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High Luminosity LHC - Machine
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High Luminosity LHC (Run4++, ~2029++ )
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High Luminosity LHC

e Peak luminosity —Integrated luminosity
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Fig. 7. Peak luminosity (red dots) and integrated luminosity (blue line) vs time till 2035.

Levelling (stable instantaneous luminosity during the run)
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Fig. 3. Left: Luminosity profile for a single long run starting at nominal peak luminosity (black
line), with upgrade no leveling (red line) with leveling (dotted line). Right: Luminosity profile with
optimized run time, without and with leveling (blue and red dashed lines), and average luminosity in
both cases (solid lines).

Crab Cavity (increased number of collision per crossing)
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Fig, 5. Behavior of geometrical reduction factor of luminosity vs, 8° for constant normalized beam
scparation with indicated two operating points: Nominal LHC and HL-LHC. The sketch of bunch
crossing shows the reduction mechanism.

Introduction to the HL-LHC Project Rossi , L (CERN) ; Bruning, 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%20t0%20the%20HL-LHC%20Project.pdf
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High Luminosity LHC

NEW TECHNOLOGIES FOR THE HIGH-LUMINOSITY LHC

“CRAB” CAVITIES

16 superconducting ,crab®
cavities for each of the ATLAS
and CMS experiments to tilt the
beams before collisions.

2 new 300-metre service tunnels and
2 shafts near to ATLAS and CMS.

FOCUSING MAGNETS
12 more powerful quadrupole magnets
for each of the ATLAS and CMS
experiments, designed to increase the
concentration of the beams before
collisions.

SUPERCONDUCTING LINKS
Electrical transmission lines based on a
high-temperature superconductor to carry 15 to 20 new collimators and 60 replacement

current to the magnets from the new service collimators to reinforce machine protection. to free up space for the new
tunnels near ATLAS and CMS. collimators.

BENDING MAGNETS

4 pairs of shorter and more

COLLIMATORS

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

powerful dipole bending magnets

CERAN Novembre 2015

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.

12/12/2022
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High Luminosity LHC - Experiments
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Detector Challenges: Increased (Luminosity) rates

e.g. Forward Muon detectors... MHz/cm2

LHCb M Stations piEEESSEL LS & & ATLAS h|gh-n-tagger
M2 station - max rate (kHz/cm?) CMS MEO - o i ¢ (B G
Vi + G - 5
— o — CMS Simulation Preliminary W=—-= T
&E s_"”l""l'“‘l”"l""]""( S
‘ ﬁm (e x-pchhad -alich y-Nucl , =
<10 L | o —
210°
=
S10°E
10 9 £l BIS
74 3 ™
L 10°E
749 sMDTs
q R1l R2 |-+— R3 —» |-4+——— R4 —
% BEAM PIPE
‘| P-RWELL re ; . -
60 70 80 90 100 110 120 130 140 150
Radius (cm)
CERN-LHCC-2021-012 ;: LHCB-TDR-023, Fig. 2. Expected background flux in the MEO environment as a function of High-n sTGCs
Framework TDR for the LHCb Upgrade I - the distance from the LHC beam fine Rate Capability (@ inner radius
Opportunities in flavour physics, and beyond, in the Rate capability of large-area triple-GEM detectors and R =25 cm): up to 10 MHz/cm2)
HL-LHC era, https://cds.cern.ch/record/2776420/ new foil design for the innermost station, MEO, of the CERN-LHCC-2017-017 ; ATLAS-TDR-026,
CMS endcap muon system, arXiv:2201.09021 Technical Design Report for the Phase-II

o ) ) ) ] ) ) Upgrade of the ATLAS Muon Spectrometer,
Drastic increase in the rates often linked to the increase in the acceptance in the forward region http://cds.cern.ch/record/2285580/
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Detector Challenges: Radiation

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

» Peak luminosity —Integrated luminosity
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Main source of radiation is from the particles
produced in the pp collisions. Mixed field of very
low energy neutrons, photons, and electrons 0
(without any correlation with the bunch structure
and relatively uniform in space and time). U FLUNA gootiny s2.78.0
Burkhard Schmidt 2016 J. Phys.: Conf. Ser. 706 022002

https://iopscience.iop.org/article/10.1088/1742-
6596/706/2/022002/pdf
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Figure 11: Absorbed dose in the CMS5 cavern after an integrated luminosity of 3000/fb. R is the transverse
distance from the beamline and Z is the distance along the beamline from the Interaction Point at Z=0.
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Detector Challenges: Pileup

Pileup impacts track identification and
Pile-u reconstruction, adds extra energy to the

&;ATLAS calorimeter, hide “isolated” leptons, impact trigger
Z->pp plus e B EXPERIMENT
25 pileup events N e i

and offline reconstruction,..

At the nominal luminosity of the HL-LHC, the
= INTF B average number of interactions in a single
Run 1 detectors \ N/ / g crossing is approximately 140. Most are “soft” or
deal with this, LRt V| “peripheral” collisions, a relatively small fraction
but not pileup ~ - ' are “hard” collisions that contain high transverse
of 140-200 | ===\ | momentum particles that may come from

or more... new high mass objects.

Key words/Flagships...

« Granularity in space (tens of um)...

« Granularity in time (tens of ps)...
 Low material budget (central region)

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
=

C\E/RW M %;:gz:.

4
Ill.i
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ALICE
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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
ALICE towards HL-LHC

RUNS3 (now)
Run3 (now) | « ALICE 02 Offline-Online computing system (50 kHz recording).
Time Projecon Charber '””f'"‘-‘s“z * Inner Tracker ITS/MAPS(ALPIDE): 22.4mm from beam (before

39mm), 0.3% X0 (1.14), 30x30um? (50x425), 6 (7) layers
* Muon Forward Tracker MFT: silicon pixel (ITS technology)
« Time-Projection Chamber (TPC): GEM

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

massless” detector with excellent low-pT tracking capabilities
"ALICE2" layout Syrer Yl Coeca [0)

Run5 (HL-LHC)

NOTICE "

THROW AWAY
YOUR TRASH-

@ GAS
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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++

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

GATED OPERATION IN RUN 1 & RUN 2 CONTINUOUS OPERATION IN RUN 3 AND BEYOND

_ NXW AN \ NA [
RO NI PR
§ S ) ~ '\ SN .‘,«.‘.a_ . ,“q" A7 XU} ' SSA\ .." X k‘\‘\\‘;'p D7) \'
3'» ), “’I SN '~ ‘ "v,,é 1 *‘!}6\‘ 5 \\"I \‘\ ’\ évé"/‘
o> "\"i‘»‘g‘k\\ ;\»;t.";\‘i;\:@s:g"»‘g‘:\,\' }‘» -;"&\\ A > ASKIRARRA
) SN RN DK TIRRA\Y X P
eveni 1 even event event\4 \’ 174 '\‘“\\ \ ¥ “’ \\
L 1] J L J\ J \ J
1 I T i |
Drift time in TPC, Fixed gating grid closure Drift time in TPC, Fixed gating grid closure Drift time in TPC
gating grid open time, no event readout gating grid open time, no event readout

Maximum drift time of electrons in the TPC: ~100 us

Multi Wire Proportional Chamber readout .
« Average event spacing: ~20 us

» A pulsed gating grid is used to prevent back-drifting ions from the amplification stage to distort the

drift field (ion backflow (IBF) suppression ~10-%) + Event pileup: 5 on average
100 ps electron drift time + 200/400 ps gate closed (Ne/Ar) to minimize ion backflow and drift-field » Triggered operation not efficient
distortions « Minimize IBF without the use of a gating grid

300/500 ps in total limits the maximal readout rate to few kHz (in pp)
Limitation of readout electronics: ~kHz in Run 2 (2017 pp: 2040 Hz)

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/
E
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ALICE GEM TPC

2013

...... HL ICE
GEM for ALICE TPC upgrade

Leszek Ropelewski, CERN-PH-DT & RD51 pad plane

OUTLINE:
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Time Projectio
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Introduction
Properties and Applications
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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/
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A Large lon Collider Experiment

UPGRADE TIMELINE

ALICE

Aug 2016 = March 2017 __

Oct 2021 -,

Pre-commissioning

o | S — 1:/’ A%
Commis$idning in cavert®’ A

)

1B

First collisions recorded

* Chambeg assmbly

CERN EP Detector Seminar | 24.06.2022 | R. Muenzer | Goethe Universitat Frankfurt/ CERN 13
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/
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ALICE GEM TPC, PILOT beam

% All tracks were reconstructed ONLINE.
ALICE

Q Tot (A-Side) CORRECTIONS -
= —B0( P Z
o 550 dE/dx calculation required correction to achieve o
r optimal resolution 8 ALICE, pp, Vs = 900 GeV
- {501 ~  Stack correction g "
- Tracks topology correction (track inclination) 5 TPC online
: —45( ~  Drift length: Require track matching with further detectors % =
- o e
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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/
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RUNS3

ALICE PERFORMANCE IN 13.6 TeV pp

TPC dE/dx (arb. units)
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ALICE PerformarSg - ICE

Run 3, pp Vs = 13.6 TeV

PC

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

dE/dx (arb. unit)
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ALICE
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ALICE GEM TPC / Calibrations

PULSER SYSTEM

'
Pulser npu(.—.'—
'
'

Padplane

* Pad response measurement
e Common Mode calibration
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LASER SYSTEM
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Drift field distortions
Common Mode calibration

Nax Vaes Side A

Mas Vahiee ROC 400 1200 Emrt 0

X-RAY

* Full gain map
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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/
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Discharges & propagation
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passed through a 324B attenuator, which provides Ry,.4, of about 100, anode.
New recipe: Protection » /A. Utrobicic et al.
- . . . https://indico.cern.ch/event/709670/contributions/3027853/
A. Deisting et al., Nuclear Inst. and Methods in Physics Resistor on bottom gem
Research, A 937 (2019) 168-180,
https://doi.org/10.1016/j.nima.2019.05.057 | o REi-on
1.2 REM = 11kQ2
s @ MPGD2022
“1o* ol = 100kQ ' A L ¥ =
o . .
08 ;; <,<):59350) > ;H'  P. Gasik, Impact of the gas choice and the
06| 1 L—gyjﬂ | geometry on the breakdown limits in MPGD
y # 'Fﬁ. detectors
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ATLAS
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ATLAS towards HL-LHC

Phase-0 main upgrades: Muon Detectors Tile Calorimeter Uiquid Argon Calorimeter
« inner pixel Insertable B-Layer (IBL) T [

Phase-I main upgrades :

* New Small Wheels ,

+ BIS78 (RPC,SMDT pilot)

« Level-1 LAr Calorimeter Electronics,
« Trigger and Data Acquisition

Phase-Il 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.
* upto |n| =4, higher granularity (x5, design-cooling-serial
powering), lighter (x0.5), more rad-hard(n-in-p & 3D) up to
NIEL =~ 2 x 10'® 1 MeV n,, /cm2 and TID of 1 GRad )

¢ New timing layer (HGTD) LGAD Toroid Mc;gneh Solonotd Magne! SC‘I“ Trocker Plxei Detactor T‘H Trockes
* Muon spectrometer (RPC, MDT and TGC, high n-tagger(?))

« Muon and electron trigger upgrades

Figure 13: Schematic view of the ATLAS detector with the various sub-systems, The dimensions of the detector
are 25m in height and 44m in length. The overall weight of the detector is about 7000 tons,

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, XIIl CPAN days, https://indico.ific.uv.es/event/6457/contributions/17779/attachments/10004/13374/Detector.Upgrades.CPAN22.pdf
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ATLAS NSW

W
Complementary technologies are used for triggering and for track reconstruction. Big Whes! EM

 STGC: better bunch crossing assignment with high radial resolution and rough

@ resolution from pads; [ |

El
New Small Wheel I:I
~N
~J

 Micromegas: even better offline radial resolution and a good ¢ coordinate due [
to its stereo strips. But: poorer bunch crossing and radial resolution for

triggering. }f

L TAD

..... - end-cap (‘
o JH: toroid —

C X
A

B X

v"/
1%
1200 m2 MM + /-’
1200m2 sTGC 1
: Ve
""" sTGC and Micromegas
16 layers

Small sectors Large sectors

sTGC 6

L. Levinson , Overview and innovations of the electronics of the New Small wheel of the AILAS Muon Spectrometer, Welzmann 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

. . e
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NSW/Micromegas

The MAMMA™) R&D activity

* Using the micromegas technology to build muon chambers for the ATLAS
upgrade was first suggested in an ATLAS Muon Collaboration brainstorming
meeting back in 2007 by I. Giomataris (CEA Saclay)

= By this time MMs had been successfully used in several experiments at very high
rates (COMPASS, NA48) but the largest chambers did not exceed 0.4 x 0.4 m?

®* The idea looked intriguing to some of us

= Profiting from the know-how of the CERN PCB workshop, the first prototype
chamber, 0.4 x 0.5 m? in size, was built still in 2007; it worked very nicely

= By 2009 the excellent performance of MMs and their potential for large-area
muon detectors was demonstrated

* 2010 was dedicated to making micromegas spark resistant
= 2011 the first resistive large-area chambers successfully built and tested

2007-2011

PH Det. seminar, 18 Nov 2011

*) Muon ATLAS MicroMegas Activity

Joerg Wotschack (CERN) 3

https://indico.cern.ch/event/149008/attachments/148102/
209890/MM_Det_seminar_20111118.pdf

Resistive Micromegas

T. Alexopoulos et al. / Nuclear Instruments and Methods in Physics Research A 640 (2011) 110-118 111

Mesh support pillar Resistive Strip Embedded resistor Resistive Strip

0.5-5 MQfem 15-45 MO 5mm long 0.5-5 Mafem

Copper readout strip

Copper Stri GND
Insulator PP P 0.15 mm x 100 mm

0.15 mm x 100 mm

Fig. 1. Sketch of the detector principle (not to scale), illustrating the resistive protection scheme; (left) view along the strip direction, (right) side view, orthogonal to the
strip direction.

T. Alexopoulos et al., A spark-resistant bulk-Micromegas chamber for high-rate
applications Nucl. Instr. Meth. A 640 (2011) 110

Floating mesh (m?2 detectors)

Stiffening panel
\“‘— Drift electrode

[
O Y Y o

. Stiffening panel

Figure 8.4: Schematics of a single MM plane assembly showing the drift and readout panels in open (left)
and closed (right) position.

Stiffening panel

0Ty P T T T L

Stiffening panel

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) ...

12/12/2022
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Change of gas mixture
introducing hydrocarbons
(IC4H10)

NSW/MM from proto to final...

MM DW Integration - Performance of OLD_Double Wedge Al13

CERM ii
l“.
iy

Ar:C0,:iCH,, 93:5:2 vol%
HV: 500 V

Several studies
performed in the

Ar:CO, 93:7 vol% available time with

nom. HV: 570 V

The first Large MM DW that was

1P Side:

A L 0 -1F

positive results.

assembled in BBS showed very bad results ‘. ‘. Sector is on "‘ Unsafe to operate with
in the Cosmic stand. | ey - gy v -_ the nominal mixture
Motivated the study of the Ar:CO,:iC,H,, R S ) e e below

(93:5:2) as gas mixture of choice. ‘. - i. nominal HY To be monitored and
WG : study long term behavior & perform | 2% of CO2 further studies to be

ageing studies at GIF++ (gamma) and LMU
Munich (neutrons).

Irradiation studies ongoing.

Results : Positive — CERN accepted the
change of gas mixture.

OLD A13 (not passivated) -> REJECTED

Demonstration on a DW of the improvement given by Ar:CO,:iC,H,, (93:5:2)

HO

Side:

T L 2 FD

L - F

-

insufficient performance

=

+2% of Isob.

non-burning
non-explosive
gas-mixture

HO

Side:

TR

s

almost perfect performance
similar efficiency @ cosmics

performed

@ MPGD 2022 P. lengo, Accelerated longevity test of
Resistive Micromegas detectors operated with and
without small amoUnt of hydrocarbons.
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sTGC/NSW -ATLAS Phase-I upgrade project
Goals: small strip Thm Gap Chambers (STGC)

Radiation Detectors in Israel:
Past, Present & Future*

Amos Breskin

- Get rid of fake muon triggers

- Improve muon momentum reso.

Resatution| micron]
$ ¢

ouoz.mqnn

* Apologies for missed items

Israel/Canada/China/Chile/Russia
50um gold-plated tungsten wires, 1.8mm pitch. NSW layout

Canada + lsruel

Cathode planes at a distance of 1.4mm from the wire
plane, made of a graphite-epoxy mixture (100kQ/ sq) on a
100um thick G-10 plane...

Readout strips (perpendicular to the wires), 3.2mm pitch
(“s” of STGC)
Pads (covering large rectangular surfaces)

Canada

Both on 1.6mm thick PCB with the shielding ground on the
opposite side..

https://indico.cern.ch/event/778319/contributions/32383
11/attachments/1765600/2867530/Radiation_Detectors
_in_lIsrael_for_IL_HEP Dec_ 2018 03 _12.pdf

ATLAS-IL

CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-1l Upgrade of the ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/

=
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NSW (Phase | Upgrade)

|
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- r—mnqvm:\%‘.

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
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Run3/NSW

9500 GeV Collisions at ALTAS (28/5/2022)

ATLAS

EXPERIMENT

311(

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

Phase-l Upgrade: Muon Status

* NSW integration well progressed
» Both sides taking data with ATLAS using

sTGC and Micromegas

* Readout stability still improving, not all
sectors are always active in the readout

« Trigger path still to be connected to L1
Muon system, target for this year

* sTGQC trigger information being read out

» Low voltage system (ICS) problems
— all accessible boards replaced

+ Commissioning of all muon triggers with

new L1Topo ongoing

« Crucial for B-physics programme

l;.,c. RUN %

Occupancies on NSW side C Micromegas layers

MMG-C Layer 1
— S —Y.,
ATLAS NSW Preliminary

2000

1500

1000
500
4
Run 431885 Vs =13.6 TeV.
—— o

- -2 0 2
global position x [m]

MMG-C Layer 5

ATLAS NSW Preliminary

global position y [m]
o

ra

—2500

N

2000

global position y [m]
r

o

1500

1000
2
500
4
Run 431885 {s=13.6 TeW
' 0

a1 0 2 4
global position x [m]

[MMGO Leyer 2| Regions with
ATLAS NSW Prelminary Ul known DAQ or
low voltage

Issues

2000

1500

Imuo

500
-4
Run 431885 15=136TeV
4 -2 0 2 4 0
global pesition x [m]

MMG-C Layer 6

ATLAS NSW Preliminary

global position y [m]
o

2

— —2500

4
2000

2

global position y [m]

1500
0

1000
2
500
-4
Run 431885 5= 136TeV
. ]

Rt 1] 2 4
global position x [m]

New detector, new electronics and new DAQ

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
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ATLAS/Muon spectrometer Phase-Ill upgrades

The muon spectrometer Phase-Il upgrade comprises the installation of new

chambers, the replacement of some existing chambers by new ones, and the « Upgrade of trigger and readout electronics for all legacy
replacement of a large part of the front-end and trigger and readout electronics. (Phase0) muon system.

oY s EOS « MDT and RPC chambers upgrade in the inner barrel:
ApCs « Old RPC at reduced performance (i.e. efficiency) to limit
BOS currents and integrated charge
S * new Bl RPC chambers with increased rate capability will be

BMS ‘7TGCS installed on the inner (BlI) MDT chambers of the barrel to
j j i maintain a high trigger efficiency.
Lﬂj * new Bl sMDT in small sector to fit in new RPC
* BIS78/Phase I: pilot project for the future Bl iupgarde (8

123 45 6 Ty BEE W | sMDT+RPC small chamber).
S | « TGC chamber upgrade in the barrel-endcap transition region
MM * TGC triplets with finer readout granularity to obtain a uniform
level of purity for triggered muons in the endcap
A A ) |t -+ 2 + Trigger coincidence between BW and NSW/BIS78

High-n  sTGCs
* High-ntagger (?)
* Following ITK extension up to |n|<4. Silicon or MPGD.
Identify muons that penetrate the endcap calorimeter

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

CERN 8385 8e
\\ » ;I )
Q \ | cop [

R-Z views of the small sector Phase-Il ATLAS muon spectrometer layout
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CMS towards HL-LHC

Phase Il 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<|n| < 2.4 with GEM on station 1(Ph. I) & 2,
and low-resistivity RPC (3&4)
« Up to |n|~3 with GEM (MEO)

« Beam radiation protection and luminosity measurement

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

SILICON TRACKEN.

Pixals (100 x 150 i} BRIL
~im ~EEM channe's Lumircsity Telescope: ~200k S pacels (100 x 150 pm?)
Beamn Monitars: 80 diamand sensars, 40 quartz counten

Mercatnps (30-1806m)

BRIL 200m°  ~3.6M charma’s FAN
Pixels A \
Tw‘:""l“ ar CRYSTAL ELECTROMAGNETIC
ohichapiviz CALORIMETER (ECAL)
ECAL N\ > ~TEk sontifaling POWO _orystals
HCAL Y
Solenoid /
Steel Yoke , \ _ PRESHOWER
g SO0 SINpS (o0 x 2mm)
MUCNS i \ -16m" =137x channaks

//
STEEL RETURN YOKE
«13000 sonnes
./"‘
y
SUPERCONDUCTING /
SOLENOID
Niabsam-titantum col —
carTying =18000 A P el , ¥ FORWARD
I o, 7 CALORIMETER
y |\ Sleel + quanz fives
BADRON CALORIMETER (HCAL) S
Total ht : 14000 tonnes Brass + n.‘.:l:’: scirtilnor - MUON CHAMEIES
Overall diameter :15.0m ~Tk channels Barel: 250 Drift Tube & 480 Resisive Plale Chambars
Overall length :28.7m Endcaps: 473 Cathode Strip & 432 Regstive Piate Chambars
Magnetic field :38T

« 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,..)

12/12/2022

o g

E. Oliveri | MPGDs in the High Luminosity LHC | MPGD2022 31



CMS GEM upgrade timeline

+ Existing Detectors compatible with HL-LHC expected rates — ; '
and dose & LHC/HL-LHC Plan Hily ,
* New detectors to extend acceptance and resolution (GEM
and RPC) ) LHC , HL-LHC
« Electronics changed to improve trigger — m—

L&1 13 TeV LS2 13.6 TeV 13.6- 14 TeV
Duﬂmallfﬁian ¥
8 TeV spiice consoiidation cryalimit LIU Instsllation HL-LHC
n 01 02 03 04 05 06 0.7 08 09 10 11 T e revaa™" Civil Eng. P1-P5 ot baarm Tachaton e installation
8 843" 786" 731" GL.7° 625 575 528 484" 443 a04* 368 n oo I's "
=8 : 12 335° aon | 22 | a3 | wu | s | e | a7 | e | a0 EREEERETRECRETREDNI
E ATLAS - CMS 510 7.6 x nominal Lumi
x 2 ‘ I A experimant upgrace phase 1 ATLAS - CMS ,,,—/"_’—4—‘
7 ; ——— _ 13 305 baam pipas roemnal Lo 2xnominalLumy, ALIGE - LHGH 2 x nominal Lumd HL upgrade PU “‘200
! 75% nominal Lumi upgrade
14 277° b = [ars——1 3000 b
- ra
6 m m 150 fo wuminosity [
18 282° HL-LHC TECHNICAL EQUIPMENT:
5 16 228° DESIGN STUDY & PROTOTYPES CONSTRUCTI )N INSTALLA TON & COMM. PHYSICS
17 207°
4 16 18.8°
o i 19 170
Soleno i f |’ 20 154°
3 ; ‘ 21 140
22 128°
23 15°
24 104°
2 25 94"
28 7.0
30 57

40 21°

1 AL
o BT | () | o | P 50 0.77°
0 1 2 3 mE 7 8 9 0 N 12 z2(m)

M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/
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CMS MUOnS : GEM Large Area (single mask) GEM

DOUBLE MASK SINGLE MASK

_ 50 mm polyimide foil, copperclad _ :
L] L] —_— —_— —_— . s 1 p—
a R&D Project Milestones & L

Florida Tech

. %55 DO g

— Small prototypes, bench tests; picked GEMs among MPGDs for further study P& & polyimide etching W W W

— Established that 4 ns time resolution achievable e

— Large-area GEM foils become available metal etching A A A A
* 2010 ' . - -_ second masking to define electrodes _- - - .

— First large-area GE1/1 prototype; beam test - i -

— Workshop 1 S .| . . . _ metal etching and cleaning - - - .

— SLHC R&D proposal 10.02 submitted to CMS & Al Figure 1. Schematic comparison of procedures for fabrication of a double-mask GeM (left) and a single-
« 2011 N mask GEM (right).

— Second redesigned GE1/1 prototype (smaller gaps b/w GEMs) S Duarte Pinto et al 2009 JINST 4 P12009 DOI 10.1088/1748-0221/4/12/P12009

— “GEM Collaboration (GEMs for CMS)” constitutes

itself in May CMS week (76 collaborators from 15 inst.)
— Summer beam tests (including first test in CMS test magnet) |
— Established 100um (300um) res. with analog (binary) r/o chip
— “Self-stretch” GEM foil assembly technique w/o spacers
— Preliminary electronics design starts

— Workshop 2 & Project presented to Muon Institution Board
5117120 USCMS Coll. Meeting - M. Hohimann

CERN Micro Pattern Technology (MPT) Workshop

Key developments for what shown before (ALICE TPC) M. Bianco, CERN EP Detector Seminar, 8/7/2022, https://indico.cern.ch/event/1175363/
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NS2 (no- spacer, no-stretch) Technique

PANASONIC
/ Connector

CMS GEM

O-ring Real_ioul

Protection
resistance

Stretching
screw

J. Merlin, PHD thesis, | [T
https://cds.cern.ch/record/2155685/f
iles/CERN-THESIS-2016-041.pdf

Drift electrode

Movable
internal frame

Gas inletioutlet HV contact pin

FIGURE 5.6: Cross-secti [ a single GE1/1 detector showing the main ¢ nts . — . .
JRE 5.6: Cross-gection of » single GEL/ et tor showing the main components FIcUuRre 5.7: Bottom left corner of a GE1/1 detector during the assembly showing the
and the self-stretching structure.

self-stretching structure.

“hamber story

HL-LH(

Pro/Cons to be
considered

Pro: assembly

Main Cons:
gaps uniformity

GE1/1-VI

GE1/1-Vil GE1/1-X

2017-2018-2019

Slice test installation

R&D phase Toward production phase phase &
GE1/1-VI GE1/1-ViI GE1/1-X

GE1/1-1 GE1/1-1l GE1/1-1lI GE1/1-IV GE1/1-v
-> first im-class GEM -> Optimization of the | -> first use of the self- | ->Finalizationof the | ->GE1/1 final layout -> Latest detector -> First Production in -> External (w.r.t. CERN) production sites certification and
detector ever built electric field i hni ing techni -> Modules used to design series of GE1/1 hamb p hi H
-> single-mask configuration -> single-mask -> Introduction of the | design the QA/QC Optimization chambers (10 modules) -> GE1/1 chamber assembly and certification M. Bianco, CERN
technology -> single-mask technology pull-out setup -> Final dimensions for -> Process definition of -> Super chamber mechanics optimization EP Detector
-> 99x(22-45) cm? technology -> No spacers but glue | ->No glue/no spacers | -> Modules maximum acceptance the GE1/1 chamber -> First test with final front-end electronics :
> 1024 readout > 00x(22-45) cnv? on the external frame | -> Assembly time distributed to the (Long/Short) chamber assembly and ->GE1/1 super chamber assembly and certification with final Seminar, 8/7/2022
channels ->3072 read h Is| -> ing against reduced from 1 week | production sites for certification front-end electronics ] ]
->gap config. 3/2/2/2 | ->gap config. 3/1/2/1 | the external frame to 2h!!! assembly and QA/QC httpsl/|nd|coce|’nc
-> use of spacer grid and | -> use of spacer grid and training
B hele Bianco | O°° h/event/1175363/
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C M S M O n S (M EO) Random sectorization to minimize distortion (F. Sauli/GDD)
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g Folw F tors, showing the expecied background particle rate per sector in the CMS  each GEM foil sector under irradiation in the CMS environment.
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M. Bianco et al., arXiv:2201.09021, https://cds.cern.ch/record/2801251/ S — =" and characterization of random electrode sectorization in GEM foils
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. _ @ Mitigation for GE2/1 & MEO
Discharges & propagation T L —

3

-
Q
T

= De-coupling circuit and better VFAT protection
= Test is on-going on large detector
= |ntegration to final chambers is under investigation | e

discharges and isolate the
elements that play a role
* Test results:

IRRES S

| L
10% 10° 10° 10° 10° 107 10° 10° 10"

_k
b
o
<%

S T

To protect the
VFAT channels |

2
NeW = Reduce capacitance, improve foil g 1L Gas = Arico, (70/30%)
. protection and HV sectors de-coupling ~ 2 R
recipe: = First measurements are very promising g 08 ?“M;
(no propagation observed so far) E, +
08
\ Effects of Discharges on Single Holes Double . FulRGD programesabished  §
@ 0.4F "E
'3109 MS Preliminary :_'mWCMS Preliminary Seg m ented 8, iz:-:'_’;’;"vm
5 F P Single GEM Hol : asmath foe @ e
« Specific study on single GEM O e o S ool noe sk o Foils | e Sozf L=
hol . 510°E Gas = AVIGO, [ 701307 5 Gas = ArICO, {70/30] 2
ole systems: B L MmooV 5 107 L Vo500V B g Lol
n i ; ; g0 g i P = ’ 2/'4| ol 8|=' |10kV/12
Special GEM foil design 2 S ol : . nduction Field [kV/cm]
ith single hole to control g'* fl ¥ rmmmraces 10 T :
with single Bl g1 L Sandwich boards
iy s Bl —— Termination Resisor 10 M o . =1.82 m.
the conditions of £ S 5 107 T Emzm + Prototypes boards designed and produced:
w i H —_
=] [a]
5 G
5 3
2 £
5 2
=

1 1 1 1
05 1 15 2 25 3

. Discharge Energy [mJ] . Protection Resistance [Q] NOt a ||cab|e tO Iast GEM f0|| i ||n
= Measurements reveal hlgh J. Merlin, IEEE-NSS, Sydney, 2018 cl\;sMerFm, IEEE-NSS, Sydn;ﬁﬁiiii pp ( p g)
. . —300 H ° e
E Single GEM Hol ;
o narges I T gl New VFAT Hybrid Designs
even at high energy (>103) g 2507 Gaswarco; (ool
= Slighti £ the hol E poor E=20md/ Discherge HV3b_V2 HV3b_V3 HV3b_V4
.Ig nerease o € nole g Frotecion Resiiance.= ok Initial baseline Ext. input protection Ext. input protection
diameter after 10-20 2 150 Internal input protection (R=330 Q) (diodes)
. T "
discharges = 100b . only (diode)
= No effect on detector gain % 501 :.::‘: : . "5"'"“’“‘" See “VFAT3 Front End Electronics for CMS GEM Detectors” by Aamilf Irshad (ULB)
-+ Duter Hole
since sharing of e e - |
1 10° 10¢ e

107 0
Number of Discharges
J. Merlin, IEEE-NSS, Sydney, 2018

amplification over several
layers and several holes

Input protection Input protection

J. Merlin, IEEE-NSS, Sydney, 2018

J. Merlin, Study of discharges and their effects in GEM detectors,
https://indico.cern.ch/event/757322/contributions/3396501/

J. A. Merlin
On behalf of the CMS Muon Group
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CMS GEM GE1/1 (Ls2) ~ CMS GE2Z/L & 1RPC
Demonstrators (LS2)

=
€
E
@
7 - - RBY — ;"'" 1.3 305"
= T =
— 1 = veo 14 277
6 RB3 -
a 15 252°
~ 1.7 20.7"
4 EE— e 18 108
F 1.9 170°
Solenoid magnet 20 154°
3 2.1 140°
22 128°
23 11.5°
HCAL . 24 104
2 o 25 94
(L]
ECAL = 28 70
' HGCAL = 0 S
Silicon
tracker 40 21
0 S 1 : 5.0 0.77
o 1 2 3 4 5 6 7 8 9 10 11 12 z(m)

http://cds.cern.ch/record/2684028,
https://www.youtube.com/watch?v=fUOujGWbeQO&feature=youtu.be

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

=
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CMS GEM GE1/1 (LS2)

2021 TEST COLLISION DI-MUON IN GEM (+CSC +RPC)

IO RT CMS Experiment at the LHC, CERN
Data recorded: 2021-Nov-01 00:20:45.992512 GMT
Run / Event / LS: 346509 / 28321286 / 30

Test pp collisions at 800 GeV - Nov 2021

- A candidate JPsi -> mu mu event in CSCs

- Invariant mass of the two global muons = 3.1 GeV
- +RAPC rechits on one muon;

- +GEM segment on the other

CSC Correlated
LCT position (w+s)

~ RPC rechit

ECAL Barrel
RPC rechits rechits
(close to

lower muon) ECAL Endcap
rechits

/ DT segment

M. Bianco, The GEM detectors within the CMS Experiment, CERN EP Detector Seminar, 8/7/2022,

R 12/12/2022

2022 CRAFT MUON IN GEM (+CSC +RPC)

CMS Experiment at LHC, CERN

Data recorded: Sun Apr 10 07:36:04 2022 CEST
Run/Event: 350166 / 578929503

Lumi section: 367

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

\ e E. Oliveri | MPGDs in the High Luminosity LHC | MPGD2022
7



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

LHCDb
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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

L H < b t O W ar d S H L - L H < C. Lacasta, DETECTOR UPGRADES FOR THE HL-LHC XIIl CPAN days, March 2022, Huelva,
https://indico.ific.uv.es/event/6457/contributions/17779/attachments/10004/13374/Detector.Upgrades.CPAN22.pdf

LHCb Upgrade | (LS2)

UT and I1: replaced by SdFi Tracker

LHCb Upgrade Il (LS4 -2033/2034)

Aemaone PS/SFO

Shie View 3 HCAL
FCal MA
M
N

Nuww Upistessarn Trwc ke (Si-strip) RICH2

Muon Systwen
Replace FE elecironics
Aemone M1

New phatan detectors and L electronics,
Modify RICHL mechanics and optics

TORCH ‘
' Time of Flight (ps) RN
RICH PID below RICH threshold ) New ECAL, no HCAL
Vert Locatar {VELO) '
Rieplace ith m:| SF;:.‘L 'mp“.“’e.d PID .. New MUON system
. Use timing (ps) Side View Tungsten e 3 s
------------- . Magner & N L"'\ M3
= VELO £ Magnes Stations ki [TORCH] S50
" ¥ 4D tracking ., ZSilicoD - :
e | o Timepixd-like Clrickr \
e B = 3 . iLGAD, 3Dsensors ... R :
RICH / / - . |

Tracker Upgrade:
*  VELO: 55x55um?pixels (before strips), 3.5mm (5.5mm) inner radius, , 40MHz readout,
rad-hard (>5x10715 MeV n eq cm?), on-chip zero suppression, new CO2 based cooling.
. UT: silicon micro-strip with higher segmentation and acceptance, 300um (before

500um) thick; | _ ~Z |
»  SciFi: fibers with SiPM readout (defore Si strips and straw), higher segmentation, higher . o e
acceptance, lower material budget. Phase-11 Upgrade Mighty TRACKER

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. New MUON SyStem - MRWELL
. Muon system: removal of M1 station (LO trigger) & upgrade of M2-M5

Full software trigger (upgrade of FE/BE electronics)

- A
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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

~1 MHz/cm?

M2 station - max rate (kHz/cm?)

side C yf side A
Yi
- AX -
A
o (ol B L, Rates (Kilz/cm?) M2 M3 M4 M5
: <10 R1 749 431 158 134
) R2 74 54 23 15
i Ay R3 10 6 1 3
Toe R4 8 2 2 2
" 10
. 2 [
Figure 4.15: (a) Side view of the LHCb muon system for the Phase-I Upgrade. (b) Station layout witz‘l Area (m ) M2 M3 M4 M5
the four regions R1—R4 indicated. 749 R1 0.9 1.0 1.2 14
\J
= - = R2 36 42 49 55
BEAM PIPE R3 144 16.8 19.3 22.2
R1/R2 uRWELL (4 gaps/chamber - redundancy) N p-RWELL region R4 576 674 TTA 887

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/cm? on detector single gap
« Rate up to 700 kHz per electronic channel

R1+R2: 576 detectors, size 30x25 to 74x31 cm?, . gfﬁgilency quaiiéigap2>=99% V\lfithiél a}113X (25 nlsz) -
« Stability up to 1C/cm? accumulated charge in 10y at M2R1,
2 2
90 m< detector (130 m4 DLC) G=1000

CERN-LHCC-2017-003, Expression of Interest for a Phase-Il 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 Il - Opportunities in flavour physics, and beyond, in the HL-LHC era, https://cds.cern.ch/record/2776420/

~ F
"
-
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High Rate (HR) uRWELL

Table 1. Resistive and geometrical paramcters of the HR-lavouts compared with the low rate Bascline opgion
(SRI.). For the 3G models the ground-pitch is the grid-pitch.

. Layont i grommnd-pirch | dead-ronc | DOCA gromctric (kg
Rate VS p rOteCtI on {M;}.,-"I Iy {mm) {mm) {mm} | acceptance (%) [ (M2}

5G1 70 B 2 &5 b 134

52 65 12 1.2 45 o0 20

The avenue of the SG2++ | 64 12 0.6 0.25 95 200

I * DRL 54 f 0 7 104D 270

charge evacuation (*) S0 = =3 s T

Single-Resistive Layout Double-Resistive Layout Silver-Grid Layout
Top Cu ; Top C\u

Metalized i CIRUREITE, DLC1I e C? Dead area

\

vias 1st matrix vias

~

pLc2 ., Grounding network
Sz

Readout
ReatonP T

Pre-y.;reg
Pre-preg

Readout

G. Bencivenni et al 2019 JINST 14 P05014, The y-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

(*) A. Teixeira Micromegas Pad Resistive Read-Out with Embedded Protection Resistor Production,
https://indico.cern.ch/event/356113/contributions/1766894/

W
A i - 42
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Table 1
Summary of the features of the new single-resistive high-rate (HR) versions of the p-RWELL

H I h R at e H R RW E L L together with the Double Layer (DL) [5], the first high-rate-oriented p-RWELL realized.
u HR n. layers pitch type Geom.

scheme accept.
G. Bencivenni et al 2019 JINST 14 P05014, The p-RWELL layouts for high particle rate 8G vl Single 6 mm cond. grid 56%
DOI 10.1088/1748-0221/14/05/P05014, https://iopscience.iop.org/article/10.1088/1748-0221/14/05/P05014/pdf SG v2 Single 12 mm cond. grid 0%

RG Single 6 mm resist. grid -

DL Double 6 + 6 mm cond. vias -

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

Gain up to ~104 Rate capability up to 10-20 MHz/cm

=] LT L | T ;" T P —
E | ~ | E ......... SG1
10 : %_—# = | m:nT
i E S Th < 10 *,
r 1 o Y00 N TR S = :
r 7 @ [ SN NN S SO S S S O 0 S
I | 0.6 i © E sG2
r . [ |[Bn:DRL *n: SG2++ E g ' T T
0.4 | DRL S N .
e 1 o2f g
F ] F L st Asstas Mss WA Rt e 04
500 G 0o &0 700 _? - ) % L ; e
HV (V 0 1 10 1 10 10
© Flux (MHz/cm?) « Average Resistance (MQ)
=100 3 - M —_
€ 90F = Y €
© E 3 - 16 4 u-RWELL Right 1 = 10° 4@ -
= 80: = =] — X
w 79 E E ldg ¥ p-RWELL Left 1 K=] X
E 3 123_;%__ = I-RWELL B1 = \\
60F = C | O u-RWELL B2 [ \
= E - L 2
E E ‘=N FUSRTUY RN S N @ e e sz =
30E E s g i el s & i -#-CC
20 3 aE 3 ' ! ] &u-TPC
10F “i 2k i —&- Combined
0= 1'03 164 ‘_ o~ soioo 10000 15000 2;:‘100 25000 10 0 = '10' = '20‘ = '30‘ = '4"0' = '5:0
Gain ain (a.u.) Angle (0)
Efficiency ~97% Time resolution 5-6 Space resolution down to 60 pm
ns
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The HR layout

The PEP layout (Patterning - Etching - Plating) is the state of art of

Cathode PCB

800 um Gas gap
{36 mm)
600 um

S5umCu 150um

Pitch
\ 140 um 50 um
DLC
ps ~100 MQ/: _

\__ _

the high rate layout of the n-RWELL developed for LHCbh

Single DLC layer

Grounding line from top by kapton etching and plating (pitch down to
1/cm)

No alignment problems

High rate capability

Scalable to large size (up to 1.2x0.5 m for the upgrade of CLAS12)

G. Bencivenni, The micro-RWELL for R1/R2, LHCb lItalia 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/

Relative Gain: G/G,,

Rate Capability PEP

Gain = 4000, Ar:CO,:CF, 45:15:40

1.2 - A
- ( INFN
- M . 006
1 s S
08—
0.6 — resistivity: 10 M{YD
B — @3 WV o- 07em’
04 @ 3em RE spot 7.07¢cm
| @4cmREV -spot 12.6em?
0.2— ,
= —=— (Z 5cm REV - spot 19.6cm~
l]_ sl . | PRI T
10° 10f 1o’ 10
X,y Flux [Hz/em?]
L L '] [ ] 1
310° 3-108 3107 3-108

Mip Flux [Hz/cm?]

. . e
"
-
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uRWELL, R&D (on) Production

y * 576 detectors

The three stages are embedded in a MEMENTO:

N+ Upto90m?tobe single PCB, produced by standard Amplification stage +

covered : ridig-flex PCB manufacturing (even Resistive stage +

* Need for industry!!! involving mixed multi-layer). Readout plane =

' H-RWELL_PCB
Start! ﬁ\InDoA BT

LNF

etituto Nazionale di Fisica Nucleare

INEN u-RWELL techn. transf, E -I_|DS

PCB production

DCL foil prod.* ‘
INFN

Istitute Nazionale di Fisica Nucleare

DLC sputtering
know-how

Completed p-RWELL_PCB
shipping

@]

Detector
manufacturing

*DLC Magnetron
Sputtering machine
co-funded by INFN-CSN1

PCB shipping

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

( ) o
C\E/RW - o i 12/12/2022 E. Oliveri | MPGDs in the High Luminosity LHC | MPGD2022




s

« Flexible substrates, coating areas up to 1.7 m x 0.6
m

« Five cooled target holders, arranged as two pairs
face to face and one on the front, equipped with five
shutters

» Sputtering & co-sputtering different materials,
in order to create a coating layer by layer or an

adjustable gradient in the coatin
. Ianute:flatei(gn, Vlveetk143 g

+ Commissioning & training of the CERN-INFN teams, week 44
+ Test runs, week 47
1 week/month joint CERN-INFN test runs

G. Bencivenni, The micro-RWELL for R1/R2, LHCb Italia meeting - 15 Nov 2022

A
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.. and now what has been left out or postponed

... Interesting ideas and approaches

&
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ALICE TPC / explored alternative (MPGD) options...

Triple GEM/Cobra

2 GEM + micromegas

Used as second —— H I- I C E

and/or third GEM [ cathode B ' Y
b Drift 0.4 kv/cm

In the stack. ) et -

-------------- dv ~ (300-350) V

GOOd I B F but 2mm | GEm Transfer <4.0 kV/cm

R i dV ~ (300-350) V
Worse energy 4 mm Induction <0.2 kV/cm
H +  MMG (From RD-51)
reSO I Utl 0 n 125 Mm, 450 LPI C o MMG amplification_~45.6 kV/cm dv~570V

Strip readout

= N yapE—
Ground
PA FLUKE 189

Figure 9.14: Setup used for preliminary ion backflow measurement for the hybrid 2 GEM + MMG system.

m . iy
S (it g e e Worse discharge stability compared to
thickness (um)  hole size (p) (um)  pitch (gm) rim size (um)  insulator quadrUpOIe GEM measured at Super
cosraz 20 % o o me Proton Synchrotron (SPS) and Proton
GeMs0 S0 0 140 0 Lop Synchrotron (PS) test beam at CERN
GEM 100 100 70 140 0 LCP

Table 9.1: Geometries of COBRA GEMs and standard GEMs used for the measurements.

CERN-LHCC-2013-020 ; ALICE-TDR-016, Upgrade of the ALICE Time Projection Chamber, https://cds.cern.ch/record/1622286
B
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. MPGDs regarded as the likely baseline solution.
H | g h = n tag g er A silicon-pixel option is also considered. AT LAS
Technologies may also be combined for separate

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

2 3 4\5 6 7y8[Bi

a) Resistive pixelated Micromegas (Small Pad
Resistive Micromegas)

b) Micro-Pixel Chamber (u-PIC)

c) Micro-resistive WELL (u-RWELL)

d) Fast timing Micromegas (PICOSEC micromegas)

High-n sTGCs

5 cm deep cavity of 2 m diameter is
implemented at the centre of JD as the

space for housing the high-n tagger. 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

Rate Capability (@ inner radius R = 25 cm): up to 10 layers, and engineering towards a large-size detector.

MHz/cm?)

Granularity (@ inner radius R = 25 cm): mm?2 . . . ) :
Spatial resolution: around 0.5 mm. Integration of front-end electronics in MPGD: All MPGD will
Radiation Hardness (@ inner radius R = 25 cm and 3000 employ highly segmented readout elements, for which the signal
fb-1): 900 kGy for TID and 5.4x10% 1-MeV n, cm-2 routing to the front-end electronics is a challenge.
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High-n tagger (potential candidates/MPGD) ATLAS

EXPERIMENT

Y1 g oo
P8 WeZMANN ISTITUTE OF SCIENGE

The 7t International Conference on

Micro Pattern Gaseous
Detectors 2022

Weizmann Institute of Science, Rehovot, Israel

Resistive pixelated Micromegas

December
11-16, 2022

Resistive strips

&« Mesh —

& ‘\\ e Resistive pad
— — e — — Pillars = = # Embedded resistor
——

Insulator Copper strips

Though not all linked to
the eta-tagger, three of
the four technologies
well represented at
MPGD 2022

Figure 9.4: Left: The resistive Micromegas used for the NSW. Right: Pads Micromegas with an
embedded resistor structure on top of the anode readout pads.

M. lodice, Towards Large Size Pixelized Micromegas
for operation beyond 1 MHz/cm2
(started as an option for the high-eta-tagger)

Micro-Pixel Chamber (u-PIC) et U LI EOITEE RS

(PICOSEC micromegas)

Drift plane Incoming charged particle}{muon)
g Crystal
E‘ (MgF,) UV Cherenkov photofs
Resistive g z £ o (angle ~45%)
= - «n ~ :
Al AP S e | =
béta = - 4 ! Photocathode 44 4 &‘ 7 .
a» /> / fiendout PGS :
P . st . Strips (1mm width)
=

Pickup electrode  Thick substrate
(100 pum)

50 yum
Figure 9.11: Structure of u-PIC with resistive cathode. Cathodes are made of a resistive material
(surface resistivity is a few M()/[J). Signals from the cathodes are read out from pick-up electrodes

as induced charge. ’ 2
slow ions signal.

Figure 9.20: Example of a prototype of a multi-strip detector for the high-7 tagger. The Cherenkov
photons are emitted at an angle of about 45° in the MgF; crystal. An average of 10 photoelectrons
are collected in the pre-amplification stage. The figure on the right shows the response to a single
photoelectron. Using an adequate pre-amplifier, the fast-electron peak sticks out clearly over the

Micro-resistive WELL (U-RWELL)

Top Layer(Cu)
Kapton P 5 \ §

Well Pitch: 140pm Resistive Layer (DLC)/; \
7 Kaptofi g \

Readout Electrode — “

FR4 (PCB Base) e

Well :

Kapton thickness: 50pym

Figure 9.16: Zoom into the u-RWELL PCB. The PCB consists of (from top to bottom) a kapton foil
coated with copper on top and etched with a well pattern, a resistive layer for discharge suppression
and spark protection, and a readout PCB.

K. Gnanvo, Development of Large Area uRWELL 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 uARWELL technology

(all for tracking, with relatively large area)

Single photoelectron response

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

CERN-LHCC-2017-017 ; ATLAS-TDR-026, Technical Design Report for the Phase-Il Upgrade of the ATLAS Muon Spectrometer, http://cds.cern.ch/record/2285580/
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R The p-RWELL technalogy T
W E L L r I f r C M S Tha micra-Resistive WELL (p-RWELL) is a compact single amplificatian stage intrinsizally spark grotected Micro Pattern Gaz=ous Detector (MPGD]
u p O p O S a O The detector structure The detector advantages B h

The -RWELL detector is compaosed of o'y two elerments: the and the drift cathode. * High spatial and tiree resolutions
= High rate cagakdltics, spark safa ! b
Thay are separatad by a drift gap of 4.7 mm, . R:;i'mim h:rdr'e:s R ¥ T -
is tha core of the datector and s ) o i \ |
raalzed by caupling: P ——— = Single amplification stage
1. & WELL pattermed kapton fail (S0 pm) as sirgle * Warsatiling:
amplificatian stags: cenical channals 72 pm (50 ) R ey = Law-rate particle scheme |LR) abowt 100 kHzfzm*
i ol o it ) CPS-Phase |1 de, SHIP):
L. Borgonovi, Study of the uy-RWELL detector technology op [bettom] In dismater and 240 i piteh], created N, e IEIE Phase | Lrreds X
using a chemical atching procass \ = High-rate particle scherme (HR] = 1 MHz/erm

for the CMS forward muon system upgrade, 2 5 v oo 110w o vz < R N R 1o oo s, <o v e

supprassian ard current  Auacuation realized inothe  mose— * fimpls productiza ard assembly procedure: mass

https://indico.ihep.ac.cn/event/7389/contributions/93815/attac DU Ibmmane ke Corbon) tecmclony (Eh | Me—(— procle by nictr, o St ofkton
X A machanical ang cnemical resistant matarial), frrmiorrey L A . action of coste amd time to realize large ares
hments/49668/57191/Lisa_poster_Pechino_2.pdf 3. 4 rigd PO radout alectrod. dessctors

Beam tests @ CERN .
CMS-GE1/1 size prototype CMS-GE2/1 M4 size prototype . _Ag&ll'lg tes_t 5_ @ _GI.F++ .

A CMS-GE1/1 pu-RWELL prototype was tested at the CERN H8 beam line A CMS-GE2/1 20° sector equipped with two From April 2017, the GE1/1 size p-RWELL prototype

during 2016 test beam campaign with 150 GeV/c muons and pions. large area M4 p-RWELL detectors was I("’\r'a/:.gt{::/ :ac::)'l"':;s((;iitler:‘zs?riet;itt:esoi:cr:m':
o el R The results obtained from 25 iati ili igh- i
% Resistive DLC surface resistivity: zssembled and exposed to a 150 GeV/c muon 2 the closest position to the source, together with two

efficiency and time resolution beam at the CERN H4 beam line. The GE2/1

about 70 MQ/u (LR configuration) tests have been compared sector was flushed with an AR/CO, 70/30 gas

smaller prototypes:
High Rate p-RWELL (Ar/CO,/CF,) 10x10 cm?

«+ Strips pitch = 800 um with the performance of small mixture. The detector was placed on a Reference p-RWELL (Ar/CO,) 5x5 cm?
o Drift gap: 7 mm H-RWELL prototypes (10x10 remotely controllable moving platform in
& VFAT?2 FE electroni cm?, HR configuration): the order to allow to scan the surface of the Up to now, the CMS-GE1/1 has integrated more
: : electronics behavior :of :althpee ARAEE Sl ae e g P than 75 mC/cm? without any relevant‘change in
%+ Gas mixture: Ar/CO,/CF, (45/15/40)  prototypes is very similar. performances (expected dose for GEL/1 in 10 years
§-WELLe oftislecay va. gaia P-WWELLs O, ve. gain . HL-LHC with safetv factor 3: 18 mC/cm?)
DY) —— ——F a3 - & "5 ] ! - Integrated charge vs time Current and applied voltage vs time
B [ =130 | g ‘a PPN s z ' : . for the GEL/1 size
L e 4 T | 1) |7 p-mmns etz 4 3 \ 3 ;vr-plf'm"‘-ﬂrv R zeef I:'”!“—.”iﬂ.-'ll— ——
| -2 = : = H . P ik Fake preliml
| REF e 3 : o E F High Fate
‘ i:': _¢‘ - {9y -BomLL 33 o E“ 3 1acf Larqe Area

iRafaranca

4

aem
l
i
|
|
|

| [ ¢ . ’ 5.
1 o e t 3 ]S . 3 5 oS o) x
LWL RIgEL 4 R 4o e - 2 $.7 ns g 100
SENEL LSt L ta. 5.4 £C o 3
204 + e T LR } E " . o . .
' L poREL 3. . 3.3 £ s i ] S IS = s ” Efficnncy:
& M aed " = {
a L o 8000 " " Lobob  “Useed " Feeod 5000 = 98.5%
L 10 3 Gain S
Galn - I S +
JINST 12 {2017) n0.06, COB027: G. Bencivenni, R. De Oliveira, P. De Ssmone, G, Felici, M. Gatta, G. Morello, orelxrpmary 1 i 1 ! R— e e T o T
o y 5 Revy: Sy g - LT s . ) w = » ® £S o w g kS s un 2o el 421 ]

A, Dchl, M, Poli Tener, | Banussh, |, Borgonavl, P, Giacomedh, A, Ranierl, M, Ressegotti, |, Val, V. Valenting

12/12/2022 E. Oliveri | MPGDs in the High Luminosity LHC | MPGD2022 51




CMS Calorimeter / SCREAM

Sampling Calorimetry with Resistive Anode
Micromegas

Resistive Micromegas for Particle Flow (sampling) calorimetry

— at future linear colliders (ILC, CLIC)

HCAL with 1x1 cm2 pads, 4-5 lambda, 40 layers, W or Fe absorbers
Constrains on power-consumption (power pulsing), low noise (self-triggering)
High channel density (ASIC on PCB), active layer thickness (< 1 cm)

Advantage of resistive layer: removes spark protection diodes on PCB (— cf. existing prototypes next slide)
(simpler design, more reliable, probably more cost effective)

— at high-luminesity LHC (CMS)

Tail catcher of calorimetric system in forward region (completes Si-W ECAL+HCAL). upgrade for 2022 running
Constrains on rate capability, ageing. radiation hardness

Advantage of resistive layer: suppress or attenuate sparks, no or negligible dead time

HCAL in SiD <]

Figure 7. Prototype Calorimeter: setup schematic (top), picture
of the apparatus (middle) and Geant simulated event (bottom).

calorimetry

p—

1% Resistive

23X,

sl b A

(X5

2nd Resistive

&

/P,
- -ﬂ PSP
- 0 = i
3¢ Resistve T | | X
93X, 3 /| :
1/ |
< = —
i A =
4 Resistive =/ \ E
128% = /| -
T-wju h WP
i Sa———
i : :
5" Resistive+ 1 |
163X, 1, \

6" Resistive |
198X, = \

+

Figure 8. Spectra of energy deposited on every calorimeter layer
(left) and the corresponding hit map (right) for 200 GeV e™.

Forward R EPJ Web of Conferences 174, 01017 (2018) , https://doi.org/10.1051/epjconf/201817401017

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 Il - 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

ed resistors previously mentioned)
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Towards conclusions...

Just some slides shared between the different
upgrades
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FE Electronics

Charge Branch Architecture

Experiment Detector

amplifier

Electronics

ALICE TPC GEM
ATLAS NSW MM
CMS GE1/1, GE2/1, MEO GEM
LHCb M2-M5 uRWELL

Sam a 1 CSA features (High gain & 15 pF input capacitance):  Shaper
p +  Dynamic = 15 fC @ low gain; 60 fC @ High gain .

+  Peaking time = 8ns

Peak
sampling /

i \ | %
N e b T B

1

Peak

|
|
|
|
|
|
|
|
| detector
!

*+ Time jitter s = 350ps with 6180e- (1fC input charge)

V M M 3 a 2 +  ENC = 18.5e-/pF*Cin+227.5e- (505e- Cin=15pF)
¢ Current consumption = ImA

* Technology node: 130nm
CSA settings:

Constant current
recharge

Acknowledge
comparator

Timing Branch Architecture

CSA
harge sensitive Fast comparator Time to digital converter
amplifier & control logic

feature:

Peaking time: 25ns, 50ns, 75ns, 100ns (polarity adj.)

Fast Comparator:
¢ Threshold from 0 to 76.5ke-, step 300e-

TDC resolution:
*  100ps (5 bits fine + 16 bits coarse)

V FA I 3 3 *  Input signal polarity: positive & negative * Gain: High =
50mV/fC, Low = 10 mV/fC

+  Dynamic = 15 fC @ low gain; 60 fC @ High gain

FATIC++ (4)

JuU

Peaking time, Sensitivity and Polarity control
. .

ML csA Shaper— ADC

V800 - D=
vaso~——| Bandga Bias DSP =™

v —L dgap c—,;ix)ooc

. K C H_c I :&
MBS csA Shaper— ADC
i 1] S

Peaking time, Sensitivity and Polarity control

Figure 1. Sampa block diagram

(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

SETT, SETB

T
| 64 channels -

% logic _T—

time

addr.

puiser | bias || DAC H temp. |_| Gray count|] registers

«— LVDS bi-dir <+ 1.2V CMOS

Figure 2. Architecture of the VMM.
2)
https://iopscience.iop.org/article/10.1088/1742
-6596/1498/1/012051/pdf

¢ Recovery time: adjustable

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

- INFN - Sezione di Barri,

VFAT3

Preamp  Shaper

128 channels

Monitoring)

Trig

Unit
L

|. SRAM1 -lr SRAM2 .I
Control Logic + Data

«~{ comm [ "
— — Pot [T
— f—1—

'- Slow Control (Registers & logic) ‘

Figure 2: Block diagram of the VFAT3 ASIC

(3) DOI: 10.1109/NSSMIC.2018.8824655
Update of TOTEM VFAT2
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MPGD Productions for HL-LHC

N

ALICE ATLAS CMS GEM LHCb Muon
Detector TPC Muon Muon Muon Tracking
tracking/triggering Tracking/Triggering
Station (# of aligned 1 (Single Station, no 8 stations (+8sTGC) 2/2/6 16 (4 gaps in the 4 M-
detectors) redundancy) 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+360ROC 128 detector (32x4 144/72/216 576 gaps
Modules)
(" Production MPT ELTOS/ELVIA (mm) MPT/Korea/Techtra MPT&ELTOS )
Assembly & QA/QC Sequential and Four main production Parallel and at MPT&LNF
distributed at different chains connected to different CMS sites
sites the four modules
. J
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T| m el | ne Experiment Detector R&D Start Installation
ALICE TPC GEM ~2012 2021
(DeteCtO r ATLAS NSW MM ~2007 2021
Installatio n) CMS GE1/1, GE2/1, MEO GEM ~2009 2021/2024(5)/2026++
LHCb M2-M5 WRWELL ~2015 2026++

< ALICE TPC >

< S
< ST |[j> |[j>

< LHCb mRWELL .. Run 5,6 (LS4 -2033/2034>
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Technology

Requirements

nl
Rate [Hz/cm2]

Current Density

Total Accumulated Charge

Radiation

Required Granularity

Active Area

Space Resolution

Time Resolution
Energy resolution
Gain

Efficiency

S/N

Gas

FE

ALICE TPC ATLAS NSW
GEM (4) Resistive Micromegas
50 kHz Pb-Pb rate; Tracking/Triggering

- Continuous TPC

readout

- Low IBF (<1-2%) and good
energy resolution (12%@6keV)

10 kHz/cm? <15 kHz/cm2

10 nC/(cm? s)

100 mC/cm? ~0.5C/cm2

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.

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

0.6x1.5cm2)

32 m2 1200 m2

72 (36IROC and 360ROC) readout 128 detector (32x4

chamber — 177m2 GEM Modules)
Single unit detect: 2-3
m2

~250pm <100um

~ 100 ns ~10ns

12 % (Fe55)
2000

Min 50% transmission efficiency 15t
GEM for energy resolution

20

Ar/CO2/iCAH10 93/5/2
(Ar/CO2 93/7)

Ne-CO2-N2 90-10-5

waveform Amplitude and time

CMS GE1/1 CMS GE2/1

GEM (3) GEM(3)
Tracking/Triggering Tracking/Triggering
1.6-2.15 1.6-2.4

0.1 - 3 kHz/cm2 0.3 - 5 kHz/cm2

150 mC/cm2 150 mC/cm2 (M1, most exposed)

1469 Hz/m2(hit rate)
n~500,ph~850, e+/-~123

672Hz/m2 (hit rate)
n~343,ph~273, e+/-~56

42m2 97m2
144 Chambers / 2 layers 72 chamber / 2 layers

200-340um 200-410um
~ 8ns ~8ns
1-2e+4 1-2e+4

Ar/CO2 70/30 Ar/CO2 70/30

VFAT3 (Binary) VFAT3 (Binary)

CMS MEO
GEM(3)

Tracking/Triggering

2.0-2.8
3-150 kHz/cm2

8C/cm2

47510Hz/m2 (hit rate)
n~5910,ph~33900, e+/-~7700

76m2
216 Chambers/ 6 layers

160-390um

~8ns

1-2e+4

Ar/CO2 70/30

VFAT3 (Binary)

LHCDb

MRWELL

Rate up to 1 MHz/cm? - Efficiency
quadrigap >=99% within BX 25 ns

1 MHz/cm?
Up to 20 nA/lcm2
1 C/cm? in 10 years for G=4000

Pads, 1 cm2in R1

22 m2 corresponding to 90 m2 HR
URWELL detector units

5ns

4000

quadrigap >=99% within BX 25 ns

Ar/CO2/CF4 45/15/40 - Ar/CO2/iC4H10
68/30/2

FATIC++ (under development)

N

o =

aes

-
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The PBC (physics beyond collider)
Program @ CERN
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Physics Beyond Colliders

Annual Workshop: https://indico.cern.ch/event/1137276/timetable/#20221107.detailed

December 2021 wrap-up {costs to be updated)

1 10 100
Olincremantal costh {ME)
NABA|e ) incl. muonium R&D
Lnder NAB2{K', BD)
SPFSC FASER, MilliQan, SND
LHCC demo|MATHUSLA, Codex-5, ANUBIS)
AWAKE RBD
Ls3
NAGS e b um e 1
NAGZ|5xK* Sx8D 5xK")
SHADOWS |
FPF SHIPEBDF
AVIAKL+pECllity
[/ usia
Time

A highlight: facus on future of ECN3 NA underground hall:
High-intensity facility with HIKE&SHADOWS vs SHIiP@ECN3
+ Strong connection with North Area consolidation programme

PBC BSM Landscape

e post-LS3 experiments in the North Area ECN3
 LHC Long-lived Particles (LLP,

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

PBC QCD Landscape

*  Fixed Target Experiments
* NAlons

December 2021 wrap-up (costs to be updated)

PBC R&D Landscape

December 2021 wrap-up (costs to be updated)
1 10 100

Ofincremental cost) (M€)
Gamma Factory PoP preparation
ENUBET/NuTAG v beams R&D
o fif sign
Quantum Sensors R&D

LS3
GF PoP@SPS pEDM protosing@luelich
I Q5 experiments ind. AION100ECERN
v SBL@CERN
Time
A highlight:

Exploration of new technologies for non-accelerator experiments

Cecember 2021 wrap-up {costs to be updated)

1 10 100 1 10 100
December 2021 wrap-up (costs to be updated) - ’
1 10 100 Oiincremental cost) (ME] Ofincremantal cost) (W€
: Ofincremental cost) (M€) Under e Linder AMBER|current beams]
NAG4(e,u) incl, muonium R&D SPSC- MUonE SPEC- MUonE
Under NAG2(K*, BD) LHCC LHEE MAEBL [HF, v, ..}
SPSC- FASER, MilliQan, SND LHCh-FT{SMOG2 LHCB-FT|SMOG2 )
LHCC demo(MATHUSLA, Codex-B, ANUBIS)
AWAKE R&D 153 L53
Ls3 MAG1(ngw scan, v, .} I MABL[mew sean, v, -] I
NAB4{a,u,h) Muonium expariment AMBER|RF-siparatied) AMBER|RF-separated)
NAS2(5xK" 5x80 5xKY) LHCSgin
siADOWS 60"+ @EHN1
| CODEX-b, ANUBIS  FPF] SHIPEBDF WIEFPF VIEPE
AW, 4 lity E L
Time Time
Time L 4
S ' . A highlight: ¥ . . _ Another highlight:
Another highlight: progress in LHC LLP projects, e.g. the Steady progress in LHC Fixed Target including gas targets and crystal set-ups Preparation of new ion beams wished by the NA experiments

Forward Physics Facility and associated experimentation

@) .
a

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

=
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Contribution @ MPGD 2022 of HL-LHC MPGD upgrades

* Philip Hauer, Gain Calibration of the Upgraded ALICE TPC

» Giada Mancini, Ready for LHC Run IIl - The ATLAS New Small Wheel and the MicroMegas chambers performances
» Paolo lengo, The industrial production of Micro Pattern Gaseous Detector: experience from the ATLAS Micromegas
* Mauro lodice, Towards Large Size Pixelized Micromegas for operation beyond 1 MHz/cm2

» Paolo lengo, 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 uRWELL technology NE—— / / : \
P8 WEIZMANN INSTITUTE OF SCIENCE / . N

Plus many contributions connected to the The 7" International Conference on

R&D performed for the upgrades or by the Micro Pattern Gaseous December

Detectors 2022 11-16, 2022

Weizmann Institute of Science, Rehovot, Israel

groups involved in the upgrades or for
detectors considered for the upgrades...
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(A Visual) summary

ALICE GEM-TPC ATLAS NSW ~ CMS GEM

" &

s

https://ep- https://ep- » https://ep-

news.web.cern.ch/upgraded-alice- news.web.cern.ch/content/atlas-new- news.web.cern.ch/content/demonstrating-
tpc small-wheel-upgrade-advances-0 capabilities-new-gem

A special thank to Chilo Garabatos, Gianfranco Morello, Giovanni Bencivenni,
Giulietto Felici, Mauro lodice, Michele Bianco, Paolo lengo, Piotr Gasik, Robert
Helmut Munzer for helping on collecting updated information

L 5
"
-
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High Luminosity LHC (I

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 [urad] 285 590 590 590
beam separation [o] 9.4 12.5 12.5 11.4
B* [m] 0.55 0.15 0.15 0.15
en [um] 3.75 2.5 2.5 3
el [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 RO 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 IP2/1P8 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
€n at SPS extraction [um] 3.4 2 <2 2.3

Introduction to the HL-LHC Project Rossi , L (CERN) ; Brining, 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%20t0%20the%20HL-LHC%20Project.pdf
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High Luminosity LHC (I
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Introduction to the HL-LHC Project Rossi , L (CERN) ; Brining, O (CERN), Adv. Ser. Dir. High Energy Phys. 24 (2015) 1-17, The High Luminosity Large Hadron Collider, pp.1-17, DOI

y 1s the proton beam energy in unit of rest mass;
n, 1s the number of bunches in the machine: 1380 for 50 ns spacing and 2808 for 25 ns;

N 15 the bunch population. N, - 1.15%10" p (= 0.58 A of beam current at 2808

norninal 25 ns -
bunches);
[ 18 the revolution [requency (11.2 kHz);
£ is the beam beta function (focal length) at the collision point (nominal design 0.55 m):;
£, 1s the transverse normalized emittance (nominal design: 3.75 gm):
R is a luminosity geometrical reduction factor (0.85 at 0.55m of £, down to 0.5 at 0.25 m);
6. 1s the full crossing angle between colliding beam (285 wrad as nominal design);
o,0. are the transverse and longitudinal r.m.s. size, respectively (16.7 um and 7.55 cm).

10.1142/9789814675475_0001, https://cds.cern.ch/record/2130736/files/Introduction%20t0%20the%20HL-LHC%20Project.pdf
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Physics Motivation for the High Luminosity LHC

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

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.

Standard Model measurements

Studies of the properties of the Higgs boson

Searches for phenomena beyond the Standard Model
Flavour physics of heavy quarks and leptons

Studies of QCD matter at high density and temperature

S A

B
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Physics Motivation for the High Luminosity LHC

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

Abstract

The successful operation of the Large Hadron Collider (LHC) and the excel-
lent performance of the ATLAS, CMS, LHCb and ALICE detectors in Run-1
and Run-2 with pp collisions at center-of-mass energies of 7, 8 and 13 TeV
as well as the giant leap in precision calculations and modeling of fundamen-
tal interactions at hadron colliders have allowed an extraordinary breadth of
physics studies including precision measurements of a varicty physics pro-
cesses. The LHC results have so far confirmed the validity of the Standard
Model of particle physics up to unprecedented energy scales and with great
precision in the sectors of strong and electroweak interactions as well as flavour
physics, for instance in top quark physics. The upgrade of the LHC to a High
Luminosity phase (HL-LHC) at 14 TeV center-of-mass energy with 3 ab !
of integrated luminosity will probe the Standard Model with even greater pre-
cision and will extend the sensitivity to possible anomalies in the Standard
Model, thanks to a ten-fold larger data set, upgraded detectors and expected
improvements in the theoretical understanding. This document summarises
the physics reach of the HL-LHC in the realm of strong and electroweak in-
teractions and top quark physics, and provides a glimpse of the potential of a
possible further upgrade of the LHC to a 27 TeV pp collider, the High-Energy
LHC (HE-LHC), assumed to accumulate an integrated luminosity of 15 ab '

(*) https://cds.cern.ch/record/2315725/files/9999999 138-141.pdf

Higgs physics at the HL-LHC and HE-LHC

Abstract

The discovery of the Higgs boson in 2012, by the ATLAS and CMS experi-
ments, was a success achieved with only a percent of the entire dataset foreseen
for the LHC. It opened a landscape of possibilities in the study of Higgs bo-
son properties, Electroweak Symmetry breaking and the Standard Model in
general, as well as new avenues in probing new physics beyond the Standard
Model. Six years after the discovery, with a conspicuously larger dataset col-
lected during LHC Run 2 at a 13 TeV centre-of-mass energy, the theory and ex-
perimental particle physics communities have started a meticulous exploration
of the potential for precision measurements of its properties. This includes
studies of Higgs boson production and decays processes, the search for rare
decays and production modes, high energy observables, and searches for an
extended electroweak symmetry breaking sector. This report summarises the
potential reach and opportunities in Higgs physics during the High Luminosity
phase of the LHC, with an expected dataset of pp collisions at 14 TeV, corre-
sponding to an integrated luminosity of 3 ab~'. These studies are performed
in light of the most recent analyses from LHC collaborations and the latest
theoretical developments. The potential of an LHC upgrade, colliding protons
at a centre-of-mass energy of 27 TeV and producing a dataset corresponding
to an integrated luminosity of 15 ab~ ', is also discussed.

Cw _E&!.
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Physics Motivation for the High Luminosity LHC

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

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

Abstract

This is the third out of five chapters of the final report [1] of the Workshop
on Physics at HL-LHC, and perspectives on HE-LHC [2]. It is devoted to the
study of the potential, in the search for Beyond the Standard Model (BSM)
physics, of the High Luminosity (HL) phase of the LHC, defined as 3 ab!
of data taken at a centre-of-mass energy of 14 TeV, and of a possible future
upgrade, the High Energy (HE) LHC, defined as 15 ab ™! of data at a centre-of-
mass energy of 27 TeV. We consider a large variety of new physics models,
both in a simplified model fashion and in a more model-dependent one. A
long list of contributions from the theory and experimental (ATLAS, CMS,
LHCb) communities have been collected and merged together to give a com-
plete, wide, and consistent view of future prospects for BSM physics at the
considered colliders. On top of the usual standard candles, such as super-
symmetric simplified models and resonances, considered for the evaluation of
future collider potentials, this report contains results on dark matter and dark
sectors, long lived particles, leptoquarks, sterile neutrinos, axion-like particles,
heavy scalars, vector-like quarks, and more. Particular attention is placed, es-
pecially in the study of the HL-LHC prospects, to the detector upgrades, the
assessment of the future systematic uncertainties, and new experimental tech-
niques. The general conclusion is that the HL-LHC, on top of allowing to
extend the present LHC mass and coupling reach by 20 — 50% on most new
physics scenarios, will also be able to constrain, and potentially discover, new
physics that is presently unconstrained. Moreover, compared to the HL-LHC,
the reach in most observables will generally more than double at the HE-LHC,
which may represent a good candidate future facility for a final test of TeV-
scale new physics.

Opportunities in flavour physics at the HL-LHC
and HE-LHC

Abstract

Motivated by the success of the flavour physics programme carried out over
the last decade at the Large Hadron Collider (LHC), we characterize in detail
the physics potential of its High-Luminosity and High-Energy upgrades in this
domain of physics. We document the extraordinary breadth of the HL/HE-
LHC programme enabled by a putative Upgrade II of the dedicated flavour
physics experiment LHCb and the evolution of the established flavour physics
role of the ATLAS and CMS general purpose experiments. We connect the
dedicated flavour physics programme to studies of the top quark, Higgs boson,
and direct high-p searches for new particles and force carriers. We discuss
the complementarity of their discovery potential for physics beyond the Stan-
dard Model, affirming the necessity to fully exploit the LHC’s flavour physics
potential throughout its upgrade eras.

Future physics opportunities for high-density
QCD at the LHC with heavy-ion and proton beams

Abstract

The future opportunities for high-density QCD studies with ion and proton
beams at the LHC are presented. Four major scientific goals are identified:
the characterisation of the macroscopic long wavelength Quark-Gluon Plasma
(QGP) properties with unprecedented precision, the investigation of the micro-
scopic parton dynamics underlying QGP properties, the development of a uni-
fied picture of particle production and QCD dynamics from small (pp) to large
(nucleus—nucleus) systems, the exploration of parton densities in nuclei in a
broad (z, Qz) kinematic range and the search for the possible onset of parton
saturation. In order to address these scientific goals, high-luminosity Pb-Pb
and p—Pb programmes are considered as priorities for Runs 3 and 4, com-
plemented by high-multiplicity studies in pp collisions and a short run with
oxygen ions. High-luminosity runs with intermediate-mass nuclei, for exam-
ple Ar or Kr, are considered as an appealing case for extending the heavy-ion
programme at the LHC beyond Run 4. The potential of the High-Energy LHC
to probe QCD matter with newly-available observables, at twice larger center-
of-mass energies than the LHC, is investigated.
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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/
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ALICE GEM TPC: Magnetic Field

Magnet current
)‘?( Trip e
Hypothesis:
d  Ramping up or down of E and B fields may cause
] dust particles to move, if they carry charge
T * Dust particles on electrodes, moving inside GEM
/ holes, either melts (short+ trip) or evaporates (only
T trip)
¢l
gﬂf’ﬂ Solution:
! ﬁﬁ P A L0 A LR W L 0 I e 1 o L * 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

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/
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RPC Upgrade for HL-LHC et

The challenge of making the chambers compatible with operation at higher
hit rates is addressed by:

« areduction 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 7
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-1l Upgrade of the ATLAS Muon Spectrometer,
http://cds.cern.ch/record/2285580/
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CMS Muon Spectrometer Upgrade

LTIC design | HL-LHC design | HL-LHC ultimae |
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The ongoing upgrade of the LHC to High Luminosity (HL-LHC) will 7 f .2 b
be challenging — = Rm o 13w

| = =
peak luminosities starting at 5-10%¢ cm-2-s-1 with ~140 pileup ! ) =S uar
(PU) events i 15 282
integrated luminosity at least ten times the LHC design value. [Tl s : ': ::
The Muon Upgrade will cope with the new operating conditionand  ~ ot
extend the physics potential of CMS: 20 154°
21 4o
New detectors (GEM and iRPC) in the forward region to extend v :32;
acceptance, resolution and redundancy 25 o
- 23 1.0°
Upgrade of the existing detector electronics with improved T wocaL = Ll
radiation hardness to handle the increased rate i
S ik aye L P ~ . Ssoour
Test of the Longevity of all the detectors for the new expected 3 2 z(m)

integrated luminosity and operational time
The Phase-2 Upgrade has already started!
Will be completed at the end of LHC LS3 (~2028)

D. Fasanella, The CMS Muon Spectrometer Upgrade,
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Improved RPC (iRPC)
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Chambers
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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
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CMS Muons (GE1/1, GE2/1, MEO)
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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/
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Specification RPC iRPC

C M S [n| coverage 0-1.8 1924

The IRPC ProjeCt Max. expected rate 600 Hz/cm? 2 kHz/em?
. . e - (safety factor 3 included)
Installation of 72 iIRPC with increased rate capability by a factor of ~3: Max. lntegrategi charge ~ 0.8 Clan? ~ 1 Clerm?
Lower Electrodes thickess: 1.4mm (e & i o)
High Pressure Laminate 2 mm 1.4 mm
Reduce the recovery time thickness
Increase in efficiency of extracting the pickup charge from the avalanche charge. N“mbe;a?:ag‘icmess | S e e L
Decrease Gas Gap thickness to 1.4mm Resistivity (Qcm) 1-6x10° 09-3x10¥
Charge threshold 150 fC 50 £C

reduces the fast growth of pickup charge of the ionization avalanches
ey - Total thickness: 25 mm
lowers the operational high voltage making system morse robust than before \ m' : ’

less chance of agsing.

Electronic Thresholds at 50 fC

Lowser thrashold slectronic helps to provide better sensitivity to reduce charge
Improved performance providing measurements in 2D

strips are readout from both ends

- Services are being installed in L2

- Installation possible before LS3 in a e, B
YETS 23/24

12

. oC
Fiber oplics box installed back
nf VFE. 2 and Ve

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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uRWELL (PEP)

HRWELL Made by the PEP Technique

PEP cross section PEP top view

70um

B s
Pattern top copper

e
Etch kapton

Plate with copper

-Amplification Holes
-DOCA 0.45mm
-1mm from hole to hole

1mm 70um holes
— C R N

uRWellize BOCA 0.45mm

Any pattern can be created to connect the DLC , row of dots but also line.
No alignment problem for large size.
Do not need drilling with Z axis control (simpler than previous structures). 15

R. De Oliveira, DLC CP Meeting, 24-06-2021

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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