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Supervisor’s Foreword

The background to Tom James’ thesis originates in the requirement to upgrade the
CMS experiment at the CERN Large Hadron Collider to extend the studies of
physics in the TeV energy range and continue searches for new phenomena for
another couple of decades. To make this possible, large parts of the original
experiment must be replaced, since they have been exposed to extremely high
particle fluxes and will have been damaged by irradiation. At the same time, to
successfully study rare processes, including the properties of the Higgs boson first
observed in 2012, it will be necessary to acquire even larger event samples and
increase the statistical sensitivity of the experiment. This will be made possible by
increasing the area and granularity of some of the detectors, especially those closest
to the colliding beams, which measure the trajectories of the particles emerging
from the collisions. However, even with the fastest and most sensitive electronics
available today, it is impossible to capture and store all the data from CMS so it is
essential to select events of potential interest using a ‘trigger’, in which certain
characteristics, such as the presence of a very high transverse momentum lepton,
signal the possibility of an event of more than usual interest. The electronic trigger
for CMS has evolved considerably from its original conception, but still mainly
relies on signals from the muon detectors and electromagnetic and Hadron
calorimeters. In the future, these signals alone are insufficiently selective to reduce
the trigger rate to levels with which CMS can cope. The only way which has been
found to improve on this is to exploit information from the tracking detectors in the
experiment, which has hitherto not been used. This is immensely challenging,
because the number of tracking elements is huge; for triggering purposes, about
13,000 modules comprising about 214 million sensor elements must be used.
Studies have demonstrated that the tracking system must provide essentially all
fully reconstructed trajectories for particles with transverse momentum above
2 GeV/c and these must be available for the trigger within a few microseconds. This
is unprecedented, and especially difficult in a Hadron collider environment which
generates multiple events per beam crossing with a very large number of outgoing
charged particles from each interaction. Tom’s thesis explains how this problem has
essentially been solved, even though the final implementation of a system to
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achieve it has yet to be built, and his, important, role in demonstrating how this will
be done. It builds on work carried out, largely at Imperial College, to develop
digital electronic hardware to process data from the CMS electromagnetic
calorimeter for the Level-1 trigger. Over about twenty years, our group has
developed a high level of expertise in programmable digital electronics, based on
devices known as FPGAs, which has led to a series of processing boards, which are
highly flexible and adaptable to many different problems. Most recently, new
concepts were also proposed by our group to deliver a more powerful and flexible
trigger for CMS using a time-multiplexing method, which offers many advantages
for trigger systems. We decided to attack the track reconstruction problem by
applying this new concept. Tom joined the effort in the final year of his under-
graduate degree, working initially on software simulations of the tracking problem
in CMS. When he started his Ph.D. work the following year, he was well prepared
to tackle the full challenge of designing a system and demonstrating how track
reconstruction could be implemented using current technology. The subject of
Tom’s Ph.D., therefore, evolved into a study of how a track-finder could work in
CMS to provide the necessary reconstructed high transverse momentum tracks to
the L1 trigger with high efficiency, within the available latency. We were able to
build a demonstrator system to prove the concept would work by using existing
FPGA boards, which had been designed originally for the calorimeter trigger. As
the system design, and processing algorithms, evolved we were able to see how it
could be made to work and build software and other processing infrastructure to test
the idea and, importantly, to be able to compare the results from the FPGA pro-
cessors with those from realistically simulated CMS events. During his Ph.D., Tom
was based in CERN for about 18 months, with the task of implementing our
track-finder demonstrator system, collaborating with a few other Imperial staff
based there and in London. The success of the demonstrator considerably exceeded
what most of us thought was likely initially, and owed much to Tom’s efforts. He
pushed himself very hard and was dedicated to it, working very long hours to solve
any problem he encountered, invariably successfully. Tom demonstrated a
remarkable flair for instrumentation work and gained much expertise in advanced
software, electronic hardware and the rather complex tools and firmware required to
operate modern programmable electronics based on FPGAs, as well as hands-on
experience in computer and detector readout systems for real-time data acquisition.
His thesis will be a reference for newcomers to the track-finder work for a long time
to come. In his thesis, Tom acknowledges many others who contributed to this big
task, but I would like to specially emphasise the important long-standing support
we have received from our local funding agency, the UK Science and Technology
Funding Council.

London, UK Prof. Geoffrey Hall
November 2019



Abstract

The Compact Muon Solenoid (CMS) experiment at the Large Hadron Collider
(LHC) is designed to study a wide range of high-energy physics phenomena. It
employs a large all-silicon tracker within a 3.8 T magnetic solenoid, which allows
precise measurements of transverse momentum (pt) and vertex position.

This tracking detector will be upgraded to coincide with the installation of the
high-luminosity LHC, which will provide up to about 10**/cm*/s to cms, or 200
collisions per 25 ns bunch crossing. This new tracker must maintain the nominal
physics performance in this more challenging environment. Novel tracking modules
that utilise closely spaced silicon sensors to discriminate on track pr have been
developed that would only allow the readout of hits compatible with pr > 2-3 GeV
tracks to off-detector trigger electronics. This would allow the use of tracking
information at the Level-1 trigger of the experiment, a requirement to keep the
Level-1 triggering rate below the 750 kHz target, while maintaining physics
sensitivity.

This thesis presents a concept for an all field-programmable gate array (FPGA)-
based track-finder using a fully time-multiplexed architecture. A hardware
demonstrator has been assembled to prove the feasibility and capability of such a
system. The track-finding demonstrator uses a projective binning algorithm called a
Hough transform to form track-candidates, which are then cleaned and fitted by a
combinatorial Kalman filter. Both of these algorithms are implemented in FPGA
firmware. This demonstrator system, composed of eight Master Processor Virtex-7
(MP7) processing boards, is able to successfully find tracks in one-eighth of the
tracker solid angle at a time, within the expected 4 ps latency constraint. The
performance for a variety of physics scenarios is studied, as well as the proposed
scaling of the demonstrator to the final system and new technologies.
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