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During phase-2 CMS will replace the trigger and data acquisition system in preparation for the
HL-LHC. This upgrade will allow a maximum accept rate of 750 kHz and a latency of 12.5 𝜇s.
To achieve this, new electronics and firmware are being designed. We describe the first version of
an algorithm capable of detecting and identifying muon showers, running in the first layer of the
trigger system. It was designed to be implemented on FPGAs with minimum resource utilisation,
increasing the robustness of the current algorithm. This will allow to recover efficiency compared
to the current algorithm at high 𝑝𝑇 muons.
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Introduction

The CERN Large Hadron collider (LHC) is undergoing a series of upgrades that will take it to
the so-called High Luminosity LHC (HL-LHC). A new version of the collider capable of reaching
much higher energies and precision measurements. This upgrade program will offer unprecedented
opportunities for HEP, demanding new workflows and data processing techniques to achieve high-
precision Standard Model (SM) measurements and expand the search for Beyond Standard Model
(BSM) physics [1].

The CMS Phase-2 upgrades will allow to fully exploit the HL-LHC by introducing improve-
ments at hardware and software level, including electronic, interconnection, firmware, and software
upgrades; using more sophisticated and innovative algorithms; and replacing or adding new de-
tectors. Moreover, since LHC luminosity is expected to scale by a factor of around 7 and pile-up
events will reach values up to 200, these improvements are particularly important for the CMS
Level-1 Trigger (L1T) system, which should improve the signal selection efficiency compared with
Phase-1 performance levels, while also significantly enhancing (or enabling) the selection of any
possible new physics manifestations that could lead to unconventional signatures. For this, CMS is
upgrading the L1T system from a maximum accept rate from 100 kHz and with a fixed latency of
4 𝜇s, to 750 kHz and 12.5 𝜇s respectivly [1].

Since one of the main physics goals of the CMS experiment is to search for new phenomena in
proton-proton (pp) collisions, good identification and precise measurement over a large energy range
is required. Studies on the performance of the reconstruction and identification of high-momentum
muons [2] have shown that showering effects can significantly impact muon performance,i.e.,
triggering, reconstruction, or transverse momentum (𝑝𝑇 ) measurement. In particular, the L1T
efficiency suffers a degradation of up to 10% for muons with momentum around 1 TeV, with the
greatest impact occurring in the barrel region, 𝜂 < 0.9, as shown in Fig. 1 (left) [2].

These shower effects occur, for instance, when a muon traveling through the steel of the magnet
flux-return yoke has sufficiently large momentum such that radiative energy losses (bremsstrahlung,
e+e− pair production, photo-nuclear interactions, etc.) become non-negligible compared to ioniza-
tion energy losses. This radiation creates cascades of particles (electromagnetic showers), which
can lead to multiple hits being reconstructed in the muon detectors. A trend showing the increasing
probability of shower production as a function of muon momentum is presented in Fig. 1 (right)
[2].

The Phase-2 L1T system processes the information generated from calorimeter, tracker and
muon systems in a pipeline-like process which transforms detector Trigger primitives (TPs) until
reconstructed physics object to apply event selections based on specific trigger paths according to
the physics target of each collision RUN. The processing chain starts at local detector level and
moves through intermediate processing stages which combines and filters TPs using specific trigger
algorithms until the final objects can be used in the global L1T to emit an accept/reject signal to
capture the event RAW data and send it to the next CMS trigger level.

For the Phase-2 upgrade of the L1T barrel muon system, Drift Tube (DT) L1 TPs will be
reconstructed based on measured DT hits by fitting straight-line muon paths (in a FPGA based
board known as BMTL1) using the AM algorithm (Analytical Method) within a 25 ns window
achieving up to 99% efficiency [3]. However, in the presence of shower effects, where multiple
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Figure 1: (Left) shows how efficiency decreases with increasing muon momentum, this is directly connected
with the increase of the number of muon showers, as their production probability (right) grows with momen-
tum [2].

hits are produced in a small area of the DT chambers, the combinatorial explosion of TPs leads to
processing delays and spurious data, directly affecting reconstruction algorithms and, therefore, the
overall trigger efficiency, as previously mentioned.

These radiative energy loss effects in high-𝑝𝑇 muons are typically observed in rare processes
such as off-shell production of high-mass or on-shell production of high-𝑝𝑇 𝑊★ and 𝑍★/𝛾 bosons.
They may also result from the decay of BSM particles with TeV-scale masses (e.g., 𝑍 ′ or𝑊 ′ bosons)
[2]. Additionally, electromagnetic showers may be detected in the muon system as a result of the
hadronic decay of a long-lived particle (LLP) that travel through the detector material.

In light of the challenges described above, it is evident that implementing particle shower
identification for Phase-2 is expected to enhance high-momentum muon tagging and reconstruction
efficiencies, potentially extending sensitivity to BSM physics. Therefore, a muon shower identifi-
cation algorithm (shower algorithm) based on DT hit multiplicity at the BMTL1 board level was
proposed and implemented as described in [4].

This work presents a tagging efficiency study conducted with GEANT4 simulated data for the
shower algorithm, as well as initial strategies to integrate these shower trigger primitives into the
subsequent L1T processing stage—the Barrel Filter (BF).

Shower trigger/tagging algorithms

The algorithm of this work targets the shower identification in the first stage of the DT local
trigger, at the same level as the AM algorithm and working in parallel in the same board—BMTL1.
Technical details about the first implemented version can be found in [4]. In summary, the working
principle is to build a counter register that tracks the number of DT hits produced in a 400 ns time
window (16 LHC orbits - BXs). If the number of hits exceeds a set threshold, a Shower Primitive
(SP) is generated containing: the BX of the first DT hit detected, the minimum and maximum DT
wire number identifiers (which determine the shower’s length or spread), and a vector representing
the frequency profile of the activated wires (i.e., the shower’s hit density).
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The next stages in the barrel muon trigger chain move the AM TPs, SPs, and RPC TPs to
the BF. There, more sophisticated algorithms can be used to correlate and filter the TPs before
they are transferred to the Muon Track Finders (MTFs). At this stage, we propose implementing
a matching algorithm between SPs and AM TPs to label AM segments that may originates from
a high-𝑝𝑇 muon, providing the MTFs additional information that could be used during the muon
path reconstruction.

For the matching between the SPs and AM TPs, we take a geometrical approach by defining a
segment representation of the shower based on the minimum and maximum wire global coordinates.
Using this Shower segment (SS), a simple equation system can be formulated to evaluate wether a
AM TP segment geometrically intersects with any SS. If a match is found, a label can be included
in the TP. This approach was explored because solving the equations results in basic operations
when the global coordinates of the geometrical objects are known. Firmware implementation can
be achieved using pre-loaded lookup tables.

Results

We estimate the shower tagging efficiency using simulated events containing radiating muons.
The showers produced by the algorithm were classified as True Positives (TP), False Positives (FP),
True negatives (TN), and False negatives (FN) based on the information of generation-level muons
and simulated hits in the generated sample. A real-shower signature was assumed to occur in any
detector where at least one of the following criteria is met:

• There are hits produced by muon and electron interactions1, and they are not too close together
( 𝜎2

wire# > 1).

• Hits are produced only by electrons but they are also sufficiently spread out.

• A generation-level muon matches with more than one AM TP in a single DT chamber.

The results are presented as a confusion map per wheel and DT station type in Fig. 2 (left).
The percentages were computed with respect to the set of DT chambers that exhibit at least one of
the following: a real shower signature, a Shower Primitive (SP), or traversal by a generation-level
muon.

Considering as successful any case where the SP is TP or TN, the current version of the
algorithm shows shower tagging efficiencies in the range of∼ 60-90%, with an average (84.1±0.1)%.

Finally, after the Barrel Filter matching analysis between SS and AM TPs, the pie chart shown
in Fig. 2 (right) groups the emulated SPs according to whether they are TP or FP, whether they
matches with any AM TP, and whether they have relation with any radiated generation-level muon.

It can be seen that with this first simple approach: at least the 64.1% of the SPs that matches
any AM TP can be associated with a high-𝑝𝑇 muon, and the unmatched SPs are certainly not related
to showered high-𝑝𝑇 muons.

1At least 3 hits from muon interactions.
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Figure 2: (Left) Confusion matrices of shower tagging efficiencies. (Right) Pie chart showing the ratio of
emulated SPs according to whether they are TP or FP, whether they match with any AM TP, and whether
they have relation with any radiated generation-level muon.

Conclusions

The inclusion of a shower identification algorithm for the barrel region (BR) of the CMS
Phase-2 L1T has the potential to extend sensitivity to Beyond Standard Model physics by improving
the tagging of high-momentum muons, as well as other physics scenarios where electromagnetic
showers are expected.

Fast identification of shower signatures in DT detectors has the potential to support the Analyt-
ical Method (AM) algorithm by preventing saturation and enabling the use of alternative processing
paths when hit multiplicity is high.

Despite the proximity of the BR to the CMS solenoid and endcaps—MB1 stations and wheels
±1, where increased radiation levels are expected—the confusion map analysis shows that the
algorithm achieves a consistent rate of true positives and true negatives across most DT stations and
wheels, indicating a generally reliable performance in identifying genuine shower events. However,
further tuning of hit thresholds in high-radiation regions, as well as the inclusion of spatial criteria
beyond simple hit counting, may be necessary to improve uniformity across the detector.

Since unmatched SPs are certainly not related to showered high-𝑝𝑇 muons, this criterion
could be used to discard shower signatures that are irrelevant for high-momentum identification.
Nevertheless, the moderate shower tagging efficiencies and matching ratios observed suggest that
additional criteria should be explored—both to better define true shower signatures and to reduce
the number of matched SPs originating from other physics scenarios.

Future enhancements may include the use of AM-𝜃 Trigger Primitives to enable 3D correlation
analysis, as well as the development of parallel algorithms targeting non-high-momentum showers,
such as those potentially produced by jets from long-lived particles. To mitigate the uncertainty in
high-𝑝𝑇 muon identification, a strategy of assigning quality scores to SP–AM TP matches could be
implemented as auxiliary variables for the Muon Track Finders stage.
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