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The LHCb detector, a single-arm forward spectrometer designed for the investigation of heavy
flavor physics at the Large Hadron Collider (LHC), features one of the world’s largest and most
radiation-exposed muon detectors. Throughout Runs 1 and 2 of the LHC, operating at an in-
stantaneous luminosity of 4×1032 cm−2 s−1 this detector has exhibited remarkable performance,
with a tracking inefficiencies at the level of O(1%). Following a preliminary upgrade targeting
off-detector and control electronics, a second upgrade has been proposed to maximize the flavor
physics potential during the HL-LHC period. However, the higher instantaneous luminosity at
Run 5 and RUN 6 (L∼1×1034 cm−2 s−1) makes it necessary to redesign the muon detector to
preserve its high detection capabilities. Different sub-detector technologies have being considered
to cope with the wide difference in particle rates between the innermost region and the outer one.
The state of the art of the muon detector design for the LHCb Upgrade II is presented.
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1. LHCb Muon system

The muon system, shown in figure 1, covers a total instrumented area of 390 m2 and is made up
of four stations M2-M5, each sectioned into four regions R1-R4 with increasing distance from the
beam line. The stations, which are interleaved with 80 cm thick iron absorbers, are instrumented
each with 276 Multi-Wire Proportional Chambers (MWPCs), each containing four gas gaps. In
the Upgrade II conditions, the main technical challenge is the significant rise in the readout rates
particularly in the inner region of the detector, R1 and R2, where the rates can approach 1 MHz/cm2,
resulting in very high occupancy and rate-induced dead time, as shown in tab. 1. These effects are
mitigated in the Baseline scenario (L=1.5×1034 cm−2 s−1) by increasing the granularity of the inner
region (R1-R3), replacing the current MWPCs in regions R1 and R2 with µ-RWELL chambers,
which can withstand rates as high as a few MHz/cm2, and those in the region R3 of the M2 and M3
stations with new higher granularity MWPCs. Additional iron-concrete shielding is also required
before the M2 station, to be installed in place of the hadronic calorimeter (HCAL). This will bring
an extra ∼ 4 nuclear interaction lengths in front of the most occupied region of the detector, as
compared with the present situation, where the shielding is provided by the HCAL itself. In the
remaining ∼ 80% of the detector area, with the expected rates below a few kHz/cm2, the current
MWPCs are expected to provide adequate performance during Runs 5 and 6.
In Upgrade II conditions the current electronics and the readout strategy, where a single FE channel

receives analog signals from two consecutive gaps in each MWPC, would lead to large readout rates,
dominated by uncorrelated hits due to low energy particles, resulting in significant dead time. The
Upgrade II readout rate will be significantly suppressed by sending digitized signals from each gap
to the DAQ board (PCIe400), where a sophisticated logic, requiring the firing of more than one gap
in a projective path from the interaction point, is performed. This necessitates the development of
two new FEE ASICs, one for the µ-RWELL chambers and one for the MWPCs. The number of
readout channels increases to ∼ 720k, compared with ∼ 120k in the current system.
On the contrary, in the Low scenario (1×1034 cm−2 s−1) the reduced rate permits keeping the
current MWPCs in all of the R3 regions. Moreover, no additional shielding is required before the
M2 station. Table 2 shows the summary of the Muon system upgrade for the two scenarios.

Figure 1: General structure of the muon detector, made of four stations M2-M5, interleaved with iron
absorbers (grey), and the four regions R1, R2, R3 and R4 in different colours.
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Rate (kHz/cm2) M2 M3 M4 M5
R1 1370 470 220 220
R2 240 70 35 30
R3 37 9 5 5
R4 10 3 2 3

Table 1: Maximum input rate expected at 1.5×1034 cm−2 s−1 for each station and region of the muon
detector.

Baseline Low
1.5×1034 cm−2 s−1 1.0×1034 cm−2 s−1

µ-RWELL in R1/R2 µ-RWELL in R1/R2
96/192 new MWPC in R3 keep old MWPC in R3

keep old MWPC in R4 keep old MWPC in R4
additional shielding keep HCAL
718,848 channels 608,256 channels

Table 2: Summary of Muon detector scenarios for different peak luminosity

Muon Scenario (L=×1034 cm−2 s−1) R1 R2 R3 R4
Muon Detector-RUN2 (1.0) 45.0 83.9 91.3 96.0

Low Scenario (1.0) 95.9 97.7 91.3 96.0
Baseline Scenario (1.5) 95.4 97.9 92.1 94.6

Table 3: Muon track efficiency (%) as function of the region of the Muon system.

In table 3 summarize the estimation of the muon tracking efficiency with the Muon appatus
at RUN 2, which operated at a factor of order 100 lower luminosity, in case of an instantanous
lumonosity of L=1×1034 cm−2 s−1. The efficiency drop, in particular for R1 and R2 regions,
depends on the particle kinematics, ranging from 5–10% for high momentum tracks to 10 –15% for
low momentum tracks. For these estimates, the dead time induced inefficiency is included. The latter
inefficiency is strongly influenced by the detector response for muons crossing consecutive gaps in
non-projective pads (with respect to the interaction point), and is being estimated. Nevertheless,
with the new readout scheme and its further optimisation introduced in the low scenario upgrade
and the baseline one, it is expected that this efficiency drop will be effectively reduced.

2. The µ-RWELL for high rate environment

The µ-RWELL [2] is a resistive Micro-Pattern Gaseous Detector (MPGD) composed of two
PCBs: a PCB acting as the cathode, defining the gas detector gap, and the µ-RWELL_PCB
that couples in a unique structure the electron amplification and the readout stages, as shown in
figure 2. A 50 𝜇m thick polyimide (Apical®) foil, copper-clad on the top side and sputtered with
Diamond-Like-Carbon (DLC) [3] on the bottom side, is coupled to a standard PCB readout board,
through a 50 𝜇m thick pre-preg foil. The thickness of the DLC layer (typically in the range 10
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Figure 2: Sketch of the µ-RWELL.

÷ 100 nm) is adjusted according to the desired surface resistivity value (50÷100 MΩ/square) to
provide discharge suppression as well as current evacuation. A chemical etching process of the
polyimide foil is performed on the top surface of the overall structure to create a GEM-like matrix
of truncated cones with 70 𝜇m (50 𝜇m) top (bottom) diameter and 140 𝜇m pitch. This pattern
constitutes the amplification stage. The high voltage applied between the copper and the resistive
DLC layers produces the required electric field within the WELLs that is necessary to develop
charge amplification. The signal is capacitively induced on the strips/pads on the readout board
[4]. The introduction of the resistive layer allows achieving large gas gains up to 104 with a single
amplification stage, while partially reducing the capability to stand high particle fluxes [5]. The
µ-RWELL technology, based on sequential build-up (SBU) technology, has been proposed for
the for the phase-II upgrade of the innermost regions of the muon detection system of the LHCb
experiment at the High Luminosity LHC (HL-LHC). This endeavor will involve the production
of approximately 600 detectors with an active area ranging from 250×300 mm2 up to 300×650
mm2. In this context, we engaged in a technology transfer (TT) of specific manufacturing steps of
the detector to ELTOS SpA1, an Italian company specialized in PCB manufacturing. The ELTOS
has a large experience in the construction of MPGDs, including technologies such as Thick GEM
(THGEM) and MicroMegas (MM). The involvement of private industries in this R&D opens the
way for the extensive adoption ofµ-RWELL technology across various fields of application, ranging
from HEP to industrial, medical, and homeland security domains.
In 2023, the R&D program was focused on the optimization of the new high-rate µ-RWELL layout,
the PEP-Groove (PEP = Patterning-Etching-Plating). This layout, introduced in 2022 as a synthesis
of the already tested high-rate layouts (figure 3), is based on a single DLC layer high-rate scheme.
In the PEP-DOT layout, figure 4, the ground connection of the DLC is established by creating
metalized vias from the top Cu layer through the DLC, down to the pad-readout of the PCB. The
upgrade from the Groove version to the DOT one has significantly reduced the dead zone to 2-3%.
In figure 5 and figure 6 further details of the PEP-DOT layout are reported.

1https://eltos.com
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Figure 3: General sketch of the high-rate layout
based on the PEP grounding scheme.

Figure 4: Sketch of the PEP-DOT layout

Figure 5: Metallographic cross-section of the
PEP-DOT layout.

Figure 6: Picture of the DOT-vias for the DLC
grounding.

3. Characterization of the PEP-DOT prototypes

A first characterization of the 𝜇-RWELL prototypes is carried out at a high-intensity 5.9 keV
X-ray gun facility. Common measurements include the gas gain curve and rate capability. The gas
gain curves for several PEP-DOT layout prototypes are shown in figure 7 (left): typical gas gain on
the order of 104 has been achieved for all prototypes. The normalized gas gain curves as a function
of the X-ray flux for various irradiation spots are presented in figure 7 (right). These measurements
have been performed at a gas gain of 4000, with detectors operated with the Ar:CO2:CF4 = 45:15:40
gas mixture. Since the irradiated area is larger than the DLC grounding pitch (approximately 1
cm for both layouts), the gain drop is, as expected, almost independent of the spot size. The rate
capability, defined as the rate corresponding to a gain drop of 10%, is of the order of several
MHz/cm2. The characterization of the PEP-DOT layout has been completed through a dedicated
beam test at the CERN North Area with a pion beam of about 150 GeV/c. The test setup has included
an external 2D tracking system, for the evaluation of the efficiency. A detailed investigation of the
DLC-grounding area, which introduces a dead zone, has been carried out. By irradiating the
detectors with a muon beam spot size of approximately 3×3 cm2 (FWHM), we assessed the impact
of the dead zone around the DOT-grounding of the DLC on the detection efficiency. Figure 8 (left)
shows the overall efficiency as a function of the HV applied to the amplification stage, at a drift field
of 3.5 kV/cm, while figure 8 (right) shows the efficiency profile across the DLC DOT-grounding,
showing an efficiency drop in the order of 10%.
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Figure 7: Gas gain curves (left) and rate capability (right) for the detectors co-produced by ELTOS and
CERN Workshop. The X-ray flux has been converted in minimum ionizing particle (m.i.p.) flux taking into
account the different total ionization.

Figure 8: Efficiency of a PEP-DOT prototype as measured with 150 GeV/c pions (left); efficiency profile
across the DLC DOT-grounding (right).
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