Recent work has emphasised improved shower modelling and reconstruction, cross-
calibration strategies based on test-beam data, and the potential integration of precise timing.
Current R&D: as for the ECAL, the heat load is being estimated for continuous operations, using
the expected characteristics of the new very-front end electronics, either the KLAUS [10] or the
CALOROC ASICs, being developed.

3.1 Recent Performance Studies

Here a couple of recent detector-performance results are presented, reaffirming the strong
physics capabilities of the concept.

Figure 2: Left: Efficiency-misidentification curves of b-jets tagging vs c-jets (blue) and vs uds-jets (red)
using ParT. The two dots indicate the previous performances using LFCIplus. Right: Di-jet energy resolution
from H → bb̄ at 240 GeV, without kinematic fit (black), with full covariance matrices of all PFOs–Kinematic
fitting (green):, with semileptonic decay correction reconstructed (red) or estimated from MC data in cheating
mode (blue).

Flavour Tagging Tagging of the jets plays an important role for Higgs studies (branching ra-
tios and self coupling). Figure 2(left) shows the recent improvement in tagging b-jet vs c-jet and
uds ones by using Particle Transformer (ParT) ML [11, 12], using large samples of full ILD sim-
ulations. At fixed efficiencies, improvements in misidentification rates by factor of 9 and 3 were
obtained w.r.t. the LCFIplus algorithm (2013) previously used for such studies. The ParT is a new
generation of machine-learning model, including deep graph networks and attention-based architec-
tures, self-focusing on important features in particle correlations. These approaches handle complex
topologies – particularly in multi-jet final states such as Higgs decays or top pair production – with
improved robustness against local inefficiencies and hit ambiguities.

1Glass resistive Chambers.
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Di-jet Mass Resolution Figure 2(right) summarises di-jet mass resolutions obtained for the recon-
struction of Higgs decaying to bb̄ jets, at 240 GeV, combining kinematic fitting approaches [13, 14]:

• Jet error estimation is reduced by including full covariance matrices of all Particle Flow Ob-
ject fitting;

• Kinematic fitting supports physics hypothesis testing and improves reconstruction consis-
tency;

• Semi-leptonic decay correction enables neutrino 4-momentum reconstruction in many B-
meson decays.

Combining all these techniques improves the di-jet mass resolution by factor ∼ 2 (red curve on
figure 2(right)), close to the ideal reconstruction performance, as if neutrinos from semi-leptonic
decays were perfectly reconstructed (blue curve).

Other efforts are on-going on reducing of the jet clustering confusion, where ML offers po-
tential improvements, and the extension of existing and new ML-based Particle Flow algorithms
exploiting a fine time dimension in calorimeters.

4. Adaptation of ILD to FCC-ee

The implementation of the ILD concept at FCC-ee requires a detailed examination of the
machine–detector interface, background environment, and the operational conditions associated
with high-luminosity running especially at the Z-peak.

Adaptation begins with the tracking system, where the TPC has to perform reliably in an en-
vironment with much higher beam related backgrounds, luminosity and cross-sections relative to
linear colliders. Studies based on full simulation of a DDSIM2 model of the machine-detector in-
terface (MDI) region imported from the CLD [17] detector, in a 2 T field, indicate the ion-backflow
control, gating options, and readout segmentation could allow a TPC to function efficiently at FCC-
ee, for the higher energies. At the Z-peak, in contrast, the high physics rates might prevent any
effective TPC operation: the slow ion drifting space charge from many bunch crossing (∼ 20000)
distorts the electric field and impacts the position resolution in Δ𝑟𝜙; The ee → qq process alone
would yield distortions of up to 100 µm, while a naive scaling of beamstrahlung would bring them
up to 20 mm. Even if work from ALICE [18, 19] shows that effective corrections of this order can
be applied on average, the task is challenging. Alternative geometries are being investigated with,
e.g. a doubling of the inner radius to 70 cm, and the placement of additional shielding in the forward
regions.

The calorimeter systems require re-optimisation, in order to accommodate heat load from the
embedded readout electronics operating continuously, and the lower (compared with linear collider)
collision energy. The ECAL therefore require active cooling layer; a preliminary design featuring a
4 mm copper layer having pipes for water circulation. This seems to offer a viable solution, which
need to be assessed by prototypes. The thermal maps of the HCALs are being build, to evaluate the
necessity for a similar solution.

2DDSIM is the interface to GEANT4 of the DD4HEP [15] geometry framework, now integrated in the Key4HEP
software stack [16]
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5. Developments in Timing Calorimetry

Finally, high-precision timing, with centimetric precision (1 cm/c ∼ 30 ps) providing a 5th
dimension (𝑥, 𝑦, 𝑧, 𝐸, 𝑡), is being investigated for background suppression, particle identification
based on the time-of-flight, and improved Particle Flow performances. The achievable precision
will be limited by the sensor physics and electronics, either directly, or by the additional power
dissipation. Alternatively to a complete 5D view of showers, dedicated timing layers could also
bring valuable information.

6. Conclusion

The ILD detector concept meets the precision and versatility requirements of future electron-
positron colliders. Updated performance studies confirm its strengths in tracking, calorimetry,
flavour tagging, and jet reconstruction. As collider scenarios evolve, ILD remains a robust and
adaptable option, open to new technologies and ideas. Its high granularity is a perfect playground
for new reconstruction techniques, especially based on machine learning methods.
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