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.. And what has been left out

.. or temporarily postponed



High Luminosity LHC - Machine
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High Luminosity LHC (Run4++, ~2029++)
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https://hilumilhc.web.cern.ch/sites/default/files/HL-LHC_Janvier2022.pdf



High Luminosity LHC
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Introduction to the HL-LHC Project Rossi , L (CERN) ; Brüning, O (CERN), Adv. Ser. Dir. High Energy Phys. 24 (2015) 1-17, The High Luminosity Large Hadron Collider, pp.1-17, DOI 

10.1142/9789814675475_0001, https://cds.cern.ch/record/2130736/files/Introduction%20to%20the%20HL-LHC%20Project.pdf

Levelling (stable instantaneous luminosity during the run)

Crab Cavity (increased number of collision per crossing)



https://hilumilhc.web.cern.ch/

High Luminosity LHC
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More powerful focusing magnets and new optics

New, more powerful superconducting quadrupole magnets will be installed on either side of the

ATLAS and CMS experiments to focus the particle bunches before they meet. These magnets

will be made of a superconducting compound, niobium-tin, used for the first time in an

accelerator, which will make it possible to achieve higher magnetic fields than the niobium-

titanium alloy used for the current LHC magnets (12 teslas as opposed to 8). Twenty-four new

quadrupole magnets are currently in production. The use of niobium-tin magnets is an

opportunity to test this technology for future accelerators. New beam optics (the way the beams

are tilted and focused) will notably make it possible to maintain a constant collision rate

throughout the lifespan of the beam.

“Crab cavities” for tilting the beams

This innovative superconducting equipment will give the particle bunches a transverse

momentum before they meet, enlarging the overlap area of the two bunches and thus increasing

the probability of collisions. A total of sixteen crab cavities will be installed on either side of each

of the ATLAS and CMS experiments.

Reinforced machine protection

As the beams will contain more particles, machine protection will need to be reinforced. Around

one hundred new, more effective collimators will be installed, replacing or supplementing the

existing ones. These devices absorb particles that stray from the beam trajectory and might

otherwise damage the machine.

More compact and powerful bending magnets

Two of the current bending magnets will be replaced with two pairs of shorter bending magnets

and two collimators. Made of the superconducting niobium-tin compound, these new dipole

magnets will generate a magnetic field of 11 teslas, compared with the 8.3 teslas of today’s

dipole magnets, and will thus bend the trajectory of the protons over a shorter distance.

Innovative superconducting links

Innovative superconducting power lines will connect the power converters to the accelerator.

These cables, which are around one hundred metres long, are made of a superconducting

material, magnesium diboride, that works at a higher temperature than that of the magnets. They

will be able to carry currents of record intensities, up to 100 000 amps!

An upgraded accelerator chain

The HL-LHC’s performance will also rely upon the injector chain, i.e. the four machines that pre-

accelerate the beams before sending them into the 27-kilometre ring. This accelerator chain is

being upgraded. A new linear accelerator, Linac4, the first link in the chain, is in the testing

phase before replacing today’s Linac2. Upgrades are also planned for the three other links in the

accelerator chain: the PS Booster, the PS and the SPS.

https://hilumilhc.web.cern.ch/


High Luminosity LHC - Experiments
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Detector Challenges: Increased (Luminosity) rates
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Rate capability of large-area triple-GEM detectors and 

new foil design for the innermost station, ME0, of the 

CMS endcap muon system, arXiv:2201.09021

e.g. Forward Muon detectors… MHz/cm2

CERN-LHCC-2021-012 ; LHCB-TDR-023, 

Framework TDR for the LHCb Upgrade II -

Opportunities in flavour physics, and beyond, in the 

HL-LHC era, https://cds.cern.ch/record/2776420/ 

CMS ME0

Rate Capability (@ inner radius

R = 25 cm): up to 10 MHz/cm2)

LHCb M Stations

CERN-LHCC-2017-017 ; ATLAS-TDR-026, 

Technical Design Report for the Phase-II 

Upgrade of the ATLAS Muon Spectrometer, 

http://cds.cern.ch/record/2285580/

ATLAS high-h-tagger

Drastic increase in the rates often linked to the increase in the acceptance in the forward region

http://arxiv.org/abs/arXiv:2201.09021
http://cds.cern.ch/record/2285580/


Detector Challenges: Radiation
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Burkhard Schmidt 2016 J. Phys.: Conf. Ser. 706 022002 

https://iopscience.iop.org/article/10.1088/1742-

6596/706/2/022002/pdf

Annual dose delivered to the detector per year

in the HL-LHC era will be similar to the total

dose of all operations from the beginning of

the LHC program to the start of LS3

Main source of radiation is from the particles

produced in the pp collisions. Mixed field of very

low energy neutrons, photons, and electrons

(without any correlation with the bunch structure

and relatively uniform in space and time).

Drastic increase often linked to the increase of the acceptance in the forward region



Detector Challenges: Pileup
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ATL-PHYS-SLIDE-2014-753, Pileup Mitigation at the HL-LHC, P. Wells, https://cds.cern.ch/record/1957370/files/ATL-PHYS-SLIDE-2014-753.pdf

Burkhard Schmidt 2016 J. Phys.: Conf. Ser. 706 022002 https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf

At the nominal luminosity of the HL-LHC, the

average number of interactions in a single

crossing is approximately 140. Most are “soft” or

“peripheral” collisions, a relatively small fraction

are “hard” collisions that contain high transverse

momentum particles that may come from

new high mass objects.

Pileup impacts track identification and

reconstruction, adds extra energy to the

calorimeter, hide “isolated” leptons, impact trigger

and offline reconstruction,..

Key words/Flagships… 

• Granularity in space (tens of mm)… 

• Granularity in time (tens of ps)… 

• Low material budget (central region)



ALICE
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ALICE towards HL-LHC
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Rossi, ALICE upgrades for LHC Run 4 and beyond, https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf

Burkhard Schmidt,  2016 J. Phys.: Conf. Ser. 706 022002 https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf

Run 5, “next-generation” possibilities:  Compact, all-silicon “nearly 

massless” detector with excellent low-pT tracking capabilities

RUN3 (now)

• ALICE O2 Offline-Online computing system (50 kHz recording).

• Inner Tracker ITS/MAPS(ALPIDE): 22.4mm from beam (before 

39mm), 0.3% X0 (1.14), 30x30μm2 (50x425), 6 (7) layers

• Muon Forward Tracker MFT: silicon pixel (ITS technology)

• Time-Projection Chamber (TPC): GEM

Run4 (HL-LHC)

Run5 (HL-LHC)

@MPGD 2002: Development of wafer-scale, monolithic CMOS pixel 

sensors for particle detection, Magnus Mager, CERN (Wed. 11:30)

Run3 (now)

https://indico.cern.ch/event/868940/contributions/3813867/attachments/2080982/3495681/Rossi_ICHEP2020_UpgradeALICE_v5.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf


ALICE TPC, RUN 3++
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 

Gated operation used in run 1 & 2 becomes inacceptable after run 3 (current run) 

Mandatory to identify a stable amplification stage with reduced IBF and good energy resolution



ALICE GEM TPC
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 

CERN-LHCC-2013-020 ; ALICE-

TDR-016, Upgrade of the ALICE 

Time Projection Chamber, 

https://cds.cern.ch/record/1622286

2012

https://indico.cern.ch/event/181036/cont

ributions/1450386/attachments/242092/

338935/ALICE_upgrade_task-force.pdf

2020

2013

2021
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 



ALICE GEM TPC, PILOT beam 
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 



RUN3
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151st LHCC Meeting - OPEN Session, ALICE Status Report by F. Ronchetti

https://indico.cern.ch/event/1219913/contributions/5132247/attachments/25568

73/4406273/ALICE_RC_2022_11_30-LHCC-OPEN.pdf

ALICE PERFORMANCE IN 13.6 TeV pp



ALICE GEM TPC / Calibrations
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PULSER SYSTEM

R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 

• Pad response measurement

• Common Mode calibration

LASER SYSTEM

• Alignment

• Drift velocity measurement

• Drift field distortions

• Common Mode calibration

X-RAY

• Full gain map

• Stability 

KRYPTON

• Energy resolution: σE/E = 12% @ 

K(α) of 55Fe corresponds to: σE/E = 

4.5% @ 41.6 keV (Krypton main 

peak)

• Gain Equalization



Discharges & propagation
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A. Utrobicic et al. 

https://indico.cern.ch/event/709670/contributions/3027853/

https://indico.cern.ch/event/709670

A. Deisting et al., Nuclear Inst. and Methods in Physics 

Research, A 937 (2019) 168–180, 

https://doi.org/10.1016/j.nima.2019.05.057

• P. Gasik, Impact of the gas choice and the 

geometry on the breakdown limits in MPGD 

detectors

• B. Ulukutlu, New (TH)GEM coating materials 

characterised using spectroscopy methods

• H. Fribert, Studying the impact of humidity on 

the performance of MPGDs 

@ MPGD2022

New recipe: Protection 

Resistor on bottom gem

https://doi.org/10.1016/j.nima.2019.05.057
https://doi.org/10.1016/j.nima.2019.05.057


ATLAS
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ATLAS towards HL-LHC
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Burkhard Schmidt 2016 J. Phys.: Conf. Ser. 706 022002 https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf

C. Lacasta, DETECTOR UPGRADES FOR THE HL-LHC, XIII CPAN days, https://indico.ific.uv.es/event/6457/contributions/17779/attachments/10004/13374/Detector.Upgrades.CPAN22.pdf

Phase-0 main upgrades: 

• inner pixel Insertable B-Layer (IBL)

Phase-I main upgrades : 

• New Small Wheels , 

• BIS78 (RPC,SMDT pilot)

• Level-1 LAr Calorimeter Electronics, 

• Trigger and Data Acquisition

Phase-II main upgrades : 

• Inner tracker entirely replaced:

• gas-based TRT removed 

• new, all-silicon Inner Tracker (ITk) with  pixel sensors at the 

inner radii surrounded by microstrip sensors.

• up to |h| = 4, higher granularity (x5, design-cooling-serial 

powering), lighter (x0.5), more rad-hard(n-in-p & 3D) up to 

NIEL ≃ 2 x 1016 1 MeV neq /cm2 and TID of 1 GRad ) 

• New timing layer (HGTD): LGAD

• Muon spectrometer (RPC, MDT and TGC, high h-tagger(?) )

• Muon and electron trigger upgrades

https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf


ATLAS NSW
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Complementary technologies are used for triggering and for track reconstruction.

• sTGC: better bunch crossing assignment with high radial resolution and rough

φ resolution from pads;

• Micromegas: even better offline radial resolution and a good φ coordinate due

to its stereo strips. But: poorer bunch crossing and radial resolution for

triggering.

L. Levinson , Overview and innovations of the electronics of the New Small Wheel of the ATLAS Muon Spectrometer, Weizmann Institute of Science, Israel on behalf of the ATLAS 

Muon Spectrometer system, 11th International Conference on New Frontiers in Physics, September 2022, http://cdsweb.cern.ch/record/2842618/files/ATL-MUON-SLIDE-2022-625.pdf

1200 m2 MM + 

1200m2 sTGC



NSW/Micromegas
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T. Alexopoulos et al., A spark-resistant bulk-Micromegas chamber for high-rate 

applications Nucl. Instr. Meth. A 640 (2011) 110

Resistive layers re-introduced,  starting with screen printing  and evolving today in different flavor of materials and resistivity… (e.g. 

DLC), used for protection mainly but as well for charge spreading (position resolution) …

https://indico.cern.ch/event/149008/attachments/148102/

209890/MM_Det_seminar_20111118.pdf

Resistive Micromegas

Floating mesh (m2 detectors)

2007-2011



NSW/MM from proto to final…
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Change of gas mixture 

introducing hydrocarbons 

(iC4H10)

Several studies 

performed in the 

available time with 

positive results.

Unsafe to operate with 

the nominal mixture

To be monitored and 

further studies to be 

performed

@ MPGD 2022 P. Iengo, Accelerated longevity test of 

Resistive Micromegas detectors operated with and 

without small amount of hydrocarbons.
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CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/

https://indico.cern.ch/event/778319/contributions/32383

11/attachments/1765600/2867530/Radiation_Detectors

_in_Israel_for_IL_HEP_Dec_2018_03_12.pdf

50µm gold-plated tungsten wires, 1.8mm pitch.

Cathode planes at a distance of 1.4mm from the wire

plane, made of a graphite-epoxy mixture (100kΩ/ sq) on a

100µm thick G-10 plane…

Readout strips (perpendicular to the wires), 3.2mm pitch

(“s” of sTGC)

Pads (covering large rectangular surfaces)

Both on 1.6mm thick PCB with the shielding ground on the

opposite side..

http://cds.cern.ch/record/2285580/


NSW (Phase I Upgrade)
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T. Vafeiadis, The New Small Wheel project of ATLAS, CERN EP Detector Seminar 17/6/2022, https://indico.cern.ch/event/1168778/attachments/2464624/4227403/_2022_06_17-TV-DetSeminar.pdf



Run3/NSW
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T. Vafeiadis, The New Small Wheel project of ATLAS, CERN EP Detector 

Seminar 17/6/2022, 

https://indico.cern.ch/event/1168778/attachments/2464624/4227403/_2022_0

6_17-TV-DetSeminar.pdf
151st LHCC Meeting - OPEN Session, ATLAS Status Report by T. J. Khoo, 

https://indico.cern.ch/event/1192325/contributions/5012980/attachments/2507852/4309670/LHCC_

20220914.pdf

New detector, new electronics and new DAQ



The muon spectrometer Phase-II upgrade comprises the installation of new 
chambers, the replacement of some existing chambers by new ones, and the 
replacement of a large part of the front-end and trigger and readout electronics. 

ATLAS/Muon spectrometer Phase-II upgrades
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CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-II Upgrade of the 

ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/

• Upgrade of trigger and readout electronics for all legacy

(Phase0) muon system.

• MDT and RPC chambers upgrade in the inner barrel:

• Old RPC at reduced performance (i.e. efficiency) to limit

currents and integrated charge

• new BI RPC chambers with increased rate capability will be

installed on the inner (BI) MDT chambers of the barrel to

maintain a high trigger efficiency.

• new BI sMDT in small sector to fit in new RPC

• BIS78/Phase I: pilot project for the future BI iupgarde (8

sMDT+RPC small chamber).

• TGC chamber upgrade in the barrel-endcap transition region

• TGC triplets with finer readout granularity to obtain a uniform

level of purity for triggered muons in the endcap

• Trigger coincidence between BW and NSW/BIS78

• High-η tagger (?)

• Following ITK extension up to |h|<4. Silicon or MPGD.

Identify muons that penetrate the endcap calorimeter

matching an ITk track

R-Z views of the small sector Phase-II ATLAS muon spectrometer layout

http://cds.cern.ch/record/2285580/


CMS
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CMS towards HL-LHC
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Burkhard Schmidt 2016 J. Phys.: Conf. Ser. 706 022002 

https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf

• Radiation:  Tracker and the endcap calorimeter to be replaced.

• Pile-up mitigation: particle-flow event reconstruction (increased 

tracker granularity, new endcap calorimeter with optimized 

segmentation and energy resolution)

• Upgrades in the forward regions: maximize the physics acceptance

• Trigger and readout electronics upgrade (event selection, PU, rate,..)

Phase II Detector Upgrade:

• New tracker (x4 granularity  and lighter)

• New forward calorimeter: High Granularity Calorimeter 

(HGC) ILC/CALICE concepts for 3D measurement of 

shower Topologies. Si & Si/Scint-SiPM mixed layers.

• New Timing Layers (barrel/LYSO+SiPM and 

endcap/LGAD)

• Enhanced muon systems (endcaps): 

• 1.5 < |h| < 2.4 with GEM on station 1(Ph. I) & 2,

and low-resistivity RPC (3&4)

• Up to |h|~3 with GEM (ME0)

• Beam radiation protection and luminosity measurement



CMS GEM upgrade timeline
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M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/

• Existing Detectors compatible with HL-LHC expected rates 

and dose

• New detectors to extend acceptance and resolution (GEM 

and RPC)

• Electronics changed to improve trigger

G
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https://indico.cern.ch/event/1175363/
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M. Hohlmann, USCMS Collaboration Meeting, Boulder, CO, May 17, 2012

S Duarte Pinto et al 2009 JINST 4 P12009 DOI 10.1088/1748-0221/4/12/P12009

M. Bianco, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/

CMS Muons , GEM Large Area (single mask)  GEM

CERN Micro Pattern Technology (MPT) Workshop

Key developments for what shown before (ALICE TPC)

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=&ved=2ahUKEwjI6uq3t-j7AhU6QaQEHYmsBScQFnoECB4QAQ&url=https%3A%2F%2Fresearch.fit.edu%2Fmedia%2Fsite-specific%2Fresearchfitedu%2Fhep%2Fheplaba%2Fdocuments%2FHohlmann_GEM_upgrade_USCMS_annual_collab_meeting_Boulder_May17_2012.ppt&usg=AOvVaw0JPepZWDxpWb2wcf6J5cL9
https://indico.cern.ch/event/1175363/


CMS GEM 
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J. Merlin, PHD thesis, 

https://cds.cern.ch/record/2155685/f

iles/CERN-THESIS-2016-041.pdf

NS2 (no- spacer, no-stretch) Technique

M. Bianco, CERN 

EP Detector 

Seminar, 8/7/2022, 

https://indico.cern.c

h/event/1175363/

Pro/Cons to be 

considered

Pro: assembly

Main Cons:

gaps uniformity

https://indico.cern.ch/event/1175363/


CMS Muons (ME0) 
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A.P. Marques et al., Nuclear Inst. and Methods in Physics Research, A 961 (2020) 163673, 

https://doi.org/10.1016/j.nima.2020.163673

Random sectorization to minimize distortion (F. Sauli/GDD)

M. Bianco et al., arXiv:2201.09021, https://cds.cern.ch/record/2801251/

2.4<|η|<2.8

@ MPGD 2022 Antonello Pellecchia, Michele Bianco, Production 

and characterization of random electrode sectorization in GEM foils



12/12/2022 E. Oliveri | MPGDs in the High Luminosity LHC | MPGD2022 36

J. Merlin, Study of discharges and their effects in GEM detectors, 

https://indico.cern.ch/event/757322/contributions/3396501/

Not applicable to last GEM foil (coupling) 

Discharges & propagation
New 

recipe: 

Double 

Segmented 

Foils



CMS GEM GE1/1 (LS2)
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M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector 

Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/

http://cds.cern.ch/record/2684028, 

https://www.youtube.com/watch?v=fU0ujGWbeQ0&feature=youtu.be

CMS GE2/1 & iRPC

Demonstrators (LS2) 

https://indico.cern.ch/event/1175363/
http://cds.cern.ch/record/2684028


CMS GEM GE1/1 (LS2)
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M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/

https://indico.cern.ch/event/1175363/


LHCb
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LHCb towards HL-LHC
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• Tracker Upgrade: 

• VELO:  55x55mm2 pixels (before strips), 3.5mm (5.5mm) inner radius, , 40MHz readout, 

rad-hard (>5x10^15 MeV n eq cm2), on-chip zero suppression, new CO2 based cooling.

• UT: silicon micro-strip with higher segmentation and acceptance, 300mm (before 

500mm) thick; 

• SciFi: fibers with SiPM readout (defore Si strips and straw), higher segmentation, higher 

acceptance, lower material budget.

• Particle Identification System 

• RICH: mult-anode istead of hybrid (HPD) photodetectors

• Calorimeter: PMT gain reduced, Preshower(PS) and Scintillating Pad Detector (SPD) 

removed (HW trigger), electronics upgrade for trigger-less readout.

• Muon system: removal of M1 station (L0 trigger) & upgrade of M2-M5

• Full software trigger (upgrade of FE/BE electronics)

Burkhard Schmidt,  2016 J. Phys.: Conf. Ser. 706 022002 

https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf

C. Lacasta, DETECTOR UPGRADES FOR THE HL-LHC XIII CPAN days, March 2022, Huelva, 

https://indico.ific.uv.es/event/6457/contributions/17779/attachments/10004/13374/Detector.Upgrades.CPAN22.pdf

LHCb Upgrade I (LS2) LHCb Upgrade II (LS4  -2033/2034)

New MUON system  mRWELL

https://iopscience.iop.org/article/10.1088/1742-6596/706/2/022002/pdf
https://indico.ific.uv.es/event/6457/contributions/17779/attachments/10004/13374/Detector.Upgrades.CPAN22.pdf


LHCb
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CERN-LHCC-2017-003, Expression of Interest for a Phase-II LHCb Upgrade: Opportunities in flavour physics, and beyond, in the HL-LHC era, https://cds.cern.ch/record/2244311/

CERN-LHCC-2021-012 ; LHCB-TDR-023, Framework TDR for the LHCb Upgrade II - Opportunities in flavour physics, and beyond, in the HL-LHC era, https://cds.cern.ch/record/2776420/ 

R1/R2  mRWELL (4 gaps/chamber - redundancy)
R3/R4 MWPC (alternative solutions for R4 are RPC or 

Scintillating-tile+WLS+SiPM)

LHCb muon apparatus Run5 – Run6 requirements

• Rate up to 1 MHz/cm2 on detector single gap
• Rate up to 700 kHz per electronic channel
• Efficiency quadrigap >=99% within a BX (25 ns) 
• Stability up to 1C/cm2 accumulated  charge in 10y at M2R1, 

G=4000

~1 MHz/cm2

R1÷R2:  576 detectors, size 30x25 to 74x31 cm2, 

90 m2 detector (130 m2 DLC)

https://cds.cern.ch/record/2244311/


High Rate (HR) mRWELL
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G. Bencivenni et al 2019 JINST 14 P05014, The μ-RWELL layouts for high particle rate DOI 10.1088/1748-0221/14/05/P05014, https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf

Single-Resistive Layout Double-Resistive Layout Silver-Grid Layout

Rate vs protection

The avenue of the 

charge evacuation (*)

(*) A. Teixeira Micromegas Pad Resistive Read-Out with Embedded Protection Resistor Production, 

https://indico.cern.ch/event/356113/contributions/1766894/

https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf


High Rate (HR) mRWELL
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G. Bencivenni et al 2019 JINST 14 P05014, The μ-RWELL layouts for high particle rate

DOI 10.1088/1748-0221/14/05/P05014, https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf

Ar/CO2/CF4 (45/15/40)

https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf
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G. Bencivenni, The micro-RWELL for R1/R2, LHCb Italia meeting - 15 Nov 2022

G. Morello, The micro-RWELL detector for the LHCb Muon system phase-2 upgrade, ICHEP 2022,  https://agenda.infn.it/event/28874/contributions/169584/
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G. Morello, The micro-RWELL detector for the LHCb Muon system phase-2 upgrade, ICHEP 2022,  https://agenda.infn.it/event/28874/contributions/169584/

mRWELL, R&D (on) Production
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G. Bencivenni, The micro-RWELL for R1/R2, LHCb Italia meeting - 15 Nov 2022



.. and now  what has been left out or postponed
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… interesting ideas and approaches



ALICE TPC / explored alternative (MPGD) options…
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Used as second 

and/or third GEM 

in the stack.

Good IBF but 

worse energy 

resolution

CERN-LHCC-2013-020 ; ALICE-TDR-016, Upgrade of the ALICE Time Projection Chamber, https://cds.cern.ch/record/1622286

Triple GEM/Cobra 2 GEM + micromegas

Worse discharge stability compared to 

quadrupole GEM measured at Super 

Proton Synchrotron (SPS) and Proton 

Synchrotron (PS) test beam at CERN



High-η tagger
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5 cm deep cavity of 2 m  diameter is 

implemented at the centre of JD as the 

space for housing the high-η tagger.

Rate Capability (@ inner radius R = 25 cm): up to 10

MHz/cm2)

Granularity (@ inner radius R = 25 cm): mm2

Spatial resolution: around 0.5 mm.

Radiation Hardness (@ inner radius R = 25 cm and 3000

fb−1 ): 900 kGy for TID and 5.4x1015 1-MeV neq cm-2

CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/

MPGDs regarded as the likely baseline solution. 

A silicon-pixel option is also considered. 

Technologies may also be combined for separate 

optimization of e.g. the inner and outer regions.

All the mentioned MPGD technologies implement a resistive 

spark protection layer (either in full plane or patterned). Recent 

common developments employ Diamond Like Carbon (DLC) 

layers formed by carbon sputtering for high-quality resistive 

layers, and engineering towards a large-size detector.

Integration of front-end electronics in MPGD: All MPGD will 

employ highly segmented readout elements, for which the signal 

routing to the front-end electronics is a challenge.

a) Resistive pixelated Micromegas (Small Pad 

Resistive Micromegas)

b) Micro-Pixel Chamber (µ-PIC)

c) Micro-resistive WELL (µ-RWELL) 

d) Fast timing Micromegas (PICOSEC micromegas)

http://cds.cern.ch/record/2285580/


High-η tagger (potential candidates/MPGD)
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CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/

K. Gnanvo, Development of Large Area µRWELL Detectors for 

CLAS12 High Luminosity Upgrade at Jefferson Lab

L. Shekhtman, Performance of the large-area micro-RWELL detectors

M. Poli Lener, The state of art of the µRWELL technology

(all for tracking, with relatively large area)

A. Utrobicic, A large area 100 channel PICOSEC 

Micromegas detector with sub 20 ps time resolution

M. Lisowska,  Towards robust PICOSEC Micromegas 

precise timing detectors

Though  not all linked to 

the eta-tagger, three of 

the four technologies 

well represented at 

MPGD 2022

Resistive pixelated Micromegas 

Micro-Pixel Chamber (µ-PIC)
Fast timing Micromegas 

(PICOSEC micromegas)

M. Iodice, Towards Large Size Pixelized Micromegas 

for operation beyond 1 MHz/cm2

(started as an option for the high-eta-tagger)

Micro-resistive WELL (µ-RWELL) 

http://cds.cern.ch/record/2285580/


mRWELL proposal for CMS
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L. Borgonovi, Study of the μ-RWELL detector technology

for the CMS forward muon system upgrade, 

https://indico.ihep.ac.cn/event/7389/contributions/93815/attac

hments/49668/57191/Lisa_poster_Pechino_2.pdf



CMS Calorimeter / SCREAM
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EPJ Web of Conferences 174, 01017 (2018) , https://doi.org/10.1051/epjconf/201817401017

Sampling Calorimetry with Resistive Anode 

Micromegas

M. Chefdeville, ANR proposal: SCREAM Sampling Calorimetry with REsisive Anode Micromegas, 11/10/2013, LAPP, 

https://indico.in2p3.fr/event/9015/contributions/48118/attachments/38670/47822/scream_slides.pdf

F.Ferri, Upgrade Phase II – CMS, CSTS du SPP – November 13, 2013, https://irfu.cea.fr/Phocea/file.php?file=Seminaires/3142/Upgrade_phase_II_CMS_FF.pdf

Embedded reistors (previously mentione) A. Teixeira Micromegas Pad Resistive Read-Out with Embedded Protection Resistor Production, 

https://indico.cern.ch/event/356113/contributions/1766894   

(embedded resistors previously mentioned)

https://indico.in2p3.fr/event/9015/contributions/48118/attachments/38670/47822/scream_slides.pdf
https://irfu.cea.fr/Phocea/file.php?file=Seminaires/3142/Upgrade_phase_II_CMS_FF.pdf


Towards conclusions…

Just some slides shared between the different 
upgrades
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FE Electronics
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Experiment Detector Electronics

ALICE TPC GEM Sampa (1)

ATLAS NSW MM VMM3a (2)

CMS GE1/1, GE2/1, ME0 GEM VFAT3 (3)

LHCb M2-M5 mRWELL FATIC++ (4)

(1) https://indico.cern.ch/event/617831/attachments/14280

15/2191906/TWEPP16_Bregant_minorRevised.pdf
Combines functions of the PASA (analog) and ALTRO (digital)

chips currently being used

(2) 

https://iopscience.iop.org/article/10.1088/1742

-6596/1498/1/012051/pdf

(3) DOI: 10.1109/NSSMIC.2018.8824655

Update of TOTEM VFAT2

(4) FATIC2: 32 chs ASIC (PRELIMINARY) F.Liciulli - G.De Robertis

- INFN - Sezione di Bari,      (pirvate comm. G. Felici LNF)

https://indico.cern.ch/event/617831/attachments/1428015/2191906/TWEPP16_Bregant_minorRevised.pdf
https://iopscience.iop.org/article/10.1088/1742-6596/1498/1/012051/pdf
https://doi-org.ezproxy.cern.ch/10.1109/NSSMIC.2018.8824655
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MPGD Productions for HL-LHC
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ALICE ATLAS CMS GEM LHCb Muon

Detector TPC Muon 

tracking/triggering

Muon 

Tracking/Triggering

Muon Tracking

Station (# of aligned 

detectors)

1 (Single Station, no 

redundancy)

8 stations (+8sTGC) 2/2/6 16 (4 gaps in the 4 M-

stations M2,M3, M4, 

M5)

Technology GEM Resistive MicroMegas GEM mRWELL

Area 32m2 1200m2 48/98/76 m2 ~22m2

MPGD production area 32*4~120m2 1200m2 220*3~660m2 ~90m2

N. Detector 36IROC+36OROC 128 detector (32x4 

Modules)

144/72/216 576 gaps

Production MPT ELTOS/ELVIA (mm) MPT/Korea/Techtra MPT&ELTOS

Assembly & QA/QC Sequential and 

distributed at different 

sites

Four main production 

chains connected to 

the four modules

Parallel and at 

different CMS sites

MPT&LNF



Timeline 
(Detector 
Installation)
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Experiment Detector R&D Start Installation

ALICE TPC GEM ~2012 2021

ATLAS NSW MM ~2007 2021

CMS GE1/1, GE2/1, ME0 GEM ~2009 2021/2024(5)/2026++

LHCb M2-M5 mRWELL ~2015 2026++

ALICE TPC

ATLAS NSW

CMS GEM

LHCb mRWELL .. Run 5,6 (LS4  -2033/2034)



ALICE TPC ATLAS NSW CMS GE1/1 CMS GE2/1 CMS ME0 LHCb

Technology GEM (4) Resistive Micromegas GEM (3) GEM(3) GEM(3) mRWELL

Requirements 50 kHz Pb-Pb rate;

- Continuous TPC

readout

- Low IBF (<1-2%) and good

energy resolution (12%@6keV)

Tracking/Triggering Tracking/Triggering Tracking/Triggering Tracking/Triggering Rate up to 1 MHz/cm2 - Efficiency

quadrigap >=99% within BX 25 ns

|h| 1.6–2.15 1.6–2.4 2.0–2.8

Rate [Hz/cm2] 10 kHz/cm2 <15 kHz/cm2 0.1 - 3 kHz/cm2 0.3 - 5 kHz/cm2 3-150 kHz/cm2 1 MHz/cm2

Current Density 10 nC/(cm2 s) Up to 20 nA/cm2

Total Accumulated Charge 100 mC/cm2 ~ 0.5C/cm2 150 mC/cm2 150 mC/cm2 (M1, most exposed) 8C/cm2 1 C/cm2 in 10 years for G=4000

Radiation Flux of fast hadrons (> 20 MeV) at 

the TPC inner (outer) layer is 

expected to reach 3.4 kHz/cm 2

(0.7 kHz/cm2 ), including a safety 

factor of 2. TPC Electronics IR 2.1 

krad.

1469 Hz/m2(hit rate)

n~500,ph~850, e+/-~123

672Hz/m2  (hit rate)

n~343,ph~273, e+/-~56

47510Hz/m2  (hit rate)

n~5910,ph~33900, e+/-~7700

Required Granularity Pads (I: 0.4x0.75 cm2, O: 0.6x1cm2, 

0.6x1.5cm2)

Pads, 1 cm2 in R1

Active Area 32 m2

72 (36IROC and 36OROC)  readout 

chamber – 177m2 GEM

1200 m2

128 detector (32x4 

Modules)

Single unit detect: 2-3 

m2

42m2 

144 Chambers / 2 layers

97m2

72 chamber / 2 layers

76m2

216 Chambers / 6 layers

22 m2  corresponding to 90 m2 HR 

uRWELL detector units

Space Resolution ~250μm <100um 200-340um 200-410um 160-390um

Time Resolution ~ 100 ns ~ 10 ns ~ 8ns ~ 8ns ~ 8ns 5ns

Energy resolution 12 % (Fe55)

Gain 2000 1-2e+4 1-2e+4 1-2e+4 4000

Efficiency Min 50% transmission efficiency 1st

GEM for energy resolution

quadrigap >=99% within BX 25 ns

S/N 20

Gas Ne-CO2-N2 90-10-5 Ar/CO2/iC4H10 93/5/2 

(Ar/CO2 93/7)

Ar/CO2 70/30 Ar/CO2 70/30 Ar/CO2 70/30 Ar/CO2/CF4 45/15/40  - Ar/CO2/iC4H10 

68/30/2

FE waveform Amplitude and time VFAT3 (Binary) VFAT3 (Binary) VFAT3 (Binary) FATIC++ (under development)
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The PBC (physics beyond collider) 
Program @ CERN

Towards and during the HL-LHC era, but beyond the collider…
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Physics Beyond Colliders
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Annual Workshop: https://indico.cern.ch/event/1137276/timetable/#20221107.detailed

• post-LS3 experiments in the North Area ECN3

• LHC Long-lived Particles (LLP, 

https://arxiv.org/ftp/arxiv/papers/1903/1903.04497.pdf)

PBC BSM Landscape

PBC QCD Landscape

PBC R&D Landscape

• Fixed Target Experiments

• NA Ions

Introduction and scope of the workshop,  C. Vallee, Physics Beyond Colliders Annual Workshop, Nov.2022, CERN, 

https://indico.cern.ch/event/1137276/contributions/4950647/attachments/2542101/4376929/PBC_introduction.pdf



Contribution @ MPGD 2022 of HL-LHC MPGD upgrades
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• Philip Hauer, Gain Calibration of the Upgraded ALICE TPC

• Giada Mancini, Ready for LHC Run III - The ATLAS New Small Wheel and the MicroMegas chambers performances

• Paolo Iengo, The industrial production of Micro Pattern Gaseous Detector: experience from the ATLAS Micromegas

• Mauro Iodice, Towards Large Size Pixelized Micromegas for operation beyond 1 MHz/cm2

• Paolo Iengo, Accelerated longevity test of Resistive Micromegas detectors operated with and without small amount of hydrocarbons.

• Piet Verwilligen, GEM Detectors for the CMS Endcap Muon System: status of three new detector stations

• Simone Calzaferri, Study of discharges in the CMS GEM GE1/1 station with LHC beam

• Antonello Pellecchia, Michele Bianco, Production and characterization of random electrode sectorization in GEM foils

• Marco Poli Lener, The state of art of the µRWELL technology

Plus many contributions connected to the 

R&D performed for the upgrades or by the 

groups involved in the upgrades or for 

detectors considered for the upgrades…
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https://ep-

news.web.cern.ch/content/atlas-new-

small-wheel-upgrade-advances-0

ATLAS NSW 

https://ep-

news.web.cern.ch/upgraded-alice-

tpc

ALICE GEM-TPC

https://ep-

news.web.cern.ch/content/demonstrating-

capabilities-new-gem

CMS GEM LHCb  mRWELL

A special thank to Chilo Garabatos, Gianfranco Morello, Giovanni Bencivenni, 

Giulietto Felici, Mauro Iodice, Michele Bianco, Paolo Iengo, Piotr Gasik, Robert 

Helmut Munzer for helping on collecting updated information

(A Visual) summary



Backup
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High Luminosity LHC (II)
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Parameter Nominal LHC HL‐LHC 25ns HL‐LHC 25ns (BCMS) HL‐LHC 50ns

Beam energy in collision [TeV] 7 7 7 7

Nb 1.15E+11 2.20E+11 2.20E+11 3.50E+11

nb 2808 2748 2604 1404

Number of collisions in IP1 and IP5 2808 2736 2592 1404

Ntot 3.20E+14 6.00E+14 5.70E+14 4.90E+14

beam Current [A] 0.58 1.09 1.03 0.89

x‐ing angle [μrad] 285 590 590 590

beam separation  [σ] 9.4 12.5 12.5 11.4
β* [m] 0.55 0.15 0.15 0.15

εn [μm] 3.75 2.5 2.5 3

εL [eVs] 2.5 2.5 2.5 2.5
r.m.s. energy spread 1.13E‐04 1.13E‐04 1.13E‐04 1.13E‐04

r.m.s. bunch length [m] 7.55E‐02 7.55E‐02 7.55E‐02 7.55E‐02

IBS horizontal [h] 80->160 18.5 18.5 17.2
IBS longitudinal [h] 61->60 20.4 20.4 16.1

Piwinski parameter 0.65 3.14 3.14 2.87
Geometric loss factor R0 without crab‐cavity 0.836 0.305 0.305 0.331

Geometric loss factor R1 with crab‐cavity -0.981 0.829 0.829 0.838

beam‐beam / IP without Crab Cavity 3.1E‐03 3.3E‐03 3.3E‐03 4.7E‐03
beam‐beam / IP with Crab cavity 3.8E‐03 1.1E‐02 1.1E‐02 1.4E‐02

Peak Luminosity without crab‐cavity [cm‐2 s‐1 ] 1.00E+34 7.18E+34 6.80E+34 8.44E+34
Virtual Luminosity with crab‐cavity: Lpeak*R1/R0 [cm‐2 s‐1 ] 1.18E+34 1.95E+35 1.85E+35 2.14E+35

Events / crossing without levelling and without crab‐cavity 27 198 198 454

Leveled Luminosity [cm‐2 s‐1 ] 5.00E+34 5.00E+34 2.50E+34
Events / crossing (with leveling and crab‐cavities for HL‐LHC) 27 138 146 135

Peak line density of pile up event [event/mm] (max over stable beams) 0.21 1.25 1.31 1.2
Leveling time [h] (assuming no emittance growth) 8.3 7.6 18

Number of collisions in IP2/IP8 2808 2452/2524 2288/2396 0/1404

N b at SPS extraction 1.20E+11 2.30E+11 2.30E+11 3.68E+11
n b / injection 288 288 288 144

N tot / injection 3.46E+13 6.62E+13 6.62E+13 5.30E+13

εn at SPS extraction [μm] 3.4 2 <2 2.3

Introduction to the HL-LHC Project Rossi , L (CERN) ; Brüning, O (CERN), Adv. Ser. Dir. High Energy Phys. 24 (2015) 1-17, The High Luminosity Large Hadron Collider, pp.1-17, DOI 

10.1142/9789814675475_0001, https://cds.cern.ch/record/2130736/files/Introduction%20to%20the%20HL-LHC%20Project.pdf



High Luminosity LHC (II)
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Introduction to the HL-LHC Project Rossi , L (CERN) ; Brüning, O (CERN), Adv. Ser. Dir. High Energy Phys. 24 (2015) 1-17, The High Luminosity Large Hadron Collider, pp.1-17, DOI 

10.1142/9789814675475_0001, https://cds.cern.ch/record/2130736/files/Introduction%20to%20the%20HL-LHC%20Project.pdf



Physics Motivation for the High Luminosity LHC 
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Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC
CERN-2019-007, HL/HE-LHC Workshop : Workshop on the Physics of HL-LHC, and Perspectives at HE-LHC, Geneva, Switzerland, 18 - 20 Jun 2018

1. Standard Model measurements

2. Studies of the properties of the Higgs boson

3. Searches for phenomena beyond the Standard Model

4. Flavour physics of heavy quarks and leptons

5. Studies of QCD matter at high density and temperature

The HL-LHC project will deliver (a) pp collisions at 14 TeV with an integrated luminosity of 3 ab−1 

each for ATLAS and CMS and 50 fb−1 for LHCb, and (b) PbPb and pPb collisions with integrated 

luminosities of 13 nb−1 and 50 nb−1, respectively. 

https://cds.cern.ch/record/2313281


Physics Motivation for the High Luminosity LHC 
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Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC(*)
CERN-2019-007, HL/HE-LHC Workshop : Workshop on the Physics of HL-LHC, and Perspectives at HE-LHC, Geneva, Switzerland, 18 - 20 Jun 2018

Standard Model physics at the HL-LHC and HE-LHC Higgs physics at the HL-LHC and HE-LHC

(*) https://cds.cern.ch/record/2315725/files/9999999_138-141.pdf

https://cds.cern.ch/record/2313281


Physics Motivation for the High Luminosity LHC 
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Report on the Physics at the HL-LHC, and Perspectives for the HE-LHC
CERN-2019-007, HL/HE-LHC Workshop : Workshop on the Physics of HL-LHC, and Perspectives at HE-LHC, Geneva, Switzerland, 18 - 20 Jun 2018

Future physics opportunities for high-density 

QCD at the LHC with heavy-ion and proton beams
Opportunities in flavour physics at the HL-LHC 

and HE-LHC
Beyond the Standard Model physics at the HL-

LHC and HE-LHC

https://cds.cern.ch/record/2313281


ALICE GEM TPC: Common mode, Ion Tail
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 

TPC WP



ALICE GEM TPC: Magnetic Field
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R. H. Munzer, Continuous data taking with the upgraded ALICE GEM-TPC, CERN EP Detector Seminar, 24/6/2022, https://indico.cern.ch/event/1172978/ 

Hypothesis:

• Ramping up or down of E and B fields may cause 

dust particles to move, if they carry charge

• Dust particles on electrodes, moving inside GEM 

holes, either melts (short+ trip) or evaporates (only 

trip)

Solution:

• Keep GEMs at full voltage while magnet is ramping

Trip rate during magnet ramp reduced over time; 

not much dust on GEMs

• No further issue observed with this procedure

Instabilities during magnet 

ramp observed as well in 

CMS GEM and ATLAS NSW MM



RPC Upgrade for HL-LHC
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The challenge of making the chambers compatible with operation at higher
hit rates is addressed by:

• a reduction of the gas gain (or charge per count) …

• a reduction of gas gaps from 2 to 1 mm (less voltage, thinner chamber,
from about 1.1 ns to 0.4 ns time resolution, improved avalanche transfer
efficiency (better S/N))

• a simultaneous increase of the sensitivity and signal-to-noise ratio of
the front-end electronics, preserving the RPC fast timing capability...

The new-generation RPCs have an increased rate capability by an order
of magnitude, a decreased total chamber weight and thickness, and
operate at around half the working voltage. They are compatible with
the use of low-GWP mixtures.

CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-II Upgrade of the ATLAS Muon Spectrometer, 

http://cds.cern.ch/record/2285580/

Reduce the gain

Optimize the signal

http://cds.cern.ch/record/2285580/


CMS Muon Spectrometer Upgrade
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D. Fasanella, The CMS Muon Spectrometer Upgrade, 

https://indico.cern.ch/event/868940/contributions/3813866/attachments/2080933/3495211/ICHEP_Fas

anella.pdf

• Existing Detectors 

compatible with HL-LHC 

expected rates and dose

• New detectors to extend 

acceptance and 

resolution (GEM and 

RPC)

• Electronics changed to 

improve trigger



CMS Muons (GE1/1, GE2/1, ME0) 
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M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/

ME0 extends acceptance into 2.4 < |η| < 2.8. 

The increased muon acceptance is fully covered 

by the new Phase-2 inner silicon tracker

https://indico.cern.ch/event/1175363/


CMS
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D. Fasanella, The CMS Muon Spectrometer Upgrade

, https://indico.cern.ch/event/868940/contributions/3813866/attachments/2080933/3495211/ICHEP_Fasanella.pdf
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Resistive Detectors with Diamond-Like Carbon(DLC), Yi Zhou,  The 10th Symposium on Large TPCs for Low-Energy Rare Events Detection 

https://indico.cern.ch/event/852331/contributions/4611238/

Resistive MPGD Processes and problems, Rui de Oliveira 12/02/2020, CERN RD51 mini-week https://indico.cern.ch/event/872501/contributions/3723342/
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