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LHC restarted operations in April 2022 planning to run at an average instantaneous luminosity
of 2.0 × 1033 cm−2s−1 at the LHCb interaction point, a factor of five higher than in the past. In
order to take data at the increased luminosity and full bunch crossing frequency (30MHz visible
interaction rate) in trigger-less mode, the LHCb Detector has undergone a major upgrade, allowing
it to collect approximately 50 fb−1 in the next 10 years. Similarly to other parts of the detector
the Muon stations feature new electronics, able to cope with the harsher environment. Steady
progress has been made in commissioning the detector control system, calibration and alignment
using data collected in 2022 and 2023. In 2024, the detector is expected to reach its nominal
performance. Current status and prospects of the LHCb muon detector will be discussed in detail.

42nd International Conference on High Energy Physics (ICHEP2024)
18-24 July 2024
Prague, Czech Republic

†On behalf of the LHCb Collaboration
∗Speaker

© Copyright owned by the author(s) under the terms of the Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License (CC BY-NC-ND 4.0). https://pos.sissa.it/

mailto:andrea.contu@cern.ch
mailto:andrea.contu@ca.infn.it
https://pos.sissa.it/


P
o
S
(
I
C
H
E
P
2
0
2
4
)
9
0
3

The LHCb Muon Detector Andrea Contu2

1. The LHCb Muon detector in Run 3

Figure 1: Left: LHCb Muon detector layout from 2011, the M1 station has been removed for Run 3. Right:
Definition of the four regions R1-4 of one station; the grid corresponds to the different MWPCs in each
region; the logical pads are defined from the physical horizontal and vertical strips. Figures taken from [4].

The LHCb detector underwent its first major upgrade in the shutdown period between 2018
and 2022 [1]. The goal of such an upgrade is to expand the physics reach of the experiment and in
particular to increase the statistical power of the collected data for precision heavy-flavor physics
studies. The instantaneous luminosity at the LHCb interaction point was increased by about a factor
of five and now can reach a value of 2 × 1033 cm−2s−1. The current Muon system [2, 4] is made up
of four stations, alternating with iron walls as absorbers. The M1 station in front of the calorimeter,
present in the data collection period 2011-2018, has been removed because its main purpose was
to provide fast track transverse momentum, 𝑝𝑇 , measurements for the lower level trigger (now no
longer present), and the detection and tracking efficiencies are unaffected by its removal. The muon
stations are the furthest from the interaction point among the subdetectors, with the purpose of
detecting muons with high 𝑝𝑇 . It also contributes to the reconstruction and particle identification
(PID) of reconstructed particle tracks. As many interesting physics channels are identified by a clear
muon signature, it is crucial that the Muon system performs at the highest possible performance to
ensure the success of the LHCb physics programme. The detector technology is based on Multi
Wire Proportional Chambers (MWPC), which can be read out at vertical anode strips, which define
the 𝑥 resolution, and cathode pads, which define the 𝑦 resolution. These physical channels can be
combined with a logical "and" to define pixels in each station, which send binary information, the
hits, to the DAQ system. To account for the varying expected hit occupancy across the detector,
the stations and regions have different granularities. During the 2011-2018 period, the system has
performed extremely well. Operating at an instantaneous luminosity of up to 4 × 1032 cm−2s−1,
twice its design value, the reported detection efficiency was greater than 99% in the detector. The
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measured PID efficiency was also very high, approximately 97%, with low misidentification rates.
During nine years of operation, the detector has not shown significant signs of ageing [5]. In
this document, the current Muon detector is presented, which exploits the new on and off detector
electronics needed to meet the demanding readout requirements of the fully software-based LHCb
trigger system [2].

Figure 2: Photo of an nODE board.

2. The new off- and on-detector electronics for the Muon system

The readout rate of the entire LHCb detector is now equal to the LHC bunch crossing rate of
40MHz, with the removal of the lower-level hardware trigger, in favour of a purely software trigger
that greatly improves the efficiency for hadronic final states. Many of the subsystems have been
upgraded to sustain the higher pile-up and occupancy rates. Therefore, most of the Front-End (FE)
electronics have been replaced, and the DAQ infrastructure has also been improved. Ideally, the
upgraded detector will be able to collect 50 fb−1 of collision data over the next two data-taking runs
(2022-2032). For the Muon detector new off-detector electronics (nODE) have been developed and
installed. The nODEs feature new nSYNC chipsets for signal processing (see Figure 2). Every
nODE is equipped with four nSYNCs [3], which are the custom radiation tolerant ASICs. An
nSYNC reads 48 digital channels and measures the hit arrival time with Time-to-Digital converters
(TDC), as a phase difference with the master LHC clock, working at a nominal resolution of 1.56
ns (one sixteenth of the nominal LHC clock cycle of 25 ns). The master clock is handled and
distributed on the nODE board by GigaBit Transceivers (GBTs). The GBTs also interface with the
Experimental Control System, to configure the various chipsets on the board. The data processed
by the nSYNCs are then sent to the FPGA-based DAQ boards (TELL40) for further processing.
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Figure 3: Left: Schematic of the architecture of the new Off-Detector Electronics (nODE) board. Right:
Data processing scheme for the Muon detecotr.

Furthermore, the new data taking run sees the introduction of the Muon system as a luminosity
monitor, along several other sub-detectors. A scheme is shown in Figure 3.

3. Commissioning of the detector

Figure 4: Hit maps in the four muon stations. From left to right, M2 and M3 in the top row and M4 and M5
in the bottom row.

The Run 3 commissioning period started in 2021 with the October Beam Test, when beams of
an energy of 450 GeV were injected in the LHC. For the first time, the Muon system was included
in the "global" data-taking mode of LHCb, and a coarse time alignment of hits with the LHC
clock was achieved. The beam test set the path for the 2022 commissioning period, putting the
entire DAQ and ECS system to the test. The luminosity counters were also tested, showing results
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similar to those previously observed. The final stretch of commissioning begun in March 2022.
After some "Cosmic runs", meant to deal with the issues encountered the previous October, the
LHC beam energy was ramped up to its highest ever value, hitting 6.8 TeV on the 5th of July.
The Muon system has been continuing its commissioning phase throughout 2023, facing to main
issues: desynchronization of data links and time alignment. These issues were not related, but
one prevented a proper investigation of the other. Moreover, this was exacerbated by the non-
optimal performance of the LHC in 2023 that did not allow enough statistics to be collected for a
calibration of the timing delays. The desynchronization of data links was due to a general issue at
the readout level, as the problem affected not only the muon system but other sub-detectors as well.
Desynchronisation caused entire sectors of the detector to not send valid data, heavily affecting
efficiency. Although the problem needs to be fully understood, its consequences are now negligible
thanks to a combination of intervention on the nODEs and readout boards (TELL40s). In addition
to this, changing the off-detector electronics required an almost complete overhaul of the control and
calibration system. Moreover, the removal of some Intermediate Boards* to cope with the increased
lumi changed the cabling scheme. A full realignment, calibration (of time delays, thresholds, etc.)
and monitoring was necessary (and time consuming). During the winter shutdown, an intense
work on the software infrastructure and muon specific software was performed to allow the proper
reconstruction of Time Alignment Event (TAE) data that included track matching to muon hits to
heavily reduce the backgrounds (particularly relevant for the external regions). Together with the
solution to desynchronisation, this allowed for a proper alignment of the detector with the very first
data of 2024, as clearly visible in the example hitmaps in Figure 4 (remaining structures and holes
are due to hardware issues that need replacements to be performed at the next suitable shutdown
period).

4. Detector performance

At the beginning of the LHC operations in 2024 (April/May) high quality calibration data was
finally collected. The data allowed a full calibration of the detector that allowed a near-norminal
performance to be achieved, as shown in Figure 5.

This practically finished the commissioning of the muon detector. The muon group is now
working on small improvements, such as finding the optimal threshold setting and overcome small
inefficiencies in some of the chambers.

5. Conclusions

The Muon system has performed exceptionally well in the first two data-taking runs of LHCb.
It has also shown little aging in its hardware, the Multi-Wire Proportional Chambers, which have
been kept in the current detector. Despite the challenges posed by a novel DAQ infrastructure, a
new readout electronics, and external difficulties, the muon system is now performing close to its
expected performances and ready to start data-taking in 2024.
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Figure 5: Muon identification efficiency as a function of muon momentum and ⟨𝜇⟩ extracted using the
tag-and-probe method in 𝐽/𝜓 → 𝜇+𝜇− candidates. Left: muon momentum below 0.8 GeV/𝑐. Right: muon
momentum above 0.8 GeV/𝑐 [6].
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