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The Level-1 muon endcap trigger in the ATLAS experiment utilises signals from the Thin Gap
Chambers (TGCs). A long-standing challenge for this system has been the high background rate
from particles not originating at the proton—proton interaction point. These background particles
mimic muon signatures and lead to an increased Level-1 trigger rate. To address this issue, the
New Small Wheel (NSW) detectors, installed before the start of LHC Run 3, were integrated into
the Level-1 endcap muon trigger system. The NSW detectors provide real-time tracking with
fine spatial resolution, confirming that the candidates identified by the TGCs are consistent with
originating from the interaction point. By requiring consistency between signals from the TGCs
and track segments reconstructed in the NSW, the trigger system can efficiently reject fake muon
candidates from background particles. In 2024, the full integration of the NSW detectors into
the Level-1 trigger decision was successfully completed. This advancement reduced the Level-1
muon trigger rate by approximately 14 kHz, corresponding to about 15% of the total Level-1
trigger rate, while introducing only a small additional loss in efficiency. As a result, the load on
the ATLAS data acquisition (DAQ) system was alleviated, and the overall data-taking efficiency
of the experiment was substantially improved. This upgrade represents an essential step toward
maintaining efficient operations in the challenging environment of the High-Luminosity LHC.
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1. Introduction

The Large Hadron Collider (LHC) delivered unprecedented luminosity to the ATLAS experi-
ment [1] in 2024, providing the largest dataset in the experiment’s history (the left panel of Figure
1) [2]. While this was a remarkable achievement in terms of the accelerator performance, it also
posed significant challenges for ATLAS data-taking operations, particularly on the Level-1 (L1)
trigger system. The ATLAS L1 trigger system [3] is the first stage of online event selection. At
the LHC, proton bunches cross every 25 ns, corresponding to a rate of 40 MHz, with multiple
proton-proton interactions occurring in each crossing (pileup). The L1 trigger system processes
signals from calorimeters (L1Calo) and muon detectors (L1Muon) in real-time, selecting about
100 kHz of the most interesting events out of the 40 MHz bunch crossing rate, all processed with
a fixed latency within the 2.5 us budget of the L1 trigger system (the right panel of Figure 1).
This drastic reduction is essential because downstream detector readout and software-based event
processing cannot handle the full 40 MHz rate.

Any increase in the L1 trigger rates directly impacts ATLAS operations: it leads to higher
deadtime, during which detector data is not recorded, thus reducing the overall data-taking efficiency.
At the start of the 2024 LHC operation, ATLAS operated at an L1 trigger rate of 95 kHz with
approximately 6% deadtime under a pileup of 60. Higher pileup values increase detector occupancy,
background levels, and processing load. The main source of deadtime arises from a protective
mechanism called complex deadtime [4], which prevents buffer overflows in the front-end electronics
of each sub-detector when the L1 trigger rate is instantaneously too high. Each sub-detector stores
data in its buffer until an L1 accept signal is received. Because the effect of complex deadtime is
non-linear, even modest increases in the L1 trigger rate can cause disproportionately large losses of
efficiency. Among all L1 trigger items, the L1 muon trigger contributed the second-highest rate,
underscoring the urgent need to suppress background-induced muon triggers.
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Figure 1: (Left) Cumulative luminosity versus day delivered to ATLAS during stable beams for high energy
p-p collisions [2]. (Right) Schematic overview of the Trigger and DAQ system in Run 3 [4]. The L1 trigger is
mainly based on two independent sub-systems which use custom electronics to trigger on information from
either the calorimeters (L1Calo) or the muon detectors (L1Muon).
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2. Challenges in the Level-1 Muon Endcap Trigger

The L1 muon endcap trigger relies on Thin Gap Chambers (TGCs), located in the middle muon
station of the ATLAS detector in Figure 2 [5]. TGCs are multi-layer gaseous detectors capable
of fast timing and position measurements. The ATLAS TGC detector system consists of multiple
layers: TGC1 has three layers, and TGC2 and TGC3 have two layers each. Muon candidates are
reconstructed in two stages:

1. Front-end processing — in the detector electronics, multi-layer coincidence logic is applied
independently to wire and strip signals, providing radial (R) and azimuthal (¢) coordinates.

2. Back-end processing — the Sector Logic (SL, the right panel of Figure 1) combines R — ¢
information to reconstruct muon candidates and applies pointing requirements to ensure that
candidates are consistent with originating from the interaction point.

A long-standing challenge for the L.1 endcap muon trigger is its susceptibility to background
particles. Many of these backgrounds are charged hadrons produced in hadronic interactions with
the toroid magnet (the right panel of Figure 2). These backgrounds can mimic high-pt muon
signatures and generate fake triggers. Because the L1 trigger must operate with very low latency
using simple logic, it cannot fully discriminate between true muons and background tracks using
only TGC information. As a result, the muon trigger rate in the endcap region has historically been
high, threatening the available L1 bandwidth. This motivated the integration of a complementary
real-time muon tracking system - the New Small Wheel (NSW) - to provide additional information
that can suppress fake muon triggers in the |7| range of 1.3-2.4.
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Figure 2: (Left) Cut-away view of the Run 3 configuration of the ATLAS detector indicating the locations
of the detector sub-systems [5]. (Right) Schematic quadrant view showing locations of the main components
of the Muon Spectrometer for Run 3 [5]. The TGC coverage at the middle muon station is 1.05<|n|<2.4.
Many of these backgrounds are charged hadrons produced in hadronic interactions with the toroid magnet
and can mimic high-pt muon signatures and generate fake triggers.
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3. New Small Wheel Integration into the Level-1 Muon Trigger

The NSW detectors, installed before Run 3 in the inner muon station (inside the toroid magnet),
consist of two technologies: small-strip TGC (sTGC) and Micromegas (MM) (Figures 2 and the
left panel of Figure 3) [S]. Each detector provides eight precision layers with spatial resolutions on
the order of 100 um. These detectors deliver both excellent tracking and fast triggering capabilities
even in the high-background endcap environment. Track segments are reconstructed independently
in the STGC and MM systems and then processed in the NSW Trigger Processor (NSW-TP) in the
middle panel of Figure 3. The NSW-TP is an AdvancedTCA module equipped with mezzanine
cards hosting high-end FPGAs [5]. Each FPGA can receive up to 36 optical input links. To meet
the stringent latency budget of the L1 trigger system, firmware was carefully optimised so that the
NSW-TP outputs are delivered to the Endcap Sector Logic (SL) within latency limits. A total of 36
NSW-TP boards cover the full NSW detector system.

The SL (the right panels of Figures 1 and 3) was upgraded for Run 3. Each SL board uses a
Xilinx Kintex-7 FPGA with sufficient high-speed serial transceivers and large Block RAM capacity.
These resources allow the SL to process inputs from the legacy TGC and the new NSW detectors,
and to transmit the final trigger decision to the Muon Central Trigger Processor Interface (MUCTPI)
at 6.4 Gbps, as shown in the right panel of Figure 1. A total of 72 SL boards cover all endcap
regions.

The upgraded SL identifies muon candidates in two stages:

» Stage 1: Candidates are identified using TGC-only information, requiring coincidence across
seven detector layers (TGC-only trigger).

» Stage 2: The TGC-only trigger candidates are cross-checked with NSW track segments. Fake
candidates from backgrounds are efficiently rejected because background particles typically
do not produce consistent signals across both detector systems (TGC+NSW trigger).

To meet the tight latency constraints, this two-stage logic is implemented using Look-Up Tables
(LUTs), where precomputed decisions are stored and retrieved within a single clock cycle.
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Figure 3: Photos of the NSW detector (Left), the NSW Trigger Processor (Middle) and the Endcap Sector
Logic (Right).

The NSW integration was carried out in stages to ensure stability and prevent data loss due
to potential immaturity of the system. Each small region could be configured to operate in either
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TGC-only trigger or TGC+NSW trigger mode, allowing selective activation depending on NSW
detector readiness. This staged approach minimised the risk of data loss and allowed incremental
integration. Dedicated online and offline efficiency monitoring frameworks were reinforced to
provide rapid feedback cycles during the integration process. Signal timing alignment between the
NSW and TGC signals was carefully fine-tuned to maximise the efficiency. Early studies showed
efficiencies close to 100% in some regions, although a few low-efficiency sectors remained in TGC-
only trigger. By May 2024, full integration of the NSW into the L1 muon trigger was completed,
marking a milestone in Run 3 operations.

4. Performance Improvements with NSW Integration

The impact of the NSW integration on trigger performance was substantial. The L1 muon
trigger rate, initially around 25 kHz, was reduced to 11 kHz after the full integration (the left panel
of Figure 4). This corresponds to a reduction of approximately 14 kHz, which is about 15% of
the total ATLAS L1 trigger rate. Such a reduction alleviated the load on the DAQ system and
directly improved operational efficiency. As shown in the right panel of Figure 4, the rate reduction
was pronounced in the endcap region covered by the NSW (1.3 < || < 2.4), where backgrounds
were severe. The suppressed 14 kHz mostly corresponds to background-induced triggers, while the
inefficiency introduced for true signals by the additional trigger algorithm is limited to 3-4%, as
discussed in the next section.

The impact of the rate reduction was also substantial in the ATLAS operations. The rate
reduction leads to a suppression of the deadtime and allowed the ATLAS to sustain higher pileup
values, increasing from 60 to 64 in 2024. Data-taking efficiency also improved by several percentage
points compared to 2023. Importantly, this gain translates into significantly more usable physics
data.
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Figure 4: (Left) The L1 trigger rate of the primary single muon trigger (TGC+NSW trigger, 14 GeV
transverse momentum threshold) as a function of date. The trigger rate for each run is normalised to an
instantaneous luminosity of 2 x 10* cm™2s~!. (Right) Pseudorapidity (17) distribution of the primary L1
muon trigger, before (blue) and after (red) integrating the NSW (1.3 < || < 2.4). [6]
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5. Prospects of the Level-1 Muon Endcap Trigger for 2025

Despite the major improvements in background
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already showing improvements in early 2025

operations.

These developments are expected to bring the efficiency of the TGC+NSW trigger closer to
that of the TGC-only trigger, while maintaining the significant reduction in background rates.

6. Summary

The ATLAS L1 endcap muon trigger, historically limited by high background rates, underwent
a major upgrade with the integration of the NSW detectors in Run 3. The staged commissioning
process, completed in May 2024, enabled stable operations with optimal efficiency. The result
was a reduction of the L1 muon trigger rate by approximately 14 kHz, corresponding to about
15% reduction of the total L1 trigger rate. This directly improved ATLAS data-taking efficiency
and allowed operation at higher pileup values with improved efficiency in 2024. The achievement
highlights the importance of detector and trigger innovations in coping with challenging experi-
mental environments. The success of the NSW integration not only benefits the current Run 3
operations but also provides crucial experience for the upcoming High-Luminosity LHC era, where
background and pileup will be significantly more challenging.
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