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The next generation of calorimeters for experimental facilities at future colliders, such as FCC-ee
or theMuon Collider, should offer excellent spatial, time and energy resolution. This is essential to
fulfil the 5D calorimetry paradigm requirements, ensuring detectors suitable for particle-flow (PF)
techniques which guarantee unprecedented precision in jet energy resolution. Such advancements
will enable the measurement of Higgs couplings to quarks with sub-percent accuracy. In pursuit
of this objective, we propose a novel hadron calorimeter (HCAL) utilizing resistive Micro Pattern
Gaseous Detectors (MPGD). The MPGD HCAL is particularly well suited for PF due to its high-
granularity readout capabilities (on the order of cm2), and is well-suited to the Muon Collider’s
challenging background conditions, being a radiation-hard technology with high-rate tolerance
(up to 10 MHz/cm2). Additionally, resistive MPGDs, including resistive Micromegas and µ-
RWELL, provide excellent spatial resolution, operational stability (with discharge quenching),
and uniformity, making them highly suitable for calorimetry. In this contribution, we will present
the latest developments in the project, including simulation studies using GEANT4 and Pandora
Particle Flow reconstruction within the Muon Collider framework. We will also share recent
results from test beam campaigns, which focus on evaluating the performance of the MPGD active
layers, such as efficiency, uniformity, time resolution, and the initial studies on the hadronic-shower
response of a 8 layers MPGD-HCAL prototype using pion beams with energies up to 10 GeV.
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1. Introduction

The discovery of the Higgs boson at the CERN Large Hadron Collider confirmed the Standard
Model (SM) of particle physics with remarkable precision. However, unanswered questions in
the SM have motivated future collider experiments, such as the Future Circular Collider [1] and
the Muon Collider [2], aiming to measure the Higgs Yukawa couplings and self-interactions with
O(1%) level precision. Achieving these goals in those channels involving jets in the final state,
requires jet energy measurements at the level of 30%/

√
E precision. This demands accurate energy

measurement by the calorimeters and excellent matching of the calorimetric clusters with the tracks
reconstructed by the tracker, for a more comprehensive event reconstruction. The cornerstone to
improve the detector resolution is the Particle Flow (PF) algorithm, which uses as fundamental inputs
the charged particle momenta (∼60% of the jets constituents) measured in the tracking detectors and
the energy measurements for photons (30%) and neutral hadrons (10%) from the electromagnetic
(ECAL) and hadronic (HCAL) calorimeters [3]. The critical step in PF is the correct assignment of
the calorimeter clusters to the reconstructed particles, which requires a combination of an excellent
tracking system with high granularity calorimeters. The calorimeter hit time information could also
be exploited to improve the hadronic shower reconstruction, to extend the searches for long lived
particles to neutral hadrons or, for the Muon Collider, to mitigate beam induced background (BIB).
The need for precise measurements of position, time, and energy paves the way for 5D calorimetry
to become the standard in future collider experiments. For PF HCAL this translates into O(1 cm)
position accuracy, energy resolution of 55%/

√
E [3] and time precision of at least O(1 ns).

To address these requirements we propose an HCAL technology based on a sampling of
absorber andMicro PatternGaseousDetectors (MPGD) as active layers featuring high rate capability
(MHz/cm2), flexible granularity, excellent spatial (100 µm) and time (few ns) resolution, good
response uniformity O(10%), and modest cost for large area instrumentation. Gaseous detectors
have the advantage of being radiation hard, a response constant in time, and thus avoid complicated
calibration procedures to compensate for the radiation damages, and allow for higher granularity
for a lower cost with respect to state-of-the-art scintillators, that require monitoring of their optical
transparency. In this context, the CALICE collaboration [4] studied the performance of different
gaseous detector technologies ranging from glass Resistive Plate Chambers (RPC) to MPGD with
digital and semi digital readout, where in the semi digital approach multiple thresholds are used to
account for the energy deposits by different particles. While RPCs offer excellent time resolution,
they are operated with Greenhouse Gases with high global warming potential. We therefore propose
a sampling calorimeter with MPGD as active layers, tailored for the PF algorithm, for experiments
at future colliders.

2. Energy estimation in MPGD-HCAL simulation

The performance of a MPGD-HCAL has been assessed within a standalone GEANT4 simula-
tion [5] and in the muon collider software framework [6] implementing a sampled calorimeter of 50
layers, mainly made of 20 mm of iron (absorber) and 3 mm of argon (active material), with a readout
element size of 1 cm2. Previous results show the superior performance on theMPGD-HCAL cluster
energy reconstruction achieved with a semidigital readout approach in both GEANT4 [8] andMuon
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Figure 1: Energy resolution for a MPGD-HCAL with semi-digital readout (SDRO) as a function of the
energy of the impinging particle. The data are fitted with S/

√
E+ C, Left: GEANT4 simulation calibrated

with the BDT regression. Right: Muon Collider full simulation for
√

s = 3 TeV with linear calibration
(purple) and BDT regression (red).

Collider full simulation [7] where a linear calibration procedure was applied to improve the energy
response.

In order to improve the cluster energy estimation, for both linearity and resolution, we de-
veloped a regression based on a Boosted Decision Tree (BDT) using the XGBoost package [10].
Approximately 660k pions with flat energy distribution in 2-120 GeV were used for the training.
The regression targets the ratio between the reconstructed cluster energy and the pion energy at
the truth-level. The model takes as input features the number of hits in HCAL, the reconstructed
shower energy, the number of hits in the three energy ranges that defines the semidigital-readout
thresholds, the number of hits and energy fraction per layer, the coordinates of the cluster centroid
weighted by the hit energy and the standard deviation of the hit coordinates distributions per layer.
An additional sample of 100k pions with flat energy was generated for performance testing. The
energy resolution of the reconstructed hadronic shower is shown in Fig. 1 (left), together with the
fitting function. Thanks to the BDT regression, the constant term of the energy resolution improved
by a factor 4 with respect to the performance shown in [8]. TheMPGD-HCAL is further investigated
in full detector simulations for Muon Collider scenarios at center-of-mass energies of 3 and 10 TeV.
The 10 TeV detector concept considered here is MUSIC [9], including a 80 cm solenoid in the
radial direction placed between ECAL and MPGD-HCAL in the barrel. The MPGD-HCAL layout
includes 60 (70) layers in 3 (10) TeV apparatus. Pandora PF clustering [11] is used to reconstruct
pion showers, selecting single-cluster events and pions that do not shower in ECAL. The BDT-based
regression described above is applied to cluster energy estimation, including cluster-related vari-
ables in the training. In the 3 TeV scenario, the BDT-based regression improves the constant term
by 40% with respect to the linear calibration (Fig. 1 right). As depicted in Fig. 2, in the 10 TeV
scenario, the reduction of the constant term is particularly significant in the barrel region, where
the solenoid causes hadronic showers to start upstream of the MPGD-HCAL, leading to substantial
energy losses. The BDT calibration effectively recovers this lost energy, reducing the constant term
in the barrel by approximately a factor of two.
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Figure 2: Energy resolution for a MPGD-HCAL with semi-digital readout (SDRO) as a function of the
energy of the impinging particle in Muon Collider full simulation for

√
s = 10 TeV and MUSIC detector

concept. The data are fitted with S/
√

E + C. Left: Energy resolution in barrel (red) and endcap (cyan) is
corrected with linear calibration. Right: Energy resolution in barrel (blue) and endcap (orange) is corrected
with BDT regression.

3. MPGD-HCAL prototype performance in test beams

The project includes the construction of a MPGD-HCAL prototype covering approximately
one nuclear interaction length. Multiple MPGD modules, seven µ-RWELL and four MicroMegas,
with pad granularity of 1×1 cm2, an active area of 20×20 cm2 and with a 6 mm drift gap have
been built. The prototype consists of alternating sampling MPGD layers and iron absorber plates.
Beam-test campaigns at CERN SPS and PS facilities were carried out between 2023 and 2024.
Performance characterization was done using muon beams for efficiency studies, and pion beams in
the 2–10 GeV range to evaluate shower observables. MicroMegas are flushed with a Ar:CO2:C4H10
(93:5:2) gas mixture, while µ-RWELL are flushed with a Ar:CO2:CF4 (45:15:40) gas mixture. The
MPGD readout was performed with the APV ASIC and SRS backend.

MicroMegas reach typical efficiencies around 95%, while µ-RWELL is around 75%, limited
primarily by grounding-line-induced inactive zones. Increasing the drift field partially recovers
efficiency up to ∼85% for drift fields of 6kV/cm, as shown in Fig. 3 left.

The µ-RWELL time resolution is measured with VMM readout [12], and found to be on the
order of 6 ns, for drift fields greater than 3kV/cm (Fig 3 right). Uniformity studies showMicroMegas
achieving approximately 10% response variation, with µ-RWELL values slightly higher but under
study.

Performance studies with pion beams confirm linearity between the total number of fired pads
and the pion beam energy (Fig. 4 left), and good agreement between data and simulation in hit
multiplicity (Fig. 4 right). This demonstrates that MPGD-based sampling readout can support
energy measurement through hit counting and multi-threshold digitization. Timing and response
maps also validate the feasibility of combining fine granularity with multi-layer sampling and large
active areas.
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Figure 3: Performance of a µ-RWELL detector with SPS muon beams as a function of the applied top
voltage for several values of the applied drift field. Left: efficiency. Right: time resolution.

Figure 4: MPGD-HCAL prototype performance tested with pion beams. Left: number of hits vs nominal
pion energy. Right: distribution of the number of hits in data (blue) and GEANT4 simulation of the
MPGD-HCAL prototype (red) for a 6 GeV pion beam. The lower panel shows the ratio between data and
GEANT4.

4. Conclusions

This work demonstrates that MPGD-based sampling calorimeters are strong candidates for
high-precision hadron calorimetry in future collider experiments. Simulation studies indicate
that the MPGD-HCAL can achieve competitive energy resolution fully compatible with Particle-
Flow detector requirements. Test-beam campaigns further validate the concept, showing excellent
efficiency, stability, and timing performance for both MicroMegas and µ-RWELL technologies, as
well as a linear response of the MPGD-HCAL prototype to hadron energy.

The next steps involve completing the integration into Particle-Flow reconstruction frameworks
and conducting studies within the full FCC simulation environment. The R&D roadmap toward a
full detector demonstrator includes extending the prototype to approximately two nuclear interaction
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lengths, optimizing µ-RWELL grounding to eliminate inactive regions, and building larger 50×50
cm2 detector modules for both technologies to evaluate response uniformity over larger active areas.
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