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With the completion of proton—proton collision data-taking in 2024, the ATLAS experiment has
recorded an integrated luminosity exceeding 180 fb~! during Run 3, which began in July 2022
following the Long Shutdown 2 (LS2). During LS2, several detector upgrades were implemented,
most notably the installation of the New Small Wheel (NSW), which replaced the innermost stations
of the Muon Spectrometer endcaps. The ATLAS Muon Spectrometer, the largest muon system ever
built for a collider experiment, now combines long-standing gaseous detectors—Monitored Drift
Tubes (MDT), Thin Gap Chambers (TGC), and Resistive Plate Chambers (RPC)—operational
for over 15 years, with newer technologies such as Micromegas and small-strip TGCs introduced
with the NSW. These new systems are now fully operational after an extensive construction and
commissioning phase, enhancing both muon tracking and trigger performance. This contribution
presents the performance of the ATLAS Muon Spectrometer, mentioning the long-term stability
of the legacy detectors and focusing on the NSW upgrade, including its impact on simulation,

alignment, track reconstruction, and trigger performance.
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1. Introduction

Run 3 is the data-taking period that started in July 2022 and will end in summer 2026, when Long
Shutdown 3 begins. By 2025, the ATLAS experiment [1] has recorded 181.4 fb~! of proton—proton
collisions, surpassing the Run 2 total. During 2024 alone, 116 fb~! were collected—the highest
annual luminosity so far. The recorded runs are processed by the Data Processing team to select
those considered “Good for Physics”, based on detector performance and data quality criteria. In
2024, the Muon Spectrometer contributed to rejecting only a few percent of data.

The ATLAS Muon Spectrometer provides precise muon tracking and momentum measurements,
measured in barrel and endcap regions by Monitored Drift Tubes (MDT). The trigger system
includes three layers of Resistive Plate Chambers (RPC) in the barrel region, and three or four
layers of Thin Gap Chambers (TGC) in the end-caps. The major upgrade project for ATLAS Muon
System in Phase-I was the replacement of the first station in forward regions with a new set of
detectors known as New Small Wheel (NSW). NSW consists in two technologies, in order to fulfil
the demands for precise position resolution, efficiency and timing, namely MicroMegas (MMG) and
small TGC (STG). Both MMG and STG detectors are designed to provide tracking and triggering
capabilities, ensuring redundancy in the reconstruction and selection of muon candidates in the
forward region. As part of the Phase-I upgrade, eight internal MDT chambers (stations 7-8) were
replaced with small MDT and RPC chambers on side A (BIS78).

Hit coincidences between RPC or TGC provide the Level-1 (L1) muon trigger, with a maximum
rate of 100 kHz and a latency of 2.5 us. The second-level trigger, the High-Level Trigger (HLT),
performs full event reconstruction based on software algorithms, with an output rate of a few kHz.

2. Level-1 Muon Performance

The L1 trigger identifies Regions of Interest (Rols) in the detector from calorimetric and muonic
data, corresponding to the n—¢ coordinates of triggering objects. In Run 3, the L1 muon trigger
was upgraded to include NSW information, reducing fake muon candidates in the forward region.
In the barrel, L1 uses RPC information; in the end-cap, it relies on TGC data in coincidence with
the NSW and Tile Calorimeter.

2.1 Level-1 Muon Barrel Performance

The Resistive Plate Chambers (RPC) are the muon spectrometer detectors located in the barrel
region and contribute to the Level-1 (1) muon trigger. The trigger and detector performance are
closely related to gas consumption, as the RPC system loses between 500 and 1400 1/h of gas due
to leaks, depending on the period of the year.

The RPC system consists of doublet chambers, each composed of two gas-gap readouts connected
to multiple manifolds. These manifolds are linked to the chambers through gas inlets located in
service boxes. Historically, the inlets tend to develop cracks, leading to gas leaks. Leak mitigation
is performed through extensive repair campaigns, typically carried out during Technical Stops or
maintenance accesses, which results in an oscillating pattern of gas consumption during data-taking
periods. The leaks have a double impact: they degrade the detector and trigger efficiency, and they
have an environmental effect.
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Figure 1: Barrel trigger efficiency as a function of the Run Number for 2023 (Fig. 3a) and 2024 (Fig. 3b),
obtained with non-muon triggers on the physics main-stream. Fairly constant, fluctuating from run to run.
Instabilities in 2024 were fixed by an improved version for the handling of the HV correction factor which
takes into account local changes in temperature and pressure at chamber level [2].

The standard gas mixture used until August 2023 (94.7% CoHF4, 5% i-C4Hjg, 0.3% SF¢) was
chosen to optimize detector performance. However, this mixture has a high Global Warming
Potential (GWP) and is considered critical under European Union regulations, which aim to reduce
fluorinated gas emissions to two-thirds of their 2010 levels by 2030. For this reason, in August
2023, a new gas mixture was adopted (64% C,HyF4, 30% CO», 5% i-C4H19, 1% SFg), in line with
the European Union targets. The new gas mixture yields a 14% reduction of the GWP.

Following the change in the gas mixture, the effective operational high-voltage values were corrected,
taking into account local variations in environmental pressure and temperature inside the chambers.
In May 2024, the final HV correction factors were applied. Figure 1 shows the trigger efficiency in
the barrel region for 2024 compared with that of 2023. The efficiency instability observed at the
beginning of 2024 was resolved after the application of the HV correction factors.

2.2 Level-1 Muon Endcap Performance

The main novelty in the L.1 muon trigger is the inclusion of the New Small Wheel (NSW) informa-
tion in the TGC coincidence.

The NSW is a subsystem designed to provide both precision tracking and triggering capabilities in
the endcap-forward region. The goal of the Phase-I NSW upgrade in the trigger is to reduce fake
muon candidates in the forward region, mainly originating from protons produced in complex nu-
clear interactions in front of the electromagnetic calorimeter station. For tracking, the upgrade also
aims to maintain high precision, which could otherwise be compromised by the high background
levels expected during the upcoming High-Luminosity LHC era.

The full NSW-Tile-TGC coincidence was activated in May 2024, resulting in a total L1 rate reduc-
tion of about 14 kHz of fake trigger events. Already around mid-April, when approximately 65%
of the NSW was included, the rate reduction was on the order of 10 kHz.

In 2023, after partially integrating the NSW coincidences in about 70% of the trigger sectors
(STG only), the efficiency slightly decreased to around 82.8%. In 2024, with full NSW integra-
tion (STG+MMG), the efficiency further decreased to about 82.2%. The observed inefficiency of
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roughly 4% in both 2023 and 2024 is consistent with the expected performance of the NSW detector.

3. NSW Performance
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Figure 2: Efficiency for having at least four out of eight layers of Micromegas (red), STG strips (blue), or
of either of the two (black) associated to a muon Combined (ID+MS) or Standalone (MS) track with pT>15
GeV passing through the NSW on the C side for all physics runs taken in 2023 (a) and in 2024 (b) with pp
collisions [3], [4].

The New Small Wheel (NSW) consists of eight detection layers for the Micromegas (MMG)
and eight for the small-strip Thin Gap Chambers (STG). A muon segment in the NSW can be
reconstructed and seeded with at least four active layers of each technology, which can then be
combined with segments from the two outer endcap stations.

In 2024, as shown in Figure 2, the detector efficiency exceeded 99% and was more stable compared to
2023. Since the beginning of operations, several STG high-voltage (HV) channels have experienced
failures. The affected region is mainly located on side A and within the innermost chambers (R1).
A reduction of the HV working points in 2024 mitigated the issue, with voltages set to 2.725 kV for
R1 and 2.75 kV for the other chambers, compared to the nominal 2.8 kV.

The impact of these HV failures is evident in the detector performance: the track reconstruction
efficiency gradually decreased during 2024. However, thanks to the redundancy provided by the
MMG chambers, the overall NSW efficiency remained largely unaffected.

The MMG and STG strip resolution also improved in 2024 by about 10-15% compared to 2023,
thanks to an update in the cluster position uncertainty.

Finally, the impact of the NSW is also evident in the combined muon performance, as seen in
Figure 3. The efficiency for muon reconstruction and identification using the medium working
point, measured in Z — upu events in the NSW region, increased from below 95% in 2022 to above
97% in 2023.

4. Conclusion

During Run 3, the ATLAS experiment achieved its highest integrated luminosity to date, partic-
ularly in 2024, surpassing the record set during Run 2. Overall, in the muon system, the legacy
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Figure 3: Efficiency for reconstructing and identifying muons using the medium working point, measured in
Z— uu events, with data collected in 2022 (a) and 2023 (b). The reconstruction and identification efficiencies
for a certain WP is estimated with the Tag & Probe method on Z — u*u~ or J/¥ — p*u~ [5].

detector systems have shown stable performance, with the exception of the RPC, which experienced
some instabilities early in 2024 following a change in the gas mixture implemented to mitigate
environmental impacts from gas leaks.

In 2024, both trigger and detector performance improved thanks to the inclusion of the NSW in-
formation in the trigger coincidence and enhancements in track reconstruction. The overall muon
performance also benefited from the NSW integration, leading to improved efficiency in combined
muon analyses.
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