Available on CMS information server CMS NOTE 1997/091

The Compact Muon Solenoid Experiment

. CMS Note &)

AN L Mailing address: CMS CERN, CH-1211 GENEVA 23, Switzerland

The Hardware Muon Trigger Track Finder
Processor in CMS -
Specification and Method

A. Kluge, T. Wildschek
CERN, Geneva

Institute of High Energy Physics, Vienna

Abstract

The paper covers the specification and the applied track finder method of the hardware muon trigger track
finder processor in the high energy experiment CMS at CERN. The processor is based on data from the drift tube
muon chambers. The task of the processor is to identify muons and measure their transverse mansattum p
of more than two hundred thousand drift cells are used to determine the location of muons and measure their
transverse momentum.
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INTRODUCTION made to design a track finder system capable of processing date
from both the drift tube system and the cathode strip chamber

system. However, in this paper only the evaluation of the drift
This note concentrates on specification and applied traglhe chamber data is discussed.

finding method of the muon trigger track finder. A detailed
description of the algorithm and a VHDL model representing TRACK FINDER
the algorithm is presented in [1]. Prototype and final hardware PROCESSOR

implementation are covered in [2]. ENVIRONMENT

The muon detector fulfills three basic tasks: muon

identification, trigger, and momentum measurement. The muon . i i

detector is placed behind the calorimeters and the magnet coil. Th® CMS muon trigger comprises three main components;
It consists of four muon stations interleaved with the iron retufj€ Pattern comparator trigger (PACT) [4,5,6] based on resistive
yoke plates. A system of drift tubes (DT) [3] is applied in thBlate chambers (RPC), track finder processor (TF) based on
barrel region, while cathode strip chambers (CSC) cover tgft tube chambers (DT) and possibly cathode strip chambers
forward region. In addition resistive plate chambers (RP&ySC) and the global muon trigger. A detailed block diagram of
cover the entire muon detector [4]. the L1 trigger is shown in fig. 2.

to high level trigger
data pipeline > Lg—

super layersuper layer

super layer

drift cell

Fig. 1.: Three superlayers form a drift tube station. Fig. 2.: Block diagram of CMS first level trigger.

o o ~ DT- and CSC-trigger primitive generators first process the

The barrel part of the detector is divided in five wheels ipformation of the chamber locally. For the drift tubes up to two
z-direction and twelve 30sectors, resulting in 6@¢) detector {r5ck segments (position and angle, see fig 3.a, b) per muon
segments (see left part of fig. 2). Each sector comprises f@@amber are delivered. For the CSCs the number of trigger

measuring stations, MS1 to MS4. Every station contains onefimitives per logical sector is still under discussion. Track

two modules of drift tubes. The maximum drift time of the drifgegments from different stations are collected by the track
tube chambers is about 400 ns or 16 bx. finder.

A drift tube cell has a cross section of 4cmx 1.1cm. A The task of the track finder processor is to find muon tracks

spatial resolution of about 2Q0n is achieved. The total griginating from the interaction point and to measure transverse
number of wires is about 200.000. Fig. 1. illustrates th@omentunp, and their location ip andn.

arrangement of the drift tubes. A chamber consists of twelve

layers of drift tubes arranged in three superlayers of four planesThe transverse momentuppis assigned. The track finder
each. The tubes within a superlayer are staggered by half seéects the four highept muons in the detector and forwards
width of a tube. The outer two superlayerg),(whose wires are them to the global muon trigger.

parallel to the z-axis, measure theoordinate in the bending

plane. The middle superlayer (rz) measures the z-coordin%ate-rhe DT-chamber system is divided into twegveegments,

along the beam line. However, in the present design this pl 1V; wheels in z-direction and four stations in r-direction (see
' et part of fig. 2). Thus the entire system comprises

is not used in the track finder. The chambers are 2.56 m lo
x5 x4 =240chambers. Hence 480 track segments are

and the width increases from 2 m in the inner station to 4 md i dtoth ional drift tube tri the track find

the outer station. elivered to the regional drift tube trigger, the track finder.
In the endcap regions the muon detector comprises four

muon stations [4]. Muon stations are mounted vertically. Each

muon station contains cathode strip chambers. Effort is being
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chamber are given the bend angle, Table 1: p-classes
out. ) ’

®* n-measurement

TRACK FINDER The only information th@-coordinate can be derived from
PROCESSOR OVERVIEW is the place where a particle crossed detector wheel boundaries.
The n-value is given in a 2 bit code. A possible option to
improven-measurement is to include trigger primitives of the
In the following the main features of the track findemiddle (rz) superlayers.

processors are listed and described shortly. The output o )
guantities are: * Quality information

* Pymeasurement The processor outputs quality information which indicates

the confidence that the found track is a real track and not a ghost
The resolution o,/p; of the transverse momentumtrack.

measurement is a trade-off between technical feasibility and

physics requirements. The transverse momenuis derived

from the curvature. of the muon tracks. The resolutionif Dead time free

is directly proportional to the resolution of the measured bend

angle derived frgm the track.segment coordinates [7’81' The The first level trigger architecture requires a dead time free

chamber can deliver a resqlutlon Of as low as|#@q4]. This operation. That means that even in case of a positive level

accuracy cannot be used n the Frlgger level. A measureng&ept signal release the processor must stay operational for the

resolutionays of 0.3 mrad is provided for the track segme l§bsequent events. The trigger system is capable of accepting

measurements by the drift tu.be trigger pr|m|t|v_e gengrators. c}a of each single event, with a data repetition rate of 40 MHz.
mrad corresponds to approximately 1.25 mm in station one an

two and 2.5 mm in station three and four. For further detads Processing time - latency
refer to [9,10,11].

Important requirements of the system are:

o Itis important to keep the processing time of the track finder
int TSSe pt-riange behNeiznbf.OlG?I_V/c alnd 140_GeV/c ;S_ d'v'ge&rocessor as low as possible, because during the time an event
N0 oprclasses (se_e_a e )- Thevalue is given ou NAS s evaluated in the level one trigger all corresponding detector
bit number. A sixth bit indicates the charge of the patrticle. data must be stored in the data pipeline. In CMS the number of
detector channels is as high a$.1ost of them belong to the
tracker. The tracker signals are analogue and are only converted

Hereby ap-resolution of 1.4 or 25 mrad is provided. memories. Since they are expensive the storage depth of the
CMS data pipeline has been limited to 128 steps. The level one

trigger latency is dominated by transmission of signals from and
to the detector and by signal propagation between processing

* (-measurement
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units [12]. Thus only a smaller part is left over for the executi
of the algorithms. Fig. 4 shows the latency distribution betw
the different system components. The first level trigger decisfoutputs the four highegt muons per detectopg;, location,
must be provided within 128 bunch crossings. A contingerfoyuality

must be foreseen (two bx in the present design). For the tfack X

finder processor 23 bunch crossings or 575 ns are reservejlpt measurement range: 2.8-Gev/c

Isfxack finder processor specifications

@-measurement: 25 mrad resolution

to high level trigger
data pipeline

n-measurement: 0.04 - 0.4 resolution

dead time free

programmability: algorithm settings and chamber alignment

modular and flexible for use in the CSC and overlap regign

processing time: < 21 bunch crossings or 525 ns.

18 bx Table 2: Track finder processor specifications.

——
chamber -regional trigger global trigger
output number

of bits

Fig. 4.: Latency of drift tube trigger components.
9 Y 9 P p; + charge] 5+ 1

* Programmability [0} 8
The trigger system is flexible enough to permit changes in n
the algorithm and changes in the detector geometry. In order to quality 2
optimize the track finding and measurement algorithm
simulations have to be employed. Obviously they are based on Table 3: Output format.

several assumptions. Simulation results may be refined in a later
phase of optimization or at the time beam data will be availab&pplicable in the context of the track finder processor [17]. The

o ) . low granularity of the detector and the high requingd
Another point is the detector geometry. Even if the designggsution combined with the high number of detector channels,

chamber geometry is not going to be changed misalignmentyof ,on-projective chamber geometry and high bending power
the chambers must be accounted for. The trigger usesygne detector does not allow to perform track finding pnd
resolution of 1.25 mm. However, it is impossible to install allsgjgnment within the available calculation time using a pattern
chambers (of the dimensions 2.56 m x 2 m) within an accurggyching method. On one hand the number of patterns is far too
of 1.25 mm with respect to each other. The chambers gfig- on the other hand the resolution and complexity of the

installed within a coarser accuracy and a laser based alignmgiiector requires too much data to be processed at the sams
system provides information to the trigger electronics hop,o

much each chamber is displaced from the nominal position.
A typical software approach, the track segment (or track
element) method [17]- or extrapolation method was elaborated

. i i for the hardware implementation.
The trigger system must output the information about four

muons with the highesp, in the detector. The data output The basic principle is to attempt to match track segments

* Output segmentation

format is shown in table 3. caused by the same track together. This is done by extrapolating

into the next station from a track segment using the spatial and

EVALUATION OF THE CMS angular measurement. The extrapolated hit coordinate is

TRACK FINDER compared to the actually measured track segments. If the
PROCESSOR difference is found to be within a given threshold the

extrapolation is considered successful and two track segments
have been matched together to form a track segment pair.

. The cla'sswal' method in track f!ndmg hardware. While pattern matching methods, histogram methods or
implementations is to search for predefined tracks or bit

patterns. Predefined patterns are compared to the actual o?g%"sral networks usually deliver the wanted track property

. . o irectly, the extrapolation method requires three steps;
occurring (pattern comparison). Application of conten
addressable memories [13,14,15,16] is an obvious soluti@n. extrapolation or pairwise matching of track segments
However, it was shown that a pattern comparison method is not
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¢ assembling track segment pairs to full tracks
¢ assigning (or measuring) the track properties like transverse 2* threshol dext
momentum and location.

Pairwise Matching Pt-assignment
- Extrapolation

‘ ﬂ muon station 4

“track segment/

extrapolation 47
window ’

BN
track found
™~ Fig. 6.: If a track segment
is found to be within the
reut 1o, extrapolation window
1= given by, and

thresholq,, the
extrapolation is
considered successful.

assembly is performed with reduced resolution. As a
consequence the hardware effort is smaller and the execution
time shrinks. For assigning the transverse momepiuhe full

Fig. 5.. Principle of the track finder algorithm (3-Stepresolution of the track segment measurements is still available
scheme). and used.

Fig. 5 illustrates the principle of the track finder algorithm. EXTRAPOLATION METHOD

It is divided into three steps. In the first step track segments
from different chambers are matched to track segment pairs byThe pajrwise matching is based on the principle of

extrapolation. Later the track assembler links track segmehrapolation. Using the spatial coordinatgs,ce and the
pairs to form complete tracks and forwards the track segmeifgular measurement, «,,rc0f the source track segment an
data of the two highest ranking tracks to the assignment U@&rapolated hit COOfdi’”akPextra in another chamber may be
where transverse momentyspand location of the tracks arecg|culated. If a target track segment is found to be at the
determined. extrapolated coordinate within a certain extrapolation threshold

After linking the track segment pairs to full tracks théhresholql{,xtthe match is considered successful (see fig. 6).

information which track segments are involved is still available. _
Thus the track segment data can be used with the full resolution®extra = ®source’ (pdeviatior((pb, sourcé (Egn. 1.)
to assign the transverse momentoym

All other previously mentioned methods (pattern match,
histogram method, but also neural networking) work in a global threShC)lqext2 |(pextra_ (ptarged (Ean. 2.)
or direct data processing way. The input data is directly set into
relationship to the wanted features. While this would be @xtrapolation feasibility
advantage in many applications, in this case it complicates the
implementation. When performing a pattern match one looks Simulations have been conducted to prove the feasibility of
for track segment combinations which belong to one tratke extrapolation between the stations [10]. Fig 7 shows the
(track finding). For this task full measurement precision is néglation between the bend angigin the source station and the
needed. However, after a pattern has been recognized the linfetative deviation of the particle track between target- and
the original track segment data is not available anymore. THi@!rce-stationfyeyiation= ®arget - Psource fOr several station
patterns must be formed by track segment data with f@irs. The graphs show unambiguous relationships proving the
resolution so that each pattern allows directly the determinatits@sibility of extrapolation between these station pairs. The

of the wanted features with high precision. Therefore ti@me condition can be found in all other station pairs except for
number of patterns is very high. those extrapolating from station three. Fig. 8 shows the situation

when extrapolation is done from station three. No unambiguous
However, the extrapolation method splits the process @flationship can be found. Moreover, for small bend angles no
measuring the transverse momentpyinto three steps. This prediction can be done at all. This effect is caused by the zero
approach allows for a flexible use of the resolution in each stgssing of the bend angle. However, since all other
according to the requirements. The extrapolation and tragktrapolations are feasible these problems can be circumvented
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Fig. 8.: Relationship between bend anglgin station
three and deflection of the muon is unambiguous.

by extrapolating towards station three instead off station three

(see left part of fig. 5).

Track sgment assembling - Acceptance study

may be matched to each other if they have one track segment in
common. This scheme is illustrated in fig. 9.

TS4.0 4 muon station 4
[

[ ) ]
\ muon station 3/

\ y

TS3.0 /
muon station

TS2.

muon
station

Fig. 9.: Matching track
segment pairs are combined
to a full track.

However, due to geometrical inefficiencies and chamber
failures missing hits must be accounted for. Simulation studies
for the acceptance of muons were conducted for tracks
consisting of at least three out of four track segments and for at
least two out of four track segments. Fig. 10 illustrates the
results. When simulating the requirement of three out of four
matching track segments only about 82% of all muon tracks are
found. An acceptance of more than 95% is achieved when the
requirements are loosened to two out of four matched track
segments. Consequently the track finder accepts tracks
consisting of only two matching track segments. As a
consequence even a single track segment pair is already
considered a valid track.

Py - assignment

Transverse momentum measurement can be done in severa
ways once the track segments are matched to a full track
[12,18].

7 muon station 4

track segmentfﬁ"

\\\ ? muon station 3

\\\ muon station 2/
i\ z —

N

\\ g;(i)gnl ¢b1

] Fig. 11.: Using the deflection
%@ @ or the bending angley, to
<Pz—<P1 determine p

Once track segment pairs are found they are linked together
to full tracks. Track segment pairs of different chamber pairs
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Acceptance Study

uses the difference of positions in two distinct stations (see fig.
11). Two spatial coordinates are sufficient. Fig. 12 illustrates

the relation between transverse momentum and afore
i mentioned difference. One expects the absolute value of the
00,8800 005 806 L B oo a8 difference in bending angle to decrease WI"[h increaping
N . However, due to the zero crossing of the bending in station three
o] [} o . . .
00?0 000 000 T 00 Bo the absolute value of the difference of the angles first rises
(except for @-¢;). An unambiguous relationship between
difference of positions and transverse momenpyis shown
i for differenceq,-¢@,. For other stations pairs this relationship is
E not unambigous. In such a case the bend angle measurement of
0 B a single track segment can be used to megguFey. 13 shows
| the relation between transverse momenpyemd bend angle,
L measured in one station.
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