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The Compact Muon Solenoid (CMS) experiment is a multipurpose detector, located at the Large
Hadron Collider (LHC) at CERN. It is equipped with several subdetector systems to reconstruct
high-energy collision particles. Resistive Plate Chambers (RPC), known for their fast response
and good timing resolution, are used as one of the subdetectors for muon detection within the
CMS Muon System. RPCs detect ionizing particles through gas avalanches between resistive
plates, producing signals on readout strips. During 2024, the CMS experiment recorded over 112
fb~! of proton-proton collision data, bringing the total for Run 3 (2022—present) to more than 250
fb~!. To secure good data quality throughout this period, the performance and stability of the

RPC system are continuously monitored, and the latest results will be presented.
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1. The CMS Experiment and Muon System

The Compact Muon Solenoid (CMS) experiment [1] is a general-purpose detector operating at
the Large Hadron Collider (LHC) at CERN. It is designed to investigate a wide range of phenomena
at the highest energies achieved in a collider. CMS employs several complementary subdetector
systems to reconstruct the complex final states of proton-proton collisions with high precision. This
versatility allows the experiment to explore both precision measurements of the Standard Model
and searches for new physics beyond it.

A central component of CMS is its Muon System [2], conceived to ensure robust, efficient,
and redundant detection of muons. The system combines four gas-based technologies — Drift
Tubes (DT), Cathode Strip Chambers (CSC), Resistive Plate Chambers (RPC), and Gas Electron
Multipliers (GEM) — which together provide precise muon identification, accurate transverse
momentum measurements, triggering capabilities, and reliable bunch crossing (BX) assignment.
These complementary detectors allow the reconstruction of muons with high efficiency for different
physical analyses, from Higgs boson measurements to searches for rare or exotic processes.

2. Resistive Plate Chambers at CMS

Among the technologies implemented in the CMS Muon System, RPCs [1] play a crucial role
thanks to their excellent time resolution and fast response. RPCs detect ionizing particles through gas
avalanches occurring between resistive electrodes, with the resulting signals collected on readout
strips. Their design allows efficient muon triggering and precise bunch crossing identification,
ensuring robust performance in the challenging environment of the LHC.

The CMS RPC system covers the pseudorapidity range of |7 < 1.9 and consists of 1056
chambers: with 480 installed in the barrel and 576 in the endcap regions, totaling over 110,000
electronic readout channels. The chambers employ High Pressure Laminate (HPL) electrodes with
bulk resistivity in the range p = 1 -6x10'°Q- cm, and operate in avalanche mode using double-gap
configurations with 2 mm gas widths. The readout strips have a pitch ranging from 1.74 to 4.1 cm,
providing spatial resolutions of about 1 cm, with an average cluster size of roughly two strips [3].

RPCs are required to sustain high particle rates, while maintaining a detection efficiency above
95% and noise rates below 5 Hz/cm? [4]. These specifications guarantee the improvement of muon
triggering even under high background radiation and over long-term operation, consolidating RPCs
as an essential component of the CMS Muon System.

3. Performance at Run 3

During Run 3, the CMS experiment has accumulated an unprecedented amount of data, over
250 fb~! of integrated luminosity. More than 112 fb~! of proton-proton collisions were recorded in
2024, and more than 91 fb~! have been recorded so far in 2025. This large dataset ensures excellent
potential for precision measurements and new physics searches, while demanding long-term stability
of the subdetectors.

During this period, the performance and stability of the RPC system have been systematically
monitored [5] to guarantee the delivery of high-quality data. Continuous validation of detector
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working parameters has confirmed that the RPCs maintain their expected efficiency and low noise
operation under the luminosity conditions of Run 3. These results demonstrate the reliability of the
RPC system in sustaining optimal performance.
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Figure 1: Comparison of RPC overall efficiency distribution in 2018, 2022, 2023, 2024, and 2025. The
plots represent the overall efficiency distribution of RPC rolls in Barrel (left) and Endcap (right). Efficiency
is obtained using the Segment Extrapolation Method. [8].

The RPC system has demonstrated excellent and stable performance, as illustrated by the overall
efficiency distributions shown in Fig. 1. The comparison across multiple years of data taking (2018,
2022, 2023, 2024, and 2025) highlights that the average RPC efficiency remains consistently above
95%, the rolls with known hardware issues or those affected by the CMS gas leak reduction policy
are excluded. The detector efficiency is calculated using the Segment Extrapolation method [6].

CMS Preliminary CMS Preliminary
-8 [ Mean 8 [ Mean
I 2018 (59.90 fb 7, 13 TeV) 1.82 N 05 2018 (59.90 tb 7, 13 TeV) 1.79
© E © E
= — 2022 (29.81b ', 136Tev) 177 = — 2022 (29811 ', 136 TeV) 172
25 [ f—] 2023 (14.041b 7, 186 Tev) 1.7 25 F [—] 2023 (14.041 ", 186 TeV)  1.72
0.4 L ] 2024 (22.041b 7, 186 Tev)  1.83 04 C F—] 2024 (22,041 ", 18.6 TeV)  1.76
] 2025 (1200t ', 13.6 TeV)  1.80 L ] 2025 (12001 ', 13.6 TeV)  1.71
03 = o3l
02l 0ol
[ RPC Barrel L RPC Endcap
0.1 04l
ol ‘ Lo ‘ ‘ ‘ ‘ s ol s S rarararen L ‘ s s s
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Cluster Size Cluster Size

Figure 2: Comparison of RPC cluster size distribution in 2018, 2022, 2023, 2024, and 2025. The plots
represent the overall cluster size distribution of RPC rolls in Barrel (left) and Endcap (right). [8].

In addition to efficiency, the RPC cluster size has been monitored. The distributions presented
in Fig. 2 show that the average cluster size has remained below two strips in both barrel and endcap
regions across all data-taking years, in agreement with design expectations [3].

A detailed view of the RPC performance evolution over time is given in Figs. 3 and 4, which
present the efficiency and cluster size history, separately for the barrel and endcap regions. The
figures show that the system operated with stable efficiency throughout Run 3, with temporary drops



CMS RPC System status and performance in Run3 Mauricio Thiel

MS pPreliminary Run3 (13.6 TeV.

=
0

o CMS preliminary Run3 (13.6 TeV.

10

B

©
o

95

90

o
@

85

RPC Efficiency (%)
RPC Efficiency (%)
©
8

-3
S

19ul. 2022 T TT T T T T T T T T[T T T TTTT

80

RPC Barrel RPC Endcap

~
o

75

NERRNENENA AN ENNRANEAN SNET)

<
=}

70

19.Jul. 2022 (T T T TTT T TTTTTTIT]TT
21 Nov. 2022 [

06 May 2023 -

30.Jun. 2023

140ct.2022 [

21Nov. 2022

06 May 2023

30.Jun. 2023

21 May 2024 [

16 May 2025 [

H

21 May 2024 [
16 May 2025 [
15 Aug. 2022

23Sep. 2022 [

14.0ct.2022 [

&

Figure 3: RPC efficiency history vs time for Barrel (left) and Endcap (right). Each point corresponds to an
average efficiency in a given CMS run. Data points with low statistics or temporary problems are excluded
from the distributions. The detector efficiency is calculated using the Segment Extrapolation method. [8].

clearly correlated with known problematic chambers. In all cases, the issues were either resolved
or mitigated through interventions during technical stops, demonstrating the effectiveness of the
continuous monitoring and maintenance strategy.
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Figure 4: RPC cluster size history vs time for Barrel (left) and Endcap (right). Each point corresponds to an
average cluster size in a given CMS run. Data points with low statistics or temporary problems are excluded
from the distributions. [8].

4. Working Point Calibration

To guarantee stable operation of the RPC system under varying environmental conditions, the
high voltage applied to each detector is carefully calibrated. This procedure, known as the High
Voltage (HV) scan, is performed once per year and allows the determination of the optimal operating
point, referred to as the Working Point (WP). The HV scan is taken over a series of effective voltages
in the range [8600, 9800] V, and the WP for each chamber is defined at 95% of the efficiency curve,
plus an additional offset of 100 V for barrel and 120 V for endcap detectors. Small differences
between barrel and endcap arise from assembly parameters intrinsic to the detector design. The
distributions of RPC efficiency at WP, the WP values themselves, and the average cluster size are
shown in Fig. 5.

The analysis of HV scan data has traditionally required manual refinements of the fitting
procedure for individual chamber efficiency curves. To improve robustness and reduce the number
of failed fits, a machine learning—based algorithm was recently introduced into the calibration
workflow [7].

The results, obtained from the most recent HV scans, are consistent with the long-term behavior
observed in previous years. Figure 6 summarizes the historical evolution of the RPC working point
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Figure 5: RPC Efficiency at Working Point (top left), Working Point (top right), and Average Cluster Size
(bottom) distributions obtained from the HV scan. Data were collected at effective voltages in the range
[8600, 9800] V. The red histograms correspond to 554 Barrel rolls, the blue histograms to 1063 Endcap rolls
in stations RE1, RE2, and RE3, and the green histograms to 352 rolls in station RE4. [9].

and the efficiency at the working point for the Barrel, Endcap, and RE4 regions. Despite periods
without scans during LS1 and LS2, as well as changes in operational conditions over the years, the
values of WP and efficiency have remained stable within the expected ranges. This confirms that
the detector performance remains well within the optimal operational range.

5. Conclusion

After more than 13 years of operation, the RPC system continues to demonstrate excellent
performance. The detectors operate with very high and stable efficiency, consistently above 95%,
while maintaining a stable average cluster size of about two strips. In addition, the evolution
of the working points has remained remarkably stable throughout the years, confirming both the
robustness of the detector design and the effectiveness of the calibration procedures.

6. Acknowledgements

We congratulate our colleagues in the CERN accelerator departments for the excellent perfor-
mance of the LHC and thank the technical and administrative staffs at CERN and at other CMS



CMS RPC System status and performance in Run3 Mauricio Thiel

CMS Preliminary CMS Preliminary

g C 49700 < g O 9700 o
£ 100— 3 ] £ 100 = @
g _ & s o ] =3
g r s £ & [ —Jos00 £
z - 4 = 2 F = £
3 - . 5 osf {3500
5 95 ] S -
5 u —feseo ] n =
% H ] E 1 3]
> - = B o -
=) L — 9400 ) - ——9400
& gof— 3 5 sof— =
£ - 7 & o ]
b} - —|9300 w - —]9300
s f E e [ 3
E 7 8 ]
& - ] - ]
a 8 —Jo200 Rl i —Jaz00
r [ Barrel Efficiency Distribution - r + A a7
I - Barrel Mean Efficiency o100 n AL B o100
80— = Barrel Working Point B 80— B
ol 4 Barrel Voltage at 50% Efficiency 3 r 7
L —s000 - mEndcap Efficiency Distribution %000
51— i 1 3 75 |—e Endcap Mean Efficiency -
- g0 I = Endcap Working Point 8900
r s 1 Aa B = |” - Endcap Voltage at 50% Efficiency =
o1 1 1 1 1 1 I 1 1 L I JTi] — 1 1 1 1 1 1 1 1 1 1 gy
01/2011 01/2012 01/2013 012014 012015 012016 12/2016 12/2017 12/2018 122019 12/2020 122021 12/2022 0172011 012012 0172013 02014 0172015 012016 122016 122017 122018 122018 12/2020 122021 1272022
Date (month/year) Date (month/year)

CMS Preliminary

9700
100
9600

Voltage (V)

95 9500

9400

90
9300

REA4 Efficiency at Working Point (%)

85 W RE4 Efficiency Distribution

- RE4 Mean Efficiency
& RE4 Working Point
4 RE4 Voltage at 50% Efficiency

9200

80 9100

1 | % 9000

A

8900

!III‘!III]I\!Ill\\![lll\[lllll\
ol b b b b b b e

7 1 1 1 | | | | | | | | 800
01/2016 07/2016 03/2017 0912017 0412018 11/2018 0612019 01/2020 08/2020 03/2021 102021 05/2022 1212022

Date (month/year)

Figure 6: RPC Barrel (top left), Endcap (top right), and Endcap RE4 (bottom) Working Point and Efficiency
at Working Point. For this study 9 HV scans taken since 2011 for Barrel and Endcap (RE1, RE2 and RE3)
and 6 HV scans taken since 2016 for Endcap RE4 were considered. The working point and the efficiency
at the working point evolution is presented. With a blue, full circle is presented the mean efficiency at
WP for each of the HV scans. With symmetric light blue bars is presented the efficiency at WP histogram
distribution. The magenta, filled triangles indicate the voltage at 50% efficiency. The whiskers (thin, dashed
lines) represent the outliers. Red, full squares represent the mean of the working point distribution for each
HYV scan with their RMS. [10].
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