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Introduction

The CMS Muon Spectrometer, composed by gaseous detectors, was designed to deal
with the LHC conditions

= excellent performance for both efficiency and resolution
" essential for trigger and reconstruction
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A major upgrade of the LHC is planned to fully exploit the physics potential of the
accelerator (Phase2)

®= higher PU environment 140 (up to 200)

" expected instantaneous luminosity of ~5(7)x 10°* cm™? sec™t (5 x LHC)

" integrating about a 10 times larger LHC design luminosity (3000 fb7!)

CERN, according to the European strategy to phase down of greenhouse gases planned:
"= the reduction of the consumption by mid Run3
"= the use of alternative gases 1n longer terms

Worse background conditions will not only accelerate the aging process of the
detectors and electronics component, but also result in increased trigger
rates, which translate into more demanding requirements on the electronics



Muon system in PhaseZ

Challenge: cope with the higher rate, fully profiting from 1t and
maintaining the present excellent performance along the 10 years
Strategy:

* upgrade of the on-detector electronics
of the existing detectors mainly
implemented during the Long Shutdown 3
(LS3) more in the Bilal Kiani’s talk:

Drift Tubes (DT)

'MiRPCs
MEO

Cathode Strip Chambers (CSC)

* installation of new muon stations,
already occurring during LS2, adding
redundancy to the system, providing
more precise measurements of muon
parameters in the forward region
(higher background and a lower
magnetic field):

= Jlong-term irradiation tests to
evaluate the muon chambers performance
at high value (3 x HL-LHC) of
integrated charge



GLlLE++ lrradliatlion setctup
Most of the aging program is carried
out at the CERN Gamma Irradiation
Facility (GIF++) equipped with:
* a 100 GeV/c muon beam
e gamma source (13 TBq Cs-137) to

reproduce the expected background

* movable filters for varying the

gamma flux and generating the
background conditions similar to
the ones expected at HL-LHC

DT completed not needed
CSC completed ongoing
RPC 97% ongoing

GE1/1 and GE2/1 completed not needed

MEO 30% (at X-ray  not needed
facilities)

* main detector parameters are s
monitored as a function of the
integrated charge and of the
backgroud rate
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D1l 1rradliaclion

CMS Muon Preliminary CERN GIF++
E)E acl hfar gwnlg SI_.X Muon
L1-2017 Downstream Position
L4-2017 Upstream Position

L1-2018 Outside from GIF++

L4-2021 Increased Flow
L2-2022
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A DT chamber, 2.5m x 2m (2.5m x 4m)
consists of 12(8) layers (L) arranged
in 3 (2) super layers (SL), each one

containing up to hundreds of cells: A spare MB2 chamber, with 3 SL,

= the basic element is a rectangular irradiated since the 2017:
4cm drift cell filled with Ar/CO2 = only L1, L2 and L4 of SL1 are on
(85/15%) gas mixture, nominal during the irradiation, while L3 is
operating at 3600 V kept off and used as reference

" electrons, from muon ionization, = SL2 and SL3 are used for internal
drift towards the anode wire, trigger
registering a time measurement
(hit-position assuming v-drift "= in Summer 2018 8 wires in L1 were
55um/ns) extracted, analysed, and replaced with

" muon segment tracks are built with new wires
at least 3 hits in two independent = among the new replaced, 1 has been
SL extracted and analysed in the 2020

" the same happened in the 2021 for 5
wires in L4
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"= Analysis of the currents monitored by the HV boards gives an
estimation of the gain
"= Using cosmic muons (internal trigger) to estimate the hit
efficiency 1is mainly to study the behaviour among the
different irradiation periods, than to obtain the absolute
expected efficiency:
" background conditions expected in the MB1 of the external
wheels (24/250 chambers)
" similar in the top sectors of the MB4 (about 30/250)
= 10 times smaller in the MB2 and negligible in the MB3

Coated Wire

Electron avalanche

" wires irradiated since the beginning show a fast degradation cnable chemlesl
in the performance (red and blue) reactions of

" replaced virgin wires (cyan and black) show a slower impurities creating
reduction of gain and smaller loss of efficiency, similarly a CO&%E?L;“ the

to what 1s observed in the most recent irradiated wires in L2
" correlated to the presence of a carbon peak in the
spetroscopy analysis (backup)
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DT aging on physics performance

Standalone muon reco efficiency
CMS Freliminary Simulation

DT trigger segment efficiency

CMS Phase-2 Simulation Preliminary
TR ‘. : 3 H

>
o
2
2
o
w
s
@
(=]
R
'_
©
(6]
<1
|
'_
o

3000 fb ageing
# Every quality

* Quality > 1

o _ o o o
2 o 8 ' B

e Quality > 2

n reconstruction efficiency

@ Correlated Onl

No ageing

CMS DP-2019/018 scenario (3000 fb™)

MB4

------- Muon TDR scenario (3000 fb™)
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Wheel

The expected hit efficiency (worst scenario) has been used to evaluate
the final 1mpact at HL-LHC with a safety factor 2:

the major effect seen in the DT local trigger efficiency of MBIl is
effectively mitigated by:
" multiple layers per chamber (3 out of 8 are needed)
= handling of TDC hits in the backend in Phase?
" redundancy of the CMS muon system
"= the most aged DT region is also covered by 3 CSC stations and
4-5 RPC layers along a prompt muon trajectory

Minor impact on the overall reconstruction of the standalone muons
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A strategy to mitigate the DT longevity has been CMS Prefminary Fun 2, pp colisions. 13 TeV
adopted: . \B+z MBI 53 il 303 (3550 '
" since 2016 voltage of the wires in the most exposed T YBrZMBLSIFI6rZe (3500)
chambers has been reduced:
" each step of 50 V decreases the integrated
charge of the 30%
= readout thresholds also reduced from 30 to 20 mV
= in 2017 gas system at CMS has been modified to
operate in open loop to minimize the recirculation
of the impurities
" irradiation test operating with a doubled gas flow ' 2 ctontaneus Luminosty Kbl

shows no significant difference in the performance
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pp data 13 ToV 2018 L z i pp data 13.6 TeV 2022

Current [pA/em)/Lumi [107*cm ?s 1] I . Current [pAlcm)/Lumi [10*%cm 757 7]

" during LS2 shelding installed for the neutron background reduction in the top

sectors
= 3 cm layer of Borated Polyethylene + 1 cm layer of lead for gamma
absorbtion

= 25% less background in the experimental cavern (top)
= 50-70% of background reduction in the MB4 chambers
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A CSC is a multi-wire proportional
chamber with 6 gas gaps, each with radial
cathode strips and perpendicular wire
groups:

using a 40% Ar, 50% CO,, 10% CF, gas
mixture
* CF, has a greenhouse warming
potential (GWP) 6500 but also

induced charge

strips.
protect against anode wire aging — — —

-

caused by Si and Carbon polymers i S ... R Y
both electrons and ions are

cathode

e cathode

respectively read giving two
coordinates per each detected particle
segment tracks are reconstructed in 3D

Accelerated (~25) irradiation campaign is ongoing at the GIF++ with goal of
consolidate a strategy to efficiently operate even reducing the use of CF,

There are 3 ways to reduce the use of CF,

Recuperation: efficiency of the CF, recuperation plant increased from 30% to 60%
during LS2

Reduction: irradiation tests with 2% and 5% of CF,

Substitution: alternative HFO-1234ze



CoC 1rradiaclion

Irradiation setup: 2 ME1l/1 chambers and 1 ME2/1 chamber respectively with HV-ON
on 4 layers and HV-OFF on 2 layers kept as reference.

D%

Amount of integrated charge expected at 1 HL-LHC estimated using the RunZ2

currents scaled with the Fluka simulation (HL-LHC/Run?2 ratio):
= ME1/1: 200 mC/cm > 600 with a safety factor 3
= ME2/1: 130 mC/cm - 390

Studies with nominal gas mixture (2016-2021) :

= ME1l/1 and ME2/1 received 330 mC/cm using 40% Ar, 50% CO,, 10% CF,
= ME1l/1 received further 370 mC/cm using only the 2% of CF,

= No significant sign of aging

Relative gain with the 2% of CF4
CMS CSC GIF++
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CSC eco—-gas

Cd Source Applied CSC Prototype Chambear *“Cd Source Applied CSC Prototype Chamber 1%Cd Source Applied T h e re du c ti on o f CF4 doe S n ’ t S e em to
affect the CSC gain, despite an
increased pollution is visible on

the wire: validated up to 2 HL-LHC

Reference

0% CF4 Jos 5% CF4 1 o 2% CF4

50 100 150 200 0 50 100 150 200 50 100 150 200 Stirface poliirtion
Accumulated Charge [mC/cm] Accumulated Charge [mC/cm] Accumulated Charge [mC/cm]

Deposits on the anode wires show that operating with 2% CF, might be a risky
choice, while running with 5% CF, looks more sustainable (irradiation ongoing)

Preliminary study, performed on a 30x30 cm? CSC prototype, on the alternative HFO-
1234ze (GWP 7) gas:
= stable gain up to 10 HL-LHC instantaneous luminosity
* high increases of dark current only for HFO-1234ze gas mixture
= probably due to a too high density of charge on the mini-CSC prototype, to
be repeated on a standard spare CSC

presence of pollution is also seen
miniCSC PNPI Lab miniCSC PNPI Lab
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RPC double gap chambers:
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REC 1rradlactclioI

RE2/2 REF

2mm gap width filled with -
the C2H2F4(95.2%)+iso- g RE4/2 IRR
C4sH10(4.5%)+SFs (0.3%) gas = REZZRR
mixture, nominal operating gz I
above 9000 V =

bakelite bulk resistivity Bakelite
o= 1~6 x 10 10 Qcm Graphite Coatin

Mylar Sheet —#

-
.
SOUrce beam line

operate in avalanche mode

signal is read on strips of 7

width 1-4 cm Setup at GIF++ since July 2016: 2 RE2
1 ns time resolution, used chambers and 2 RE4 chambers (one

for triggering irradiated, one as reference)

Expected Integrated charge at HL-LHC:

Expected rate:

CMS MUO N Preliminary '
Max. IC: ~ 280 mC/cm’ => ~ 840 mC/cm? ? ?

(safety factor 3)
barrel chambers factor 2 less

Max. Rate: ~ 200 HZ/cm? = ~ 600
HZ/cm? (safety factor 3)
barrel chambers factor 2 less

Integrated charge [mC/cnf]

Rates measured in the Run3 data
confirm the improvements due to the
shielding installation

05/17 11/18 04/20 10/21

04/23

Date [month/year]
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Results with source OFF:
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Ohmic current Total current
(up to 6.5 KV) (around 9.5 KV)
is the most is also stable
stable with larger
fluctuations
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currenc anda ratce

n

—
5
]
=
o
]
o

200 300 400 500 600 700 800
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Noise is quite stable and rather

below 1 Hz/cm? :

= fluctuations, even large,
don’t show a stable trend of
increase



RPC: resistivity

102 CMS MUON Proiminary Resistivity is periodically measured running the chambers

' Bl with pure Argon:

*= trend of rise in the irradiated chamber

®= changes in the resistivity can be compensate by
increasing the effective HV

Resistivity p [€2cm]
3

The applied HV = HV gas + R*I

300 500 600 700 800

Integrated charge [mC/cm?]

Performance is measured at the HV working point (WP), defined as the
HV at knee + 150 V
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Test Beam results with source ON:
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= efficiency is rather stable at different wvalues of
integrated charge (different colours) and
background rates (different markers)

Efficiency [%]

RE2/2IRR-18%
RE2/2 IRR 31%

| RE212 IRR 45% *" no significat shifts are observed (HV value for WP
is quite stable)

| RE2ZIRR93%
RE2/2 IRR 95%
RE2/2 IRR 97%

'l! 79200 9400 9600 9800 10000 10200 10400
HV gas [V]




RPC performance at WP

Test Beam results with source ON (background) :

100 CMS MUON Preliminary 0.05 CMS MUON Preliminary
5 ' ' ' ' '  ©RE22IRR0%

E2/2IRR 45%

E2/2 IRR 51%
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Efficiency %

 —+ RE22 IRR 45%
. -=-RE2/2IRR51%
.~#-RE2/2IRR 57%.

Density Current [uA/cm?]
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Rate [Hz/cm?] Rate [Hz/cnf)

Efficiency for the defined WP is quite Gain (density of current) linearly
stable as a function of the integrated depends from the rate:

charge (% of irradiation) at the maximum = linearity is rather stable increasing
expected rate (600 Hz/cm2) the integrated charge (curves overlap,

except for deviation in the latest
measurement, which is due to a
technical issue)



RPC eco-gas

There are 2 ways to reduce the use of C2H2F4 (GWP 1430) :

= Recuperation: extensive leak repair campaign has been done during LS2.

Commissioning of gas recuperation system almost completed.

of recycling efficiency

testing 2 HFO-based (GWP 230) alternative mixtures:
CMS studies carried out by AIDainnova Task WP 7.2.3
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Substitution: joint collaboration (ATLAS, CMS, LHCb, CERN,
ECO2: CO2 60%, HFO 35%, iC4H10 4%, SFe 1%

ECO3: CO2 69%, HFO 25%, iC4H10 5%, SFe 1%

Rate [Hz/cm?]

Rate [Hz/cm?]

It allows up to 80%

SHIP) currently

Results look
promising, but longer
term irradiation
tests are needed to
be conclusive
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Drift cathode

Drift
GEM assssssssnsnenE.

" Triple-GEM are micro-pattern gaseous detectors made of 3
GEM foils in cascade:

Transfer 1 " operating with Ar/CO, 70/30% gas mixture

GEM 2--.‘.--------.-.--

Transfer 2

Induction

Readout PCB /=== =

Normalized Anode Current

>

Amplifier

Current measured by
a pico-ammeter

GE1/1-1V-S-CERN-0002 Detector

Gap Configuration 3/1/2/1 mm

Gas Mixture: Ar/CO, (70/30) - 7 L/hr

Irradiation at GIF++ Facility:

'37Cs (14.1 TBq in 2015) 662 keV v (30 kHz/cm?)
Initial Gas Gain: 2 x 10*

Data corrected from Pressure and Temperature fluctuations

20 40 60 80 100 120 140 160 180 200 220
Accumulated Charge (mC/cm?)

" instrumenting region with high rate,
GEMJemmesessseeenE. charge:

expected int.

60 mC/cm2 GE1/1 - validated up to 3.6 HL-LHC
30 mC/cm2 GE2/1 - validated up to 7 HL-LHC

ey
o
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Effective Gas Gain

GE1/1-X-S-CERN-0002 Detector
Gap Configuration 3/1/2/1 mm

Gas Mixture: Ar/CO, (70/30) - 5 L/hr
X-ray Tube Silver(Ag) Target:

22 keV X-ray (10° Hz/mm?)

Initial Gas Gain: 2.2 x 10*

Data corrected from Pressure and Temperature fluctuations

04 06 08 10 12 14
Accumulated Charge (C/cm?)

Energy Resolution (FWHM/u %)
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GE1/1-X-S-CERN-0002 Detector

Gap Configuration 3/1/2/1 mm

Gas Mixture: Ar/CO, (70/30) - 5 L/hr

Irradiating Source: cd (22 keV X-rays)

Initial Energy Res. @ 8 keV Copper(Cu) K : 16.9 %
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Data corrected from Pressure and Temperature fluctuations
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Drift cathode

Drift " Triple-GEM are micro-pattern gaseous detectors made of 3

GEM assssssssnsnenE. GEM foils in cascade:
GEMZ------:TTTil---- " operating with Ar/CO, 70/30% gas mixture

AT —— " instrumenting region with high rate, expected int.
GEM3III{I__.‘IIIIIIIIIII Charge:

71y, Induction " 60 mC/cm2 GE1/1 > validated up to 3.6 HL-LHC

Readout PCB Tf = 30 mC/cm2 GE2/1 = validated up to 7 HL-LHC
AkMMr = 7900 mC/cm2 MEO - recently validated up to 1 HL-

LHC, but approved plots reach 7100 C/cm2
" accelerated irradiation (8 times more than
GIF++) 1is ongoing in X-ray facilities (in
Aachen and Seoul)

h:E £ RWTH Aachen - Aging Test ME 0 galn ls s table

S RWTH Aachen - Aging Test 8 ~ MEO-1-CERN-0001 Detector

o MEQ-1-CERN-0001 Detector Gap Configuration 3/2/1/2 mm

S Gap Configuration 3/2/1/2 mm b Gas Mixture: Ar/CO2 (70/30) - 5 L/hr Corrections for

5 Gas Mixture: Ar/CO2 (70/30) - 5 Lihr ()] Sector (ieta, iphi) = (6,2)

5 Sector (ieta, iphi) = (6,2) s 22 KeV Xoray temperature and
22 KeV X-ray =

% 5 pressure

g % fluctuations are

=3 1 N M N N

3 - e applied

HV Drift = 3400 V 1l Jan 13h

HY Drift = 3450 V from Jan 13 = 3K Data correcied for ismperaiune and pressure Suciuaions

Ll
Oct-21 Dec-21 Apr-22 Jul-22 Oct-22 Dec-22 Apr-23

40 50 60
Operating Time (week) Date




Summary

Efforts have been going since many years to estimate the performance
of the CMS Muon detectors in the harsh HL-LHC conditions

Results obtained at X-ray facilities also confirm that GEM detector
technology can sustain the HL-LHC operations

Results obtained at CERN GIF++ show that the CMS Muon System can
continue to efficiently operate:

mitigation strategy 1s already in place 1in view of the future
operations to slow down the possible aging of the DTs, that in
any case 1s not expected to compromise the global performance in

the barrel

work done to improve the gas system technology allows to operate
with a reduced consumption of the GHG for RPCs and CSCs, while
further efforts to find alternative gas mixtures are ongoing
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Greenhous gasses (GHG)
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Despite almost no aging effect is seen, both CSCs and RPCs have to
deal with the European/CERN strategy to reduce the use of GHG:

—
LHC RUN 4

* reduction of the consumption up to mid-Run3:
* Optimization of the current technologies to reuse the gas
* Done since 2021 for CSCs
* Onging R&D for the RPCs (prototype installed 2 years ago)
* Campaign of gas leak repair for RPCs

* use of alternative gasses 1n the long term



D%
W S

GHG: leak repair campaign

120000 |~ W C2H2F4 (1430) M SF6 (22800) M CF4 (7390)

90000 CERN GHG emissions from particle detectors

- Main contributor is C2H2F4 used for ALICE, ATLAS
and CMS RPC systems

60000 Leaks at detector level| - Emissions mainly due to leaks at detector level
_ | Reparation during LS2 (fragile connectors) in ATLAS and CMS.

30000 / - Campaign for leaks reparation in LS2
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RPC gas mixture
~95%C2H2F 4 - ~5%iC4H10 - 0.3%SFs

RPC RICH CSC MWPC GEM



RPC eco-gas

There are 2 ways to reduce the use of CzH2F4 (GWP 1430) :

= Recuperation: extensive leak repair campaign has been done during LS2.
Commissioning of gas recuperation system almost completed. It allows up to 80%
of recycling efficiency

Substitution: joint collaboration (ATLAS, CMS, LHCb, CERN, SHIP) currently
testing 2 HFO-based (GWP 230) alternative mixtures: oo el i/ Mz ZoRIT M0 s NP L/ R L7
= (CMS studies carried out by AIDainnova Task WP 7.2.3

ECO3: CO2 69%, HFO 25%, iCaH10 5%, SFe 1%
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RPC double gap chambers:

* 2mm gap width filled with the
C2H2F4(95.2%) +1is0-C4H10(4.5%) +SFs
(0.3%) gas mixture, nominal
operating above 9000 V

* Dbakelite bulk resistivity: p=1~6
x 1019 Qcm

* operated in avalanche mode

* strips of width 1-4 cm

Bakelite

Graphite Coating—ad

iRPC:

* 1.4mm gas gap

* resistivity: p=0.9~-3x 10!° Qcm
operating at ~7000 V

* strips width 0.7-1.2cm

Mylar Sheet —#
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EDS inspection at LNL of the MB2 SL1L1 wire 30
irradiated from fall 2017 till March 2018 at GIF++

L1-2017 WIRES

Energy dispersive X-ray spectroscopy (EDS) of a
wire of SL1L1 of the MB2 chamber exposed at
GIF++ on the first irradiation, 2017-2018 , and
extracted after ~1 Hl-Lhc integrated charge (as
expected on the most exposed DT chamber, MB1
of wheels +2 and -2).In the x axis the energy of
the absorbed gammas of different material are
reported. From the left the peaks correspond to
carbon (C), oxigen (O), silicon (Si) and aurum
(Au).

DT: spettroscopy analysis

EDS inspection at LNL of the MB2 SL1L1 wire 34
irradiated from fall 2018 till February 2019 at GIF++

L1-2018 WIRE

Energy dispersive X-ray spectroscopy (EDS) of a wire
of SL1L1 of the MB1 chamber exposed at GIF++ on
2018-2019 after ~0.7 HL-LHC integrated charge (
charge expected on the most exposed DT chamber,
MB1 of wheels +2 and -2). In the x axis the energy of
the absorbed gammas of different material are
reported. From the left the peaks correspond to
carbon (C), oxigen (O), silicon (Si) and aurum (Au).
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Scintillator Trigger

Internal Trigger
CERN GIF++ ] HV3550, Source ON

’ HV3550, Source ON

CERN GIF++

® L1-2017 Nov 15 2018

® L4-2017 Nov 15 2018

Hit Efficiency
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e L4-2021 Aug 18 20227

L1-2017, October 2018
L4-2017, October 2018
L1-2018, October 2021
L4-2021, July 2022

Cosmics @3000fb-1 + Test Beam @ 3000 fb-1
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L3 Current [uA/wire]
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Preliminary

gn HL-LHC

15 20
Current

MEZ2/1 at GIF++

CMS Preliminary

approximate design HL-LHC

15 20
Current



