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ÅLARGE AREA MUON SYSTEMS

o MPGD

o RPC

o Wire based detectors (MWPC, Straws, (s)TGC, é) 

ÅINNER AND CENTRAL TRACKING (WITH PID CAPABILITY)

o MPGD (cylindrical)

o DRIFT CHAMBERS, 

o STRAW AND DRIFT TUBE CHAMBERS

o TPC

ÅTPC: Trackers, Decay chambers, Beyond HEP

Gaseous Detectors

E. Baracchini, M. Iodice, B. Liberti, E. Radicioni



Gaseous Detectors at LHC
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ALICE

ÅCSC (Muon Spectrometer)

ÅMWPC (RICH HMPID)

ÅMWPC (veto in Photon Spectrometer

ÅDrift Chamber (in the TRD for Tracking)

ÅTiming MRPC (TOF)

ÅGEM (TPC) 

ATLAS

ÅMDT (Muon Spectrometer)

ÅCSC (MS ð removed after Run2)

ÅTGC, sTGC (MS)

ÅRPC (MS)

ÅTRD straws  (TRT - Inner Tracker)

ÅMicromegas (MS Run3 and beyond)

CMS

ÅDrift Tubes (Muon 

Spectrometer)

ÅCSC (MS)

ÅRPC, iRPC (MS)

ÅGEM (MS Run3 and beyond)

LHCb

ÅMWPC (Muon System)

ÅGEM (MS - removed after Run2) 

ÅuRWELL (MS - proposed for Run5)

ÅGaseous detectors are key devices in current forefront experiments, e.g. at LHC

ÅMostly central trackers (TPC) and Muon systems (MS)
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ÅGaseous detectors are key devices in current forefront experiments, e.g. at LHC

ÅMostly central trackers (TPC) and Muon systems (MS)

Micromegas in the 

New Small Wheel 

(the main ATLAS 

Phase-1 upgrade)

Phase-1: GE1/1 

recording LHC 

Run-3 data since 

2022

Phase-2: GE2/1 

and M0

Proposed for the LHCb 

upgrade for Run5

MUON SYSTEMS ð MPGD - Current State and Application

IFD 2025  ð 17-19 March 2025
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Micromegas in ATLAS Triple GEM in CMS

Single layer efficiency

Tracking efficiency

Front-end 

issue

Electronic OFF

Short circuits in 

GEM foils

Bending of PCB

2024 p-p collisions

Å Instantaneous Luminosity: O(1034) 

cm-2s-1

ÅAverage rate of discharges:         

< 3 discharge per hour 

Not PERFECT detectors yet. Ongoing R&D for future detectors must focus on improving the 
technology, enhancing robustness, and achieving better performance for more reliable systems

MUON SYSTEMS ð MPGD - Current State and Application
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Micromegas in ATLAS Triple GEM in CMS

Single layer efficiency

Tracking efficiency

Front-end 

issue

Electronic OFF

Short circuits in 

GEM foils

Bending of PCB

2024 p-p collisions

Å Instantaneous Luminosity: O(1034) 

cm-2s-1

ÅAverage rate of discharges:         

< 3 discharge per hour 

Not PERFECT detectors yet. Ongoing R&D for future detectors must focus on improving the 
technology, enhancing robustness, and achieving better performance for more reliable systems

Challenges and Potential Issues in Large MPGD Systems:
ÅScaling up: Transition from small-size prototypes to large-area detectors.

ÅMechanical precision : Ensuring structural integrity and alignment.

ÅDischarges & stability : Managing high gain while maintaining a wide operational margin.

ÅResistive scheme: Optimization (in-depth, rigorous and detailed tests) and implementation.
ÅProduction process : Quality control and assessment at each phase.

ÅHigh-voltage power scheme : Design and reliability considerations.

ÅSystem integration : Challenges related to front-ĲŰĬШĲũĲĦƣƖŸŰŔĦƚЯШĦŸŰŰĲĦƣŔŸŰƚЯШċŰĬШ? Äв

MUON SYSTEMS ð MPGD - Current State and Application
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MUON SYSTEMS ð MPGD ð a proposal for LHCb 

The u-RWELL technology, in its hybrid structure with a GEM preamplification stage, will make its first 

appearance in HEP experiments

The Upgrade 2 project includes:

ÅRecovery of existing detectors (MWPC) where 

possible.

ÅIn the inner regions, rate capability and 

deadtime constraints require new detectors.

ÅTechnology for the two innermost regions: G-

RWELL (a hybrid detector: -˃RWELL with an 

additional GEM pre-amplification stage).

Å240 new chambers out of a total of 1,100, 

covering approximately 60 m² out of the total 

400 m².

The G-RWELL 

structure

From M. Giovannetti

MPGD2024, Hefei 14-18 October 2024
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MUON SYSTEMS ð RPC ð Current State and Application

ÅPresent and recent past Application at colliders 

ATLAS
LHC 7000 m2

HL-LHC1400 m2

Tracking trigger

CMS
LHC 4000 m2

HL-LHC1000 m2

Tracking trigger

ALICE
LHC 144 m2

HL-LHC new RPCs
Tracking trigger

BaBar
SLAC 2000 m2

Instrum. iron
m identifier

ÅPRESENTANDRECENTPASTCOSMICRAYS

ANDUNDERGROUND

OPERA
CERN n beam
Instrum. iron
m spectrometer

ARGO Ybj 
CR exp. 7000 m2

4600 m altitude
3D reconstruct.

ÅACTIVEPROPOSALSFORFUTUREEXPERIMENTSUSINGPRESENTTECHNOLOGY

CODEX-B
HL-LHC. 3000 m2

Search for DM
Sealed tracking 
volume

ANUBIS
HL-LHC. 5500 m2

Search for DM
Sealed tracking 
volume

Mostly used as extensive 

(up to ~ 7000 m2) 

Trigger systems with time 

resolution up to 500 ps 

IFD 2025  ð 17-19 March 2025
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ALICE@CERN

10.1016/S0168-9002(01)01753-3

MUON SYSTEMS ð Multi-gap RPC / TOF ð Current State and Application

MRPC Several thin gas gaps.  Thin plates in glass (Williams et al) in 1996. 

ÅTime resolution down to tens of ps for MRPC. 

ALICE MRPC:  2x5-gap (250 µm each)  

ÅTime resolution: 50 ð 80 ps

TOF for CBM experiment at FAIR (GSI)

ÅTime resolution: 50 ð 80 ps 

Here only a couple of examples

mailto:ALICE@CERN
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Å RPCS (ALL VERSIONS) ARE A STRONG CANDIDATE TECHNOLOGY FOR FFC AND MUCOLL EXPERIMENTS 

Å R&D ISNEEDED MATERIALS, FE ELECTRONICS, NEW STRUCTURE, NEW GAS MIXTURES

Key features 

Å50 ps time resolution  (500 ps for single 

gap)

ÅSingle Gap RPC Efficiency > 98%

Å2D tracking, resolution up to 0.1 mm

ÅProportional response to high track 

density 

ÅLarge size robust and Low cost 

ÅThin and light

Present Limits

Å Rate capability: Electrode resistivity responsible for the proverbial stability 

of RPCs also limits its rate capability 

Å Longevity: RPC materials are insensitive to radiation, but radicals produced 

in the discharge affect the electrode quality increasing noise, while the 

amount of conduced charge can deplete the carriers affecting resistivity 

Challenges and Potential Issues in Large RPC and M-RPC Systems:

Å  Production process: Quality control and assessment at each phase.

Å High-voltage power scheme: Design and reliability considerations.

Å  System integration: Challenges related to FE electronics and DAQ

MUON SYSTEMS ð RPC and Multi-gap RPC ð Current State and Application



10

MUON SYSTEMS ð RPC and Multi-gap RPC ð a paradigm for Greenhouse Gases

ÅGreen Houses Gases (GHGs) are used in several gaseous particle 

detectors due to their characteristics suitable for optimal detector 

performance ad long term operation

ÅRPCs need to replace C2H2F4  (R134a = TFE) and  SF6  with  low 

Global Warming Potential ecological gases, with unchanged or even 

better performances

ÅHEP experiments, present and future, last several (dozens) of year. 

A good performance must be maintained for an adequate period

 Ą Aging tests are needed as well

Gases can also be re-circulated, 

after purifying them, but only 

for low leaks system

The RPC EcoGas@GIF++ is a Collaboration transversal to ALICE, ATLAS, CERN EP-DT, CMS, and LHCb 

willing to put together expertise and resources to test potential candidates of eco-friendly gas mixtures 

with different detectors and electronics and the related aging effect.

ÅExtensive R&D ongoing

   Some Ecological candidates are already under study

IFD 2025  ð 17-19 March 2025
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MUON SYSTEMS ð Wire based detectors ð Current State and Application  

MWPC, TGC, sTGC, CSC, and drift tubes (MDT and DT) are used 

in the Muon Spectrometers of LHC experiments.

Challenges for Detectors at the LHC (and HL-LHC!!):

ÅHigh-rate capability

ÅLong-term detector longevity (aging effects)

ÅHigh spatial granularity

ÅHigh time resolution

ATLAS and CMS employ different tracking and trigger 

technologies across various pseudorapidity ranges to adapt to 

different experimental conditions.

Overall, these detectors have demonstrated stability and 

reliability.

CMS DT ATLAS TGC

IFD 2025  ð 17-19 March 2025
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Main Challenges

ÅExtending the state-of-the-art rate capability up to ~ 1-10 

MHz/cm2 with longevity compatible with decades of operation. 

Ąadvancements in detector resistive configurations, new 

materials and geometries, low-noise electronics, and fine 

granularity readout to reduce occupancy.

ÅAddressing low/medium-rate applications involving muon tracking 

in HEP experiments like at FCCee, and exploring applications 

beyond HEP for large areas

ÅReliable and efficient operation with low-GWP (Global Warming 

Potential) gas mixtures. 

ÅSpatial resolution ~100 um

Å Improving time resolution at the level of nanosecond and 

achieving resolutions up to 10-100 ps for applications in high-rate 

collider experiments to mitigate pile-up effects.

ÅEstablishing large-scale serial production and cost reduction 

measures.

Primary objective:

Strategically advance R&Ds for ALL 

TECHNOLOGIES  for new challenges at future 

facilities. 

Åstrengthen their stability, robustness, and long-

term performance, 

ÅEasy operation and maintenance

Å Improve and consolidate construction and quality 

process

Åoptimize a cost-effective manufacturing together 

with industrial partners.

MUON SYSTEMS ð Objectives and Challenges

IFD 2025  ð 17-19 March 2025



ÅMPGD

ÅDRIFT CHAMBERS 

ÅSTRAW AND DRIFT TUBE CHAMBERS (énot in this presentation) 

ÅTPC

INNER AND CENTRAL TRACKING

13IFD 2025  ð 17-19 March 2025



INNER AND CENTRAL TRACKING ð MPGD

14é IFD 2025  ð é.

Cylindrical GEM ð An example: 

C-GEM at BES-III

Åthree layers of cylindrical triple-GEM

Åspatial resolution: <300 um, ~150 um azimuthal 

Årate capability, and radiation hardness

Åmomentum resolution: 0.5% at 1 GeV/c

Å0.5% X0 per layer material budget

Cylindrical MICROMEGAS ð An example: 

Micromegas Vertex Tracker for CLAS12 at JLab

ÅTaking data since 2017

ÅChallenging environment:  B = 5 T  ð High flux / High 

integrated current (several Coulombs)

Å2.9 m2 / 6 layers / drift gap 3 mm / X0 ~ 0.33/layer

ÅSix layers ð drift gap 3 mm

ÅGas: Argon95% - Isobutane 5%



INNER AND CENTRAL TRACKING ð Proposal for ePIC @ EIC

15

From S. Dalla Torre

MPGD2024, Hefei 14-

18 October 2024

IFD 2025  ð 17-19 March 2025



▄+

Drift cell

▄
drift Central 

wire (+HV)

Ionization 
cluster

Amplification in avalanche in the 
proximity of the anode (high E field)

Drift chamber 
working principle

 Ἣἵ
Ἣἵ

CDCH

[ns]

The measured 
drift time is 
converted 
into a position 
measurement 
through 
dedicated 
space-time 
relations

ὂ= ἭἶἬἸἴ ἩἼἭ

Isochrones

◑=

◑beam axis

Down-Stream side (DS)Up-Stream side (US)

measured on prototypes

Low-mass single volume detector with high granularity filled with He:iC4H10 90:10 gas mixture
Å + additives to improve the operational stability: 1.5% isopropyl alcohol + 0.5% Oxygen
Å 9 concentric layers of 192 drift cells defined by 11904 wires
Å Small cells few mm wide: ÄggÉÅeÂg} Äj 1.5 MHz/cell (center) near the stopping target
Å High density of sensitive elements: û4 hits more than MEG drift chamber (DCH)

Total radiation length 1.5 10 3 X0: less than 2 10 3 ὢ0 of MEG DCH or 150 µm of Silicon
Å MCS minimization and ‎background reduction (bremsstrahlung and Annihilation-In-Flight)

Single-hit resolution (measured on prototypes): „Ὥὸ< 120 m
Extremely high wires density (12 wires/cm2) the classical technique with wires anchored to endplates with feedthroughs is hard to implement
Å CDCH is the first drift chamber ever designed and built in a modular way 3/45

Detector performance

▄+ variable MEG MEG II

ὉὩ(keV) 380 91

—Ὡ, •Ὡ(mrad) 9.4, 8.7 7.2, 4.1

ὤ, ὣ (at target, mm) 2.4, 1.2 2.0, 0.7

ὸὶὥὧὯὭὲ ὫὝὅ άὥὸὧ (%) 65 û45 74 û91

Currently most updated reconstruction 
algorithms on real data
Practically at the MC level

MEG II drift chamber

16IFD 2025  ð 17-19 March 2025



N. De Filippis 3

Challenges for large-volume drift chambers

3

Å Assessment of the Clust er Count ing/ Timing t echnique with real data and simulation

Å reduction of the material budget

17



N. De Filippis 8

Mechanical structure with FEM for IDEA DCH

416 Kg/spoke = > 2.5 Kg/cm average

416 Kg/14/sin 8.6° =  200 Kg/stay 

8

Goal:  minimizing the deformation of the spokes using prestressing 
force in the cables

The structure exhibited a 

deformation of 600 µm but 
our goal was to limit the 

deformation of the spokes to 

200 µm while ensuring the 
structural integrity. 18



N. De Filippis 14

Principle: In He based gas mixtures the signals from each ionization act can be spread in time to few ns. With the
help of a fast read-out electronics they can be identified efficiently.

By counting the number of ionization acts per unit length (dN/dx), it is possible to identify the particles (P.Id.)
with a better resolution w.r.t the dE/ dx method.

dE/ dx : truncated mean cut (70-80%), with a 2m track 
at 1 atm giveůå 4.3%

dNcl/ dx: for He/ iC4H10= 90/10 and a 2m  track
givesůdNcl/ dx / (dNcl/ dx)  <  2.0%

The Drift Chamber: Cluster Counting/Timing and PID

Åcollect signal and identify peaks
Årecord the time of arrival of 

electrons generated in every
ionisation cluster 
Åreconstruct the trajectory at the 

most likely position

The cluster counting is based on replacing the measurement of an ANALOG information (the 
[ truncated]  mean dE/dX ) with a DIGITAL one, the number of ionisation clusters per unit length:

Landau distribution of dE/dx originated by the mixing of primary and secondary ionizations, has
large fluctuations and limits separation power of PID primary ionization is a Poisson process, has
small fluctuations

14 19



Cluster Counting

20
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Cluster Counting

Direct cluster counting would avoid any problems with cluster 

fluctuations, truncated mean etc.

no charge measurement need, just counting

In theory ultimate way to measure dE/dx

30 clusters/cm * 100 cm track length = 3000 clusters

1.8% dE/dx resolution by cluster counting (statistical error only)

5.4% dE/dx resolution by charge measurement (Lehraus fit) 

Not a brand new idea

first ideas (1969) by A. Davidenko et al. 
(JETP, 1969, Vol. 28, No. 2, p. 223)

Detailed studies in mid-1990s by G. Malamud, 

A. Breskin, B. Chechik

cluster statistics

measurements in low pressure drift chamber

simulations

expected particle separation
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Cluster Counting (by time)

Test beam measurements 1998 using He/CH4 (80/20) 
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Cluster Counting works in 
test beam under controlled 
conditions

but not yet used in large 
scale particle detectors

5 Gsamples/s
1 GHz bandwidth 
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TPC with Cluster Counting

Different endplate technologies suitable for Cluster Counting

Visible individual clusters

Multiple-GEMs with 
conventional (passive) pads

Multiple-GEMs with TimePix
(active pads, 55 x 55 µm2)

InGrid / GridPix = MicroMegas on 
top of TimePix

(active pads, 55 x 55 µm2)

ALICE TPC-upgrade + ILD TPC

before noise 

suppression

after noise 

suppression

electron track
from 106Ru 

source in 

Ar/CO2 (70/30)

ñblobsò due to 

diffusion in 

GEM stack

A
.
B

a
m

b
e

rg
e

r 
e

t 
a

l,
 N

IM
 A

 5
7

3
 (

2
0

0
7

),
 3

6
1

-3
7

0

14 mm

C
.
K

ri
e

g
e

r
e

t 
a

l,
 N

IM
 A

 7
2

9
 (

2
0

1
3

),
 9

0
5
-9

0
9

cosmic ray
track

14 mm

23



TPC

Trackers, Decay chambers, Beyond HEP

24IFD 2025  ð 17-19 March 2025
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The quintessential TPC you all know and love: ALICE

ALICE upgrade challenges to solve 

while preserving momentum 

resolution and PID with dE/dx:

ÅIncreased rate

Åsolved with continuous readout 
scheme

Ådo not allow gating

ÅIncreased ion backflow

Åsolved with 4 GEM stack instead 

of MWPC

ÅIncreased discharge probabilities

Åsolved with GEMs + Active 

Voltage Divider 

ÅBUT ALICE upgrade just 

happenedé.whatôs next? 

Åno TPC foreseen for ALICE3é
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A possible future for TPC @ colliders: the ILD TPC @ ILC

ILD TPC challenges

ÅSingle point resolution 100 um 

over entire drift length

ÅReadout scheme optimisation

ÅIncreased ion backflow 

Åuse large aperture GEM 
instead of wires for the gating

ÅINGRID pixel scheme might 
not require gating

ÅMechanics/calibration/alignment

Årequire novel solutions

ÅLarge beam background

Åoptimise gas to minimise 

interaction with photons (Ne?)

*might not be the most updated, not many  
fx9ШĬĲƣĲĦƣŸƖШƓċƓĲƖƚШŔŰШƣőĲШũċƚƣШǃĲċƖƚв

*
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(Personal biased) ILD TPC preferred solution: GridPix readout scheme 

иCan enable cluster counting for improved dE/dx

иCan reduce IBF

8-quad GridPix modules tracking precision 

measured with testbeam at DESY (no B 

field, going to improve when added): 

Åposition 9 ɛm (xy) 13 ɛm (z)

Åangle 0.19 mrad (dx/dy) 0.25 (dz/dy) mrad

Åmodule tracklength = 157.96 mm 

GridPix concept
ÅAluminium grid (1 µm thick)

Å35 µm wide holes, 55 µm pitch

ÅSupported by SU8 pillars 50 µm high

ÅGrid surrounded by SU8 dyke (150 µm wide 

solid strip) for mechanical and HV stability

Ion Gating with GridPix


