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The Monitored Drift Tube Trigger Processor (MDT-TP) will improve the rate capabilities of the
first-level muon (LO Muon) trigger of the ATLAS Experiment during the operation of the HL-
LHC. The information of the trigger candidate, obtained by other muon trigger subsystems, will
be combined with the precision of the MDT chambers to improve the resolution on the muon
momentum measurement, while limiting the trigger rate to an acceptable level in the high pile-up
environment of HL-LHC. The MDT-TP trigger logic is implemented on an AMD VU13P FPGA,
where MDT hits are extracted around the region-of-interest identified by the trigger candidate
and are used to perform muon reconstruction and transverse momentum estimate. For accepted
events, MDT hits are transmitted by the MDT-TP to the ATLAS data acquisition system via
FELIX. Monitoring, configuration and interfaces with other ATLAS subsystems are implemented
via services running on a ZYNQ SoC. Several tests of the MDT-TP are being conducted, including
the configuration and monitoring of the MDT-TP and the on-detector electronics, communication
with other LO Muon trigger boards and readout via FELIX.
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Status and testing of the MDT-TP for the ATLAS LO Muon Trigger at HL-LHC Iacopo Longarini

1. Introduction

The Monitored Drift Tube (MDT) Trigger Processor (MDT-TP) is a key project of the Phase-II
upgrade of the ATLAS Experiment [1], designed to handle the higher pile-up conditions of the
HL-LHC [2]. The selectivity of the legacy trigger system is limited by the spatial resolution of the
trigger detectors: Resistive Plate Chambers (RPCs) and Thin Gap Chambers (TGC). By including
MDT detectors in the trigger logic, the MDT-TP brings high-resolution measurements at the Level-0
(LO) of the muon trigger, improving the resolution on the muon pr and 1 coordinates. In addition,
it reduces the fake trigger rate due to accidental coincidences in the trigger detectors, providing a
sharper turn-on curve for the muon trigger, as shown in Figure 1.
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Figure 1: Expected trigger efficiency for the LO Muon trigger including MDT information (red), compared
with the scenario where the MDT information is not included (orange) and with offline muon reconstruction
(green). Figure from [3]

Each one of the 64 sectors of the ATLAS MDT System will be interfaced with a corresponding
MDT-TP. The trigger algorithm is seeded by the barrel and endcap Sector Logic (SL) board, which
provides the 1, ¢ coordinates and pr of the trigger candidate, based on the measurements from
the trigger detectors. The SL candidate is received by the MDT-TP and triggers the extraction of
the MDT hits in the temporal and spatial region of interest, allowing a pr and 1 measurement.
The SL candidate is updated with these refined measurements and is sent back to the barrel and
endcap SL boards. The candidates are then collected from all the SL boards by the Muon Central
Trigger Processor Interface (MUCTPI) and are sent to the LO Global Trigger, for a final decision.
When a LO Accept signal is asserted by the Global Trigger, the MDT-TP is responsible for sending
the information of the selected event to the Data AcQuisition (DAQ) path via the Front-End Link
eXchange (FELIX). Additional details on the design and expected performance of the Phase-II
trigger and DAQ system can be found in [2].

2. MDT-TP hardware and interfaces

The hardware of the MDT-TP is based on the open source Apollo-LHC platform [4]. Each
board is composed by a Command Module (CM) and a Service Module (SM), represented in
Figure 2.
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Figure 2: MDT-TP board prototype. The CM and the SM can be identified by the darker and lighter green
PCB colours.

The CM is designed specifically for the MDT-TP and features an AMD VU13P FPGA, which is
responsible for running the MDT-TP trigger and readout logic. Optical Fire-Fly connectors, capable
of a line rate up to 16 Gbps, allow the communication between the CM and the ATLAS on-detector
Chamber Service Module (CSM) boards, barrel/endcap SL boards and FELIX. Additionally, the
CM includes a high-performance clocking infrastructure that can produce clock signals that are
synchronous with the other LHC systems, power modules to control and monitor the power sequence
of the CM and a microcontroller unit to facilitate the control and configuration of its peripherals.

The SM board is a common design shared by the projects based on the Apollo-LHC plat-
form, implementing the ATCA standards and featuring an ATCA Intelligent Platform Management
Controller (IPMC) for control and monitoring of the MDT-TP. The SM features an AMD ZYNQ
System-On-Chip (SoC) with a quad-core ARM CPU at 1.2 GHz running a Linux instance, while
its programmable logic implements the AXI Chip-to-Chip protocol, interfacing the SoC with the
VUI13P FPGA on the CM. The SoC allows an application running on the SM ZYNQ to access
registers of the CM FPGA. Moreover, the SM implements an Ethernet connection with the ATLAS
network, enabling remote configuration, monitoring and control.

3. MDT-TP gateware logic and validation

The CM FPGA gateware is organised in two macro blocks. The Hardware Abstraction Layer
implements the low-level interfaces with the SL, CSM and FELIX, as well as clocking resources
and the AXI Chip-to-Chip protocol. In addition, it performs the decoding of the Time-to-Digital
Converted MDT hits that are received from the CSM boards in the corresponding sector of the
ATLAS Muon Spectrometer.

The trigger algorithm is implemented by the User Logic, which is described as follows. The
decoded MDT hits are received by the Tube Address Remapping logic, where global coordinates of
each MDT tube are calculated. In parallel, the MDT hits are stored into a dedicated DAQ pipeline,
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where they are sent to FELIX if a LO Accept signal is received. If the corresponding barrel or
endcap SL board identifies a trigger candidate, the information of its coordinates and pt are sent to
the MDT-TP. At the arrival of the SL candidate, the Muon Candidate Manager computes the angle
and crossing coordinate of the muon candidate in each MDT station. This information is then sent
to the Hit Processing logic and triggers the extraction of the MDT hits corresponding to the bunch
crossing and the position of the candidate. Once the interesting MDT hits are extracted, they are
calibrated in time by accounting for the time-of-flight from the LHC interaction point to the MDT
tube, along with delays caused by the electronics and signal propagation in the optical fibres. The
calibrated TDC information is subsequently used to determine the drift radius. The Segment Finder
(SF) implements an algorithm to identify up to three muon track segments (one for each MDT station
in the corresponding sector), measuring their position and angle. Two different implementations for
the SF are being developed, based on a clustering algorithm or on the Legendre transform [5]. This
information is sent to a p calculator which, depending on the number of segments reconstructed by
the SF, implements a different approach: if three segments are reconstructed, a sagitta measurement
is performed, while an estimate based on the deflection angle is employed in case only two segments
are reconstructed. In order to avoid storing the information about the local variation of the ATLAS
magnetic field on the MDT-TP, the pt calculator algorithm adopts a parametrisation of the formula
for obtaining the muon pr from the sagitta or the deflection angle, which is derived from the offline
ATLAS simulation for each combination of chambers. Finally, the SL candidate is sent back to the
corresponding SL board together with the refined pt and  measurement.

The current implementation is based on a multi-thread processing of the hits and the SL
candidate in each MDT station. The resource usage is compatible with the VU13P FPGA, with an
estimated value well below 60%. An improved variation of the trigger algorithm is being developed,
to improve the processing time and resulting in a more efficient resource usage.

The gateware blocks are currently under debugging and validation, based on input events
obtained from the Phase-II ATLAS simulation. The validation is performed using simulated
VHDL testbenches as well as testbenches based on the cocotb framework [6], relying on HDL-on-
git (Hog)[7] for continuous integration and development. Further validation of the FPGA gateware
is performed directly on the implemented hardware using Fast Monitoring, relying on SpyBuffers
that can inject and read data between different gateware blocks, allowing a more complete validation
of the hardware and the interfaces of the MDT-TP [8].

4. The MDT-TP Vertical Slice at CERN

Several tests are being performed at CERN using the MDT “Vertical Slice” test stand. A
prototype of the MDT-TP is interfaced with the Phase-II on-detector electronics: three CSM boards
are adopted, in order to collect the MDT data from 36 Front-End (FE) boards connected to the
MDT tubes arranged in three stations. Two plastic scintillators are in place to provide a coincidence
signal, allowing to perform data acquisition tests with cosmic-ray muons.

The MDT-TP prototype is installed into an ATCA crate and it is connected to a FELIX server
used to develop and test the readout interface. The configuration and monitoring infrastructure is
also being developed in this test stand. The test stand and the off-detector electronics in use are
visible in Figure 3.
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Figure 3: Setup at the MDT-TP Vertical Slice test stand at CERN. The MDT tubes arranged in three stations
are readout by 36 front-end boards, connected to three CSM boards, as visible in (a). The off-detector
electronics is installed in a rack visible in (b): ATCA crate (A), MDT-TP prototype board (B) and FELIX
server (C).

Several other test stands are in place to perform cooling tests of the MDT-TP, integration with
the barrel and endcap SL boards and networking studies.

5. Configuration and monitoring tests

To ensure reliable and scalable operations of the MDT-TP and the on-detector electronics, a
remote configuration and monitoring system is a key component of the MDT-TP software.

The MDT-TP configuration is performed by scripts running on the ZYNQ SoC, which are
responsible of controlling the power status of the CM, initialising the clock generators and the Fire-
Fly transceivers, as well as programming the CM FPGA. Additionally, the MDT-TP implements the
scripts for the configuration and programming of the CSM boards, as well as the configuration of the
MDT FE electronics. A DAQ2SoC service runs on the ZYNQ SoC and exposes high-level APIs, in
order to allow the remote execution of these scripts and monitoring of the status of the MDT-TP and
the on-detector electronics. The core software of this service is shared across all ATLAS Phase-11
TDAQ systems relying on SoC, while the implementation of its endpoints is performed specifically
for the MDT-TP. This service will allow a smooth integration between the MDT-TP and the rest of
the control system of the ATLAS Experiment.

The monitoring of the MDT-TP hardware is performed via IPMC and multiple MDT-TPs can
be monitored by the same application. To provide monitoring information for the on-detector
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electronics, each MDT-TP SoC implements an OPC-UA server that exposes the monitoring values
of the CSMs and the FE to the network, allowing the ATLAS Detector Control System to connect
and collect monitoring information centrally.

A web-based application is developed with the purpose of simplifying remote control and
monitoring of the MDT-TP during its development phase at the Vertical Slice. This application
simplifies the user’s interaction with the APIs exposed by DAQ2SoC and allows the user to quickly
visualise the monitoring information collected from the IPMC and the OPC-UA server. In addition,
it provides a simplified access to log and output files produced by the scripts invoked by DAQ2SoC.

6. Readout tests

Readout tests are performed at the Vertical Slice using a Phase-II FELIX prototype. Initial tests
show a valid and stable connection between the MDT-TP and FELIX, as well as a valid distribution
of the clocks from FELIX to the MDT-TP and the on-detector electronics.

Once the interface and clock alignment are validated, readout tests are conducted with a
dedicated MDT-TP gateware implementing DAQ in a trigger-less mode, recording data from the
MDT tubes at the Vertical Slice, allowing initial rate studies based on cosmic-ray muons.

7. Conclusion

The MDT Trigger Processor will become a key component of the ATLAS Muon Trigger during
the operations of the HL-LHC. The refined momentum measurement is expected to reduce the fake
trigger rate by up to ~50%, while keeping a high trigger efficiency for muons with a pt threshold
of 20 GeV. The main functionalities of the hardware, as well as its interface with the CSM, SL,
FELIX and the network have been tested and validated. The MDT-TP FPGA gateware is being
tested and validated in multiple ways, using inputs derived from simulated events with the Phase-II
detector layout. These validations are performed using HDL simulations or directly on-hardware.
While the hardware is in its pre-production phase, the available test stands are being used to validate
the prototypes and constantly exercise remote monitoring, configuration and control, with data
acquisition tests currently being performed via FELIX.
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