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\ 1 Outline

- CMS detector;

- CMS RPC Upgrade project;

- Improved Resistive Plate Chamber (iRPC) and description:;
- Quality Control (QQC);

- Summary of the mass production;

- IRPC performance and measurements at GIF++;

- IRPCin CMS;

- Summary.

RPC 2026

RIO DE JANEIRO




The Compact Muon Solenoid (CMS)

The CERN accelerator complex
Complexe des accélérateurs du CERN
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CMS DETECTOR STEEL RETURN YOKE

Total weight : 14,000 tonnes 12,500 tonnes SILICON TRACKERS
Overall diameter : 15.0 m Pixel (100x150 ym) ~1m? ~66M channels
Overall length :28.7m Microstrips (80x180 ym) ~200m? ~9.6M channels

Magnetic field :3.8T

SUPERCONDUCTING SOLENOID
Niobium titanium coil carrying ~18,000A

MUON CHAMBERS

Barrel: 250 Drift Tube, 480 Resistive Plate Chambers
Endcaps: 540 Cathode Strip, 576 Resistive Plate Chambers
144 Gas Electron Multiplier

PRESHOWER
r  Silicon strips ~16m?* ~137,000 channels

‘ | FORWARD CALORIMETER
" Steel + Quartz fibres ~2,000 Channels

CRYSTAL
ELECTROMAGNETIC
CALORIMETER (ECAL)
~76,000 scintillating PbWO, crystals
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CMS just finished LHC Run 3 data taking and in the process of

HADRON CALORIMETER (HCA
Brass + Plastic scintillator ~7,000 channels

preparation to extend its sensitivity to new physics searches for the
High-Luminosity LHC period starting in 2029, anticipated to feature a

higher Instantaneous Luminosity to around 3000 fb™2.
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RPC is the only Muon
subsystem
that covers the entire CMS:
Barrel and Endcap




CMS RPC upgrade project =
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Focus of the talk is iRPC!
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~ IRPC: Improved Resistive Plate Chamber ==

The LHC Beam Pipe: .

- Gas mixture used in CMS: 95.2% C H,F,+4.5%i-C,H,  +0.3% SF, LowBadius (LE)
- Relative humidity of 40-50% [Tty
- + 72 chambersin RE3/1 and RE4/1 positions:

- 20°coveragein ¢ per chamber

- Variable strip width from 0.6 cmto 1.23 cm

- Trapezoidal geometry ~1.2 x 1.6(3) m?for RE 3(4)/1
- Double readout in the strips high and low radius:

- Charge threshold between 30 and 40 fC.

Cooling pads
{ FEBs

48 Strips
sduis 8Y
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Strip PCB allow return line concept
iRPC layers
exploded view
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FEB positioned external and @ HR (lowest dose region)




2d readout for iRPC

- IRPC characteristics

HPL thickness (mm)

Number of gas gaps

Gas gap thickness (mm)

Resistivity (Qcm)

Charge threshold (fC)

Space resolution in n (cm)

Space resolution in ¢ (cm)

Intrinsic timing resolution (ns)
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1-6x10"

150

20 - 28

0.8-1.9

1.5

1.4

1.4

0.9-3x1010 iIRPC FEB is equipped with
low noise front-end
30-40 <w— electronicsthatcandetect

signals with a charge as low as

15 30 fC

0.3-0.6

0.5

CMS Collaboration, The Phase-2 Upgrade of the CMS Muon Detectors, CERN-LHCC-2017-012.



IRPC production and quality control
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Procure and test components — Send components to assembly sites — Assemble chambers at
assembly sites (CERN 904, Ghent) — Ship chambers to CERN — Final QC of chambers at CERN 904

Realized in other assembly sites.

e QC3.1: Visual test, gas leak test;
® QC3.2: Chamber cosmic tests (portable FEB): noise,
efficiency, clustersize, HV, and current tests.

Itis done where they are

produced

Final

Gap

validation Validation
Chamber Chamber
components assembly
test After electronics installation at CERN (904 lab)

Tests: gas leak, spacer bonding, dark * QC4.1: Gas leak test;

current test e QC4.2: Long-term HV stability;
L ) * QC4.3: Chamber cosmic tests (final FEBs): noise,

v efficiency, clustersize, HV, and current tests.
Before assembly
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\ QC1: chamber components

4 Strip PCB Quality Control: @ Lyon
4 connectivity, impedance, attenuation,
propagation
A HPL @ Firmunder INFN Pavia supervision
A Chamber mechanics @ ALDOWA in the
Netherlands
d Cooling system

A Cooling frames tested at 20 Bar pressure (with
N.): tested @CERN 904 lab
(A FEB cooling plates: @ Georgia

4 FEBv2.3 production @ FEDD France and QC in
Lyon




~ QC2: gap validation =
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Gap pressure and spacer bonding test Dark current test

3 15 mbar for 20 min monitor pressure loss A monitor gap current over high voltage

range
([ spacer bonding test by applying pressure 5

— current acceptance criteria to validate
gaps

CMS Preliminary CERN 904 lab

Chamber Type: RE4/1 )
Acceptance Pressure Drop: 0.4 mbar/10min
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Spacer Bonding Test

16.48

16.46

16.44

1000 1200 1400 1600 1800
Time [seconds]

Leak test (drop < 0.4 mbar/10 min) Spacer bonding test
https://cds.cern.ch/record/2916744/files/DP2024_104.pdf




\ QC3: chamber QC T
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QC3.1 Chamber assembly tests
Visual test, connectivity test, gas leak test,
dark current test

QC3.2 Cosmic test

(A Tests with portable FEBv2.3 as initial
procedure

d 3-fold coincidence (15 x 105 cm? each
scintillator area)

(1 1 double gap scan, 2 single-gap scans,
noise & current scans

1 11 HV points with 2000
events/HV-point for efficiency and
15000 for noise




\ QC4: final chamber validation e

RPC 2026

RIO DE JANEIRO

QC4.1 Cooling & Gas leak test
(A cooling test follows QC1 procedure e i
d gas leak test follow QC2.1 with 5 mbar L“ T e ey ——

QC4.2 HV current stability
A current monitoring at WP for 1 month
A acceptance: current < 2.5 yA

QC4.3 Final cosmic test I NN L o T




Summary of QC with Cosmic Rays e
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QC4.3 Cosmic test - efficiency and working point

1 1 double gap scan, 2 single-gap scans, noise & current scans

1 11 HV points with 2000 events/HV-point for efficiency and 15000 for noise
Efficiency required: >95%

0 CMS Preliminary CERN 904 Lab CMS Preliminary CERN 904 Lab
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QC4.3 Cosmic test - current

e Currentindifferent HV points
e Current acceptance: <0.75 pA at 5000V and < 2.5 pA at the WP

CMS preliminary
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\ \ Summary of QC with Cosmic Rays

CERN 904 Lab
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CERN 904 Lab
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QC4.3 Cosmic test - noise and cluster size

e Noise rate acceptance: < 3 Hz/cm?
e Cluster size: around 3 strips

(o)}
o

0]
o
I L I

Number of half chambers
s &

CMS Preliminary
T T T T T

CERN 904 Lab
—————

I 1 I

HV = 7100 V
Mean = 0.16 Hz/cm?
Std = 0.17 Hz/cm?

—-— Max. acceptance rate = 3 Hz/cm?

0.0 0.6 1.2

[
1.8
Noise Rate [Hz/cm?]

[
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Mean cluster size = 2.62 .
Std = 0.08 1

1 2 3 4 5 56
Cluster size [strips]
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https://cds.cern.ch/record/29252697In=en

iIRPC production completed!

o  18RE-3/1,18 RE-4/1installed in YETS24/25;
o  Others RE+3/1 and RE+4/1 READY for
installation at earliest opportunity




IRPC performance at GIF++ T
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iRPC performance validated under background gamma rate within a safety factor of 3!

&

A
N/ ~ downstream field

M. Capeans, R. Fortin, L. Linssen, M. Moll, C. Rembser; A GIF++ Gamma lrradiation Facility at the SPS H4 Beam Line, CERN-SPSC-2009-029 /
SPSC-P-339, 2009.



https://ep-dep-dt.web.cern.ch/irradiation-facilities/gif#:~:text=The%20original%20CERN%20Gamma%20Irradiation,line%20in%20SPS%20West%20Area.

IRPC performance at GIF++ T

. RPC 2026
https://cds.cern.ch/record/2920454/files/DP2024_130.pdf RIO DE JANEIRO

Performance of iRPC chamber at Gamma
Irradiation Facility (GIF++) at CERN

Efficiency curves
— 12 TBq *¥’Cs gamma source - 662 keV h hy i 40 fC
— Muon beam ~ 150 GeV/c - threshot @~ .
- 12 BXtrigger window
Event display @ GIF++ o
CMS Preliminary GIF++ _ CMS Pfe{/m/ngr%/ _ I GlF++
'g‘ L e I LA L B ' & P v WP = 7034V, plateau = 99.03%, Eff(WP) = 98.10%, y-source off ]
O, GIF++ test beam June 2024 g : WP = 7045V, plateau = 98.61%, Ef_f(WP) = 97.66%, bkg-rate ~ 0.2 kHz/cm? |
> 140 1.4mm double gap iRPC : g | = WP = ;076V, p:ateau = 97.73%, E:ff(WP) = 96.727;, bkg-rate ~ 0.6 kHz/cm’<
- FEB v2.3 iRPCR B e o . WP = = 97.019 = 95,94%, bkg-rate ~ :
ED "zth,;shff.d 92025 ) 200 2 3 [« WP = 7148V, plateau = 96.51%, Eff(WP) = 95.33%, bkg-rate ~ 1.2 kHz/cm? |
GIF++ source off x ﬁ 100 [+ WP = 7261V, plateau = 95.04%, Eff(WP) = 93.60%, bkg-rate ~ 2.3 kHz/cm? |
120} Y . Y D ag———  — =
GIF++ Test Beam June 2024
1.4mm double gap iRPC
el . : FEB v2.3 iRPCROC 2C )
_ | I B e 1@ bkg-rate = 600-1000 Hz/cm*:
8o 1 B | )
sol- |— Efficiency = 96 -96.7 %
60| 1 | 100 |— Working Point=7.07-7.11kV
40}- s
40 -
_ 50
201 - | 20}~ .
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https://ep-news.web.cern.ch/content/gamma-irradiation-facility-gif-during-and-beyond-run-3
https://ep-news.web.cern.ch/content/gamma-irradiation-facility-gif-during-and-beyond-run-3

- IRPC installation in CMS =
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- 4 demonstrator chambers (RE+4/1/15,16 and RE+3/1/15,16) were installed at CMS in the end of

the LS 2 (2021-2022);
- 36 mass production final chambers installed in disks RE-3/1 and RE-4/1 in CMS in YETS
2024/2025:

- [ Noise < 1Hz/cm? with final endcap disk grounding

- [d FEB temperature stable at CMS endcap closed mode with water cooling
- [ HV currents showing smooth operation during LHC Run 3

- [ Normal operation at 3.8 T magnetic field.

- 36 remain

ing chambers

=
\

are ready and waiting to be installed in disks RE+3/1 and RE+4/1.

Y . Y/ e

—
N O
= e W




N Summary ==
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iIRPC is an innovative design detector to operate at CMS at High Eta region with HL-LHC;

The full mass production and certification campaign of the CMS iRPC chambers has been
successfully completed;

The verification of the QC test results distributions shows that the whole production run is
uniform and well within the requirements;

iRPC performance was validated under high background gamma rates (safety factor of 3 above
expected LHC conditions): efficiency of 96 - 96.7% at working point;

36 chambers (18 RE-3/1 + 18 RE-4/1) already installed at CMS during YETS 2024/2025 and
operating normally, including stable HV currents and FEB temperature;

These results validate the robustness of the iRPC quality assurance program and confirm the
readiness of the remaining chambers for installation in the CMS detector;

IRPC will pave the way for precise timing of CMS muon at the High Lumi frontier.



Thank you!
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IRPC space resolution i
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2 finger Sci.

® Timing resolution performed with 2
identical chambers and a muon beam

y background source |

Chamber_191

Chamber_185

® Absolute timing resolution of the
system after alignment by back-end:

FEB v2_2c No.18/19

Inside bunker

Outside bunker o * beam trigger
mTCA crate
DAQ and IPbus/SiTCP SC 780 ~ 5 5 O pS
server BEB \/5
GBT links —
007.CMS MUON Preliminary GIF++
T :
s S | Path1_diff: 20m
P [ = ! Entries : 6652
0.06 |
007 CMS MUON Preliminary GIF++ g ! Mean : 73.78 ps
E. Path1_diff: 20m P RMS : 772.05 ps
£ 0.06 Entries : 6658 0.05
: Mean :-99923.94 ps Path2_diff: 18m
= BN B e s Entries : 12661
095 : ; Mean : -141.44 ps
Path2_diff: 18m RMS : 784.44 ps
0.04 Entries : 12968
: Mean : -90113.52 ps 0.03—
RMS : 782.23 ps Test beam in April 2023
0.03 0,021 Y backgrpund*off
Test beam in April 2023 ' 1.4 mmIiRPC * 2
y background off Threshold = 33 fc
0,02 1.4 mm iRPC * 2 001
Threshold = 33 fc '
00t | | | |
| 1 0.00=—"75000 25000 5000 10000

0.00

-95000

-90000

85000 80000

Timing difference before alignment (ps)

Timing difference after alignment (ps)



