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• Current tendency for R&D on calorimeters: 
High Granularity for Particle Flow
o 5D calorimeter --> (x,y,z, t) + Energy reconstruction

• Current technology: Silicon, Scintillators, RPCs as
active layers

MPGD-HCal at Future colliders
GOAL for future colliders:

Jet energy resolution for Z/H 
separation:

σE /E< 3% - 4% 
→ 60%/sqrt(E) for HCal

Proposal: adopting state-of-the-art resistive MPGDs as active
layers of sampling calorimeter → investigated within the context
of the Muon Collider experiment

Project initiated in 2021 within the RD51 collaboration and 
currently framed within the DRD6/DRD1 collaborations and 
supported by PNRR Calorhino
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https://doi.org/10.1016/j.nima.2009.09.009
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RµMegas

RPWELL

MPGD-based HCAL for Muon Collider
Why resistive MPGDs for calorimeters?

• Cost-effective for large area instrumentation
• Radiation hardness (up to few C/cm2)
• High rate-capability O(MHz/cm2)
• Readout granularity at-will (~cm2 or less)
• Space resolution O(100µm) → Low pad multiplicity
• Response uniformity
• Operational stability (low discharge rate) 
• Time resolution with MIPs of few ns
• Large community developing these detectors

µ-RWELL

concept already proposed by CALICE and SCREAM 
collaboration investigated the sampling calorimeter 
with RPCs and µMegas and inherited by ALEPH

3 MPGD technologies studied in this project
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Challanges for MPGD usage in calorimetry and goals of the R&D 
- develop prototype of 50x50 cm2-100x100 cm2 active area to minimize dead 
areas 
- guarantee uniform response 
- precisely evaluate the time resolution 



HCal standalone simulation
Standalone Geant4 simulation technology-independent
• Geometry of single layer: 

o 2 cm of iron for absorbers
o 5 mm gas (Ar/CO2) 

• Readout granularity 1x1 cm2

Result: longitudinal containment in 10 λ, transversal in 3 λ 

λ ~ 26 cm

Energy resolution simulated in two scenarios:
• Digital calorimeter: shower energy proportional to total number of 

hits 
• Semi-digital calorimeter: hits are weighted based on three thresholds 

(using CALICE thresholds) Eπ = ⍺ N1 + β N2 + γ N3

Result: 
• resolution at 8% for Eπ ~ 80 GeV with semi-digital readout
• resolution saturates at  14% for Eπ ~ 30 GeV for digital readout
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DHCAL
SDHCAL



Characterization in test beams at SPS 

GOAL: Test of readout layers in terms of response to MIPs
• Pad chambers under test (RµMegas, µ-RWELL, RPWELL)
• Ar/CO2/CF4 : µRWELL - Ar/CO2/iC4H10 : RµMegas / RPWELL
• Particles O(100GeV) µ beam

2 different hybrids tested with SRS back-end:
• APV25
• VMM hybrids tested in 1 µ-RWELL in a different test beam

(thanks to DRD1 collaboration)

Pad chambers

Trigger + tracking 

5

MPGD 

hybrid

hybrid

hybrid

APV25

SRS

No absorbers
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MPGD technologies:
• 7 µRWELL 
• 4 resistiv RµMegas
• 1 RPWELL
• Detector layout: 20x20 cm2

•~6 mm drift gap
• Common readout board: 1x1cm2 pad

1 
cm

https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf
https://iopscience.iop.org/article/10.1088/1742-6596/1498/1/012028/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/8/03/C03015
https://www.sciencedirect.com/science/article/pii/S0168900201005897
https://iopscience.iop.org/article/10.1088/1748-0221/17/12/C12014


Reconstruction:
o Observed high probability of cross-talk between pads

Due to routing of readout lines from pads to front-end
o Patched offline by clustering pads based on charge sharing fraction
o Tracks built with 2 tracking µMegas (256 µm pitch)

Plateau efficiency: about 95% for µMegas, 75% for µ-RWELL, 90% for RPWELL
Response uniformity: 10% RµMegas, 16% µ-RWELL, 22% RPWELL

Performance to MIPs
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Investigation on inefficiency of µRWELL
Inefficiency of µ-RWELL due to PEP-Groove introducing dead areas
• Locally very high efficiency
• PEP lines introduce a region of ~ 1 mm with ~50% efficiency 

drop
• At increasing drift field, efficiency drop region gets thinner and 

smaller
Excluding PEP areas, the efficiency is up to 95%
→ Optimization of drift field to be repeated

Results from tests with 
VMM 
• Rate (1 night data taking 

with APV → two spills with 
VMM)

• Lower thresholds
reachable (down to 0.8 
fC)

• Consistent results obtained 
with VMM and APV

New prototypes will follow 
DOT grounding scheme
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https://indico.cern.ch/event/1453371/contributions/6146450/attachments/2946867/5178839/The%20micro-RWELL%20for%20future%20HEP.pdf


Time resolution to MIPs
• Time for channel obtained 

o from the fit of rising edge of signals for APV25 
o time of the signal peak for VMM

• Time resolution for detectors measured using tracking system as reference
• Gaussian fit of Δt = tdet – ttrack → σmis = σdet ⨁σtrack

Time resolution for µ-RWELLs can reach a few ns in Ar/CO2/CF4 with proper drift 
field (3 – 3.5 kV/cm)
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VMM APV25



MPGD-HCAL prototype

HCAL prototype ~ 1 𝜆I  (8 active layers) tested under pion beam at PS
Data taking based on analog FE (APV25 + SRS)

Runs at different π- energy (up to 11 GeV)
• Two TB campaigns: August 2023, July 2024
• Data analysis ongoing
• Developed G4 simulation for comparison with TB prototype

With absorbers
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Pion shower studies 2023 data 
Issues for 2023: 
• problematic electronics for the first 2 MPGD layers

→ taken into account for data/MC comparison
• many dead channels in electronics
• Detectors operated at high gain saturating electronics 

→no charge information

Preliminary results for digital readout (hit charge not used)
• MIP events identified as having at most 4 pads per layer
• Good data/MC comparison in number of hits per shower

4 GeV

6 GeV



Pion shower studies 2024 data 
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• Different event selection criteria are under investigation:
o Shower events selected requiring at least 4 hits in each active layer 
o Cut on Q = std of cluster size x cluster charge (Q is expected to be high for 

shower events) 
• Plans to improve shower selection (not good Data/MC agreement)

→ initial data-cleaning using tracking system for MIPs identification
→ further rejection of non-contained showers 

ongoing

Eπ [GeV]

N
to

t

• Ongoing threshold (t1, t2, t3) optimization studies for semidigital approach 
to shower reconstruction

t1 < Ehit < t2 t2 < Ehit < t3
Ehit > t3

Linearity Ntot vs Eπ

Ongoing...

t1 ~0.8 MIP t2 ~ 1.3 MIP
t3 ~ 2.5 MIP



Plans for next months 
Hardware development:
• Development of a new cell prototype of ~ 2 λ:

→ 8 old 20 x 20 cm2 chambers + 4 new 50 x 50 cm2 chambers (currently under
production):

- 121 mm2 pads, read out by 16 APV/VMM cards
- 2 RµMegas
- 2 µRWELLs with most recent grounding system

• Drift gap optimization studies for timing improvements
• Development of a mechanical structure holding the entire setup
• Test beam campaign with DRD6 foreseen in Fall 2025
• Common test beam with Crilin (MuCol ECAL) next year
• Continuing integration with VMM and testing new chips (FATIC3, CALOROC?)

Analysis development:
• Energy resolution measured in digital mode
• Threshold optimization for semi-digital mode
• Study of timing within calorimeter system
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Conclusions 

Long term plans
• Understanding suitable technology (Micromegas, µRWELL, RPWELL)
• R&D for eco-gas mixtures to replace the ones currently used
• Electronics: new chips will be tested
• Producing 50×100 cm2 detectors
• Producing detectors with integrated electronics and cooling

9 GeV

13DRD6 Collaboration Meeting

Development of MPGD-HCAL ongoing in simulations and hardware
• Tested 12 MPGDs and small cell calorimeter within RD51 common project and PNRR Calorhino
• In 2024 we consolidated previous 2023 results with present prototypes in two test beams:

• SPS: efficiency and acceptance, response uniformity, field optimizations, time resolution
• PS: test of a fully equipped 8 MPGD layers prototype
Analysis focusing on timing and energy resolution now for calorimeter prototype

• First integration with VMM performed, with good results and compatible with APV25

Next to come

New 50 x 50 cm2 chambers​ with improved readout board routing under production
- 2 Micromegas

- 2 µRWELLs with most recent grounding system

• Test beam campaign with DRD6 foreseen in Fall 2025

We acknowledge financial support under the National Recovery and Resilience Plan (NRRP), Mission 4, Component 2, Investment 1 .1, Call for tender No. 104 published on 2.2.2022 by the Italian Ministry of 
University and Research (MUR), funded by the European Union – NextGenerationEU– Project Title: CALORHINO – CUP 53D23000990006-CALORHINO - Grant Assignment Decree No. 974 adopted on 30/06/2023 by 
the Italian Ministry of Ministry of University and Research (MUR)
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Physics case: HCal at Muon Collider

Challenges :
Deal with Beam Induced Background in HCAL:
- Mostly photons (96%) and neutrons (4%)
- Large asynchronous components
- Occupancy ~ 0.06 hit/cm2 (x10 the one at HL-LHC)

Requirements:
• Radiation hard technology

- total ionizing dose: 10 kRad/year
• Good time resolution (O(ns))
• Good energy resolution

- ~ 10% / √E for ECAL
- ~ 55% / √E for HCAL

• Fine granularity (1 – 3 cm2)
• Longitudinal segmentation

Towards a Muon Collider 
arXiv:2303.08533
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Muon collider: Multi-TeV µ+µ- collider in compact 
circular machines, as possibility for future collider 
after HL-LHC

https://arxiv.org/abs/2303.08533
https://arxiv.org/abs/2303.08533


MPGD prototypes
MPGD technologies:
• 7 µRWELL 
• 4 resistive MicroMegas
• 1 RPWELL
• Detector layout: 20x20 cm2

o ~6 mm drift gap
• Common readout board: 1x1cm2 pad→ 384 pads
First characterizations in terms of effective gain performed in 
lab in Frascati, Roma3, Bari, Napoli, Weizmann
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MicroMegas:
G = 104 at
Ea = 50 kV/cm
in 
Ar/CO2/C4H10

µRWELL:
G = 104 at
Ea = 140 kV/cm
in Ar/CO2/CF4

1 cm
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Examples of gain measured in Bari lab 
with Mini Xray gun with Ag target, 
measuring current drawn on 
electrodes
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MPGD technologies
Micromegas (MM)

uRWELL

RPWELL
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PEP grooves

PEP- DOT

PEP- DOT



MuCol framework simulation

Simulation of BIB (beam induced background) at a center of mass 
energy of 1.5 TeV
• BIB containment within the first 20 layers 
• Uniform distribution of arrival time in the range 7-20 ns
• Signal arrival time peaks at ~ 6ns;
• Discrimination possible for t > 9/10 ns 

→ achievable with MPGD detectors

Energy resolution simulated:
• π guns up to 100 GeV
• Selecting π starting shower in HCal

Result: 
• overall better performance with semi-digital readout

𝜎/E = 46%/√E ⊕ 12%
• resolution saturates with digital readout
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Setup simulation:
• Geometry handled by DD4Hep
• Semi-digital RO implemented 
• Clustering and energy estimation by Pandora Particle Flow 



Digital vs Semi digital readout
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Energy reconstruction: Semi-digital Readout (SDHCAL)
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• Digitization: defined multiple 
thresholds

• t1 = 0.01 MIP

• t2 = 4 MIP

• t3 = 12 MIP

• Reconstructed 
energy: Eπ= 
𝛂N1+𝜷N2+𝜸N3 with:

DRD6 Collaboration Meeting 21
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Inefficiency of 
µRWELL

Efficiency vs drift field
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Response uniformity
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Response uniformity µrwell
Good mean uniformity in 
Observed pattern in uniformity maps for 2 µrwells (out of 5 fully 
tested)

Currently under investigation (Valentina's master thesis work) 
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MPGD-HCAL prototype - G4 simulation setup 
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• Small calorimeter geometry implemented
• 8 layers of alternating of 2 cm stain-less steel absorbers and MPGD

- First 2 layers with 4 cm absorbers to increase number of 
showers developing early

• 20x20 cm2 active surface
• 1x1 cm2 pad granularity

• Pion gun of energy range available at PS (4 – 8 GeV)

• Digitization algorithm implemented to account for charge-sharing among 
adjacent pads and detector efficiency

Digitization algorithm

Shower containment

x 8 layers

Avalanch
e spread

25
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Event selection in Monte Carlo and data
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Event selection criteria supported 
by simulation using MC truth
• MIP-like events:

- single hit in each layer
• Shower events starting from 

layer 3:
- more than 4 hits per layer 

from layer 3

Distribution of the total 
number of hits in all active 
layer from the experimental 
data obtained
- excluding first 2 detectors 

(faulty APVs)
- counting only once along 

vias direction to avoid x-talk 
pads (detectors operated at 
high gain for APVs)

Before the 
selection After the 

selection

MIP-like events Shower events 

Peak at ~ 10 hits 
-> MIP-like events

Number of hits for all layersNumber of hits for all layers

PS Data

PS 
Data

Simulation Simulation

26
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