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Abstract

This report contains a comprehensive description of the CMS Muon Trigger System. Brief review
of physics to be studied a LHC leads to a list of requirements for the muon trigger. Algorithms
designed to fulfil these requirements and their hardware realisation are described. Their performance
isillustrated by results of extensive simulations. The report contains also some practical information
likethelist of milestones, schedules, available documentation, etc.
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Preface

The purposeof thisreport

The purpose of this report is three-fold. Firgt, it is intended to be a handbook for CMS people whose work is
concerned with the muon trigger. Therefore, it contains many tables and plots defining various parameters of
the system and it provides a lot of practical information like the list of milestones, WWW resources, available
documentation, etc. The first two chapters can serve as an introduction for newcomers.

Second, it has its specia place in the chain of documents reviewing the muon trigger system design and
development. It containsthe updated version of specifications of the baseline trigger algorithms[83]. It also forms
a base for some chapters of the Muon Technical Design Report (TDR) to be released in December 1997 and the
future Trigger and Data Acquisition TDR.

Last, but not least this report is my Habilitation Thesis submitted to Faculty of Physics, Warsaw University in
order to obtain aD. Sc. degree. Assuch, it should be a general review of the subject. At the same time it should
also document the work | have donein thefield, both coordinating the work of the CMS Muon Trigger Group, and
making the design and simulation of various aspects of the muon trigger myself.

My personal contribution

What is my personal contribution can be traced following the bibliography given at the end of thisreport. | started
my work in the field in March 1991 joining the RD5 experiment [152, 153] which was a pilot project to CMS,
designed to study various aspects of muon detection. At the same time, | began to participate in writing of the
CMS software, and simulating its muon system. | aso took part in the design and simulation of the Resistive Plate
Chamber (RPC) based muon trigger. The scope of my work was extended when Drift Tube and Cathode Strip
Chamber (CSC) triggers were proposed in 92 and 93/94 respectively. | studied complementarity and integration
issues of these muon trigger subsystems. 1n 1994 | was appointed as the CM'S Muon Trigger Coordinator. Perhaps
90% of the content of thisreport is concerned with my work on this position.

The challenging subject

One of the major difficulties writing this report was an iterative character of the design process of the Muon
Trigger. In thered life, after setting basic physics goals, the rough ideas of trigger algorithms were considered,
and studied by simulation. Further improvements were proposed. These ideas have been confronted with technical
possibilities and financial constraints. The design, which emerged, was then again checked by simulation. This
in turn led to a refined design, and so on. This iteration circle is very difficult to describe in a linear document.
Certain assumptions or proposed solutions may give the first impression that they are introduced ad hoc, without
enough justification. The justification is sometimes placed in later chapters, because it requires e.g. rather detailed
description of a given part of the system.

Another difficulty was the speed of changes in the status of the design. The process of implementing the algo-
rithmsinto electronicsis perhaps at its highest derivative right now. Therefore, Chapters 7-10 can be considered as
the snapshots of the design taken in autumn 1997, where some details are subject to change. Chapters 1-6 contain
more genera information whichisrather stable. With all thesereservationsin mind | still hope that the paper gives
an overall picture of the Muon Trigger system which is not too much distorted.

A reader might be surprised that this paper, intended to be a Habilitation thesis in the field of experimental
particle physics, does not contain any experimenta results in this field. Indeed, the first physics results of the
discussed project will hopefully be available only in about 10 years today. Thisisthe redity of the contemporary



particle physics — the projects are extended over more than one generation®. However, the impression that the
report is nothing but a technical description of an el ectronics system would be very shallow. There isrich physics
in all chapters, except maybe 6, 7, and 10. Dozens of physics channels mentioned in Chapter 3 are just the top of
an ice mountain. Behind each table row there are sometimes months of work of many people. Describing each
channel, even with a couple of sentences, would blow up the paper. Instead, the references are given, where an
interested reader can find al the details about channels of hisinterest. Chapter 5 isaso imbued with physics. It is
truethat it is mainly the physics of background, which rarely excites audience of large conferences. Nevertheless,
it isa physicswhich we have to master, if we want to discover highs or neutralino.

Theoutline of thisreport

The outline of thisreport is based on the following scheme —
(corresponding chapter numbers are given below each item)

physics — requirements — design — peformance verification —  actua redlisation
1,23 4,5 6,7 8,9 10, A

Thefirst three chapters are devoted to physicsto be studied at the LHC. The current situation of particle physicsis
sketched and a mativation for the Large Hadron Collider is given in Chapter 1. The LHC machine and itsdetectors
are briefly described in Chapter 2. Chapter 3 containsatabular overview of physicsto be studiedin CM S and short
discussion of expected cross sections and rates.

The goal of the next two chaptersisto discuss all ingredients needed to design atrigger. Genera requirements
on the Trigger and Data Acquisition System (DAS), derived from the information presented in Chapters 1-3, are
described in Chapter 4. An overview of the Trigger and DAS isal so givenin thischapter. Specific requirementsfor
the Muon Trigger are presented in Chapter 5. Thischapter containsal so an extensive discussion of the experimental
environment (background, magnetic field, etc.) and technical limitations. | consider this chapter as the most
important one in this report in the sense that it has the highest intellectual content. It contains origind results of
research in thefield of particleinteractionswith matter.

The actual Muon Trigger design is presented in the following two chapters. Muon detectors are described in
Chapter 6, whereas the trigger algorithms and their el ectronics redlisation are described in Chapter 7. The design
has been verified by prototypetests and extensive simulationswhich is discussed in Chapters 8 and 9 respectively.
Chapter 10 and Appendix A are dealing with the actua realisation of the project. They describe how the work is
organised in practice.
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Chapter 1

Introduction —
particle physicstoday and tomorrow

1.1 Themost important questions

At the fal of the 20th century particle physics reached a very dramatic point. After unification of electromagnetic
and weak forces in seventies, the Standard Modd of fundamental interactionswas devel oped. It providesaconsis-
tent description of all known phenomenainvolving el ectroweak and strong interactions. It was confirmed with high
precision by many experiments, and no deviationsfrom its predictionswere found till today. Recent measurements
at Large Electron-Positron collider (LEP) confirmed many Standard Model predictions with accuracy of one per
mill. However, the Standard Model has several important drawbacks. First of al, it has about 20 parameters which
values are not determined within the model. They just have to be measured experimentaly. Among them are the
masses of elementary fermions. In the Standard Model fermions acquire their masses due to spontaneous sym-
metry bresking by the Higgs mechanism. This mechanism, however, is put into the model “by hand”. It requires
existence of aHiggs particle— aneutra scalar boson which has not yet been discovered.
There are other questions not answered by the Standard Model.

e The origin of masses
— Isitreally Higgs mechanism?
— Why the masses (or higgs couplings) have particul ar values?

Why the fermions exist in three generations?

Why they are mixed?

What isthe origin of CP violation?

How to treat “soft” phenomena by the Standard Model, which relays on perturbative cal culus?
How to incorporate gravity?

The last but not least question is whether the Standard Model is at al a valid description of fundamental
phenomena. The regular structure and symmetry of the Standard Model suggests that there is a deeper and more
genera theory behind it, the Standard Model is only a kind of effective theory. In some sense, the situation is
similar to one in chemistry after Mendeleyev invented his table of elements. The regular pattern of columns and
rowsimposed, in avery elegant way, order in the propertiesof elements and their reactions, but its origin remained
mysterious and unexplained until the electron structure of atom was understood.

1.2 Motivation for Large Hadron Collider

Above list of questions suggests the following strategy for future experiments

o find Higgs particle(s), or excludeits existence in the range predicted by theory (upto ~ 1 TeV),
e look for possible deviations from the Standard Model predictions,
e search for exotic particles.
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These three possibilities have been aready exploited without a success by present colliders — LEP at CERN
(Geneva), HERA at DESY (Hamburg) and Tevatron at FNAL (near Chicago). Standard Model higgs has not been
found. New limits have been set on masses of particles predicted by Minima Supersymmetric Standard Model
(MSSM) which is an extension of the SM, the most favourable by many theorists. No evidence for more exotic
objects, likeleptoquarks, was observed. Current limits on masses of those particlesare given in Table 1.1.

Table 1.1: Results of new particle searches — 95% exclusion limits. Values for future colliders are only approx-
imate. The data are taken from [157, 158, 159, 160]. Some entries for SUSY particles, especially for MSSM
higgses, are empty because the mass reach depends significantly on parameters of the model. They will be dis-
cussed in more detail in Chapter 3.

particle mass limit [GeV] comment

present | LEP192 | TeV Il [ Tev 33 | LHC
SM higgs H 77.1 95 80-100 120 1000
MSSM higgs h, A 64.5 for any tan 8

H* 545
chargino x* 91 94 210 250 for m,+ <m0 > 10 GeV
LSP! x° 14 210 250 350 | within SUGRA
deptons & T | 80,7355 | 83-88 100 400
stop t 48 75-90 120
squark, gluino | @, § 260 85 390 450 2000 | for mg = my
leptoquarks? LQ 240 300 385 | 2200 | vector,k =1
200 250 330 1800 | vector, k > 0.25
150 250 1400 | scalar

1 The Lightest Supersymmetric Particle.
2 Thefirst generation leptoquarks are considered.
The & is a parameter characterising an anomalous coupling of vector leptoquarksto gluons. In many realistic gaugetheoriesx = 1.

Severa upgrades of todays accelerators are foreseen in coming years. They are summarised in Table 1.2,
together with future new accelerators. The LEP will reach /s = 192 GeV in the year 1998. Tevatron energy will
be increased from 1.8 TeV to 2.0 TeV and its luminosity will be multiplied by factor a 10 before the year 1999.
Yet another Tevatron upgrade around the year 2004 is being considered, which may increase the luminosity up to
10%3ecm~2s1. Theincrease of available mass limitsisgivenin Table 1.1.

However, a new machine is needed in order to push the limits significantly. This is because the expected
Cross sections are very low (sometimes as low as severd femtobarns). Relatively high masses (100-1000 GeV) of
searched particles call for experiments being able to observe 1016-10'7 particle collisions with energy in multi-
TeV range. These were the main goals for the design of the Large Hadron Collider — an accelerator to be build
at European Laboratory for Particle Physics CERN in Geneva. One can see from Table 1.1, that concerning its
discovery potentia, it isincomparable to upgrades of present colliders.

1.3 Other futurecolliders

The main drawback of al hadron colliders, including the LHC, is the fact that only a small fraction (typicaly
~10%) of the beam energy is carried by colliding partons. On the other hand thisis, however, a great advantage,
because awide energy range can be scanned without changing parameters of the beam. Another advantage of the
LHC are high couplings of proton constituents — quarks and gluons — to new predicted particles. These two
facts make the LHC a very good machine for making discoveries. However, once a new particle is discovered,
one would like to produce it copioudly in a clean environment in order to study its property. For this lepton
collidersare better. A good example isthe LEP which produces millionsof Z°'s after thisboson was discovered in
Super Proton-Antiproton Collider. In the case of the LHC, discovering a higgs does not necessarily settle whether
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Table 1.2: Present and future accel erators.

accel erator colliding N [uminosity date of
name particles [TeV] [10%3cm~2s71] | start end
LEP1 ete” 0.091 0.024 1989 1994
LEP2 ete” 0.130- 0.192 0.045 1995 1999 (2000)
HERA etp 0.3 0.016 1992 ?
Tevatron | pp 1.8 0.02 1987 1997
Tevatron |1 pp 20 0.2 1999 ?
Tev 33 pp 2.0 1 2004 ?
LHC pp 14.0 10 2005 ?
LEPxLHC ep 13 0.1 ? ?
NLC ete” 05-15 5-20 2008? ?
Muon Collider | ptp~ 0.5 07-5 ? ?
VLHC pp 60 - 200 10 ? ?
NNLC ete” 5.0 100 ? ?
Next MC ptp 40 100 ? ?

the Standard Modédl is correct. One needs to measure precisely its properties. Two lepton colliders are being
considered for this purpose — the Next Linear Collider (NLC) of et e~ pairs and the First Muon Collider. Their
parameters are also given Table 1.2. Feasibility study of the NLC are aready well advanced and they are no mgjor
technical difficultiesin building such a machine. The Muon Collider is technically more challenging, but it can
probe different couplings than the NLC. Especially the couplings of higgsto muons are much higher than those to
electrons, which could make the Muon Collider areal “higgsfactory”.

The discovery potential of future accelerator isillustrated in Fig. 1.1. The mass reach for a new heavy boson
Z’ is shown according to expectations of various models. In the case of the LHC it extends to 4-5 TeV.

Let us close this chapter with some idesas for future accelerators for our grandsons (see Table 1.2). Very Large
Hadron Collider (VLHC), Next to Next Linear Collider (NNLC) or Next Muon Collider (NMC) look likeafiction,
but thisis aready a science. Simulation and design study are aready going on. For example, the proceedings of
workshop New directionsin high energy physics (Snowmass, Colorado, 1996) contain 25 articles (in total over 100
pages) devoted to the VLHC. It seems that the LHC is not the Last Hadron Collider.
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Figure1l.1: Z' discovery potentia of future accelerators, assuming different theoretica models[161, 162].



Chapter 2

L HC accalerator and detectors

2.1 LHC machine

Large Hadron Collider is a circular accelerator of proton and heavy ion (up to Pb) beams. It will be placed in
the tunnel of currently running Large Electron-Positron accelerator (LEP). Its commissioning is planned for the
year 2005. It will provide proton-proton collisions with the center of mass energy /s — 14 TeV. The designed
luminosity of 1034cm—2s~! will be obtained by colliding proton bunches with a frequency of 40 MHz, with about
20 pp collisions per bunch crossing (b.x.). Main parameters of the machine are summarised in Table 2.1.

Table 2.1: Basic parameters of the LHC accelerator in the pp mode.

Collision energy 7+7 TeV
Relativistic factor 7461
Circumference 27 km

Dipolefield 84T

Crossing points 4

Luminosity 10%4em—2s7!
Number of bunches 2835

Bunch spacing 25ns& 7.48m
Particles per bunch 101!

Bunch crossing frequency 40 MHz

pp collisions per b.x. ~ 20

Beam current 2 x 0.536 A
Stored energy 2 x 334 MJ
Beamsizeinarc 0.303 x 0.303 mm?
Beam sizeat inter. point  15.9 x 15.9 pm?
RMS bunch length 0257 ns< 7.7cm
Luminosity lifetime ~ 10 hours

2.2 Requirementsfor LHC detectors

Collisionsin LHC will be observed by 4 detectors: ALICE, ATLAS, CMS, and LHC-B (see Fig. 2.1). ALICE and
LHC-B are designed to study heavy ion collisionsand b-quark physics respectively. ATLAS and CM S are genera
purpose detectors. In this paper we discuss in detail only the CM S detector and we just briefly describe ATLAS
for comparison.
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Figure2.1: Layout of the Large Hadron Collider.

Interesting physicsin modern high energy experiments can be studied mainly by measuring properties of three
types of objects

e charged, long lived leptons — muons and el ectrons,

e photons,

e jetsand missing energy.

At the LHC energy jets are produced in most of the pp collisions. They results from fragmentation of quarks
and gluons. Jets with the high transverse energy E; are signatures of interesting physics channels. In order to
mesasure jet energy a calorimetric detector is needed. It should be thick enough (typically 10 nuclear interaction
lengths A) to fully contain hadronic showers.

Unbaanced E; observed in an event, i.e. missing energy F;, means that there was at |east one particle which
escaped detection. This could be either a neutrino or yet unknown stable neutral particle, like supersymmetric
neutralino. Therefore the calorimeter should be as hermetic as possibleto avoid fake F; dueto cracks.

Photons at LHC have a specia importance. Thisis because they offer the best possibility to discover Higgs
particle lighter than ~ 130 GeV through the decay H— v+. Both energy and angle between the photons should
be measured with high precision to suppress enormous background from 7° — ~+ decays. Therefore, the elec-
tromagnetic part of the calorimeter should have very good energy and angular resolution. High granularity of the
electromagnetic calorimeter also helps to suppress the background, by imposing the photons isolation from any
jets.

Electromagnetic calorimeter will be also used to identify electrons, and measure their energy. To distinguish
them from photons one has to make use of the fact that they are charged particles and can be observed with ionisa
tion detectors. Tracking in a magnetic field enabl es independent measurement of el ectron transverse momentum p;
which should match the cal orimetric measurement of E;. It also alowsusto apply an additional isolation criteria
requesting no other tracks near by, thus excluding particles originating from jets.

Muons can be relatively easily distinguished from other charged particles because of their ability to penetrate
dense materials. They are practicaly the only particles which can be detected beyond the calorimeters. There is
a certain probability that some other particles emerging from the tail fluctuations of hadronic shower will exit the
calorimeter, but tracking in magnetic field outside the calorimeter can effectively suppress this background.
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Isolationisavery important tool not only in the case of electrons and photons. Muons from decays of Z, W or

heavier particles can aso be recognised thisway. Lepton + producesisolated el ectron, muon or hadrons. Hadrons

from the r decay can be recognised as anarrow, isolated jet.

Both e ectromagnetic and hadronic cal orimeters use liquid argon technology. An exception is barrel hadronic

calorimeter which isan iron/scintillator sandwich.
The Inner Detector isenclosed in a7 m long solenoidal magnet with a diameter of 2.3 m. It produces an axial

magnetic field of 2 T. The outer part of the tracker consists of straw tubes. This part of the tracker has transition

radiation capability. Going inwards, tracks are measured by silicon tracker and pixel detector.

The name “ATLAS’ was coined as an abbreviation of “A Toroidal AparatuS [154], which underlines the central
The overal layout of the ATLAS detector isshown in Fig. 2.2. Basic parameters arelisted in Table 2.2

role played in this detector by large toroida magnets (Fig. 2.2) located on the outside of the detector. The magnets
Monitored Drift Tubes (MDT) in the barrel and with Cathode Strip Chambers (CSC) in the endcaps. Triggeringis

create a magnetic field of ~0.6 T used to bend muon tracks. Precise muon measurement is done with pressurised
done with Resistive Plate Chambers (RPC) in the barrel and Thin Gap Chambers (TGC) in the endcaps.

2.3 ATLASdetector

2.3 ATLASdetector
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Figure2.2: Layout of the ATLAS detector.
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Table 2.2: Basic characteristics of the ATLAS detector.

detector measurement 7 coverage
component resolution measurement trigger
inner detector % =20% a |n| <1.7, p,=500GeV +2.5 —
% =50% a |n| =2.5, p;=500GeV
muon detector % =11% a p,=1TeV +2.7 +2.4
: o _ 10%
e.m. calorimeter F=759 0.7% +3.2 +2.5
hadron calorimeter:
o _ 50%
barrel and endcap =759 3% +3.2 +3.2
forward z = % ® 10% 32<|n<49|32<]|n <49

24 CMSdetector

The abbreviation*CMS’ standsfor Compact M uon Solenoid [156]. Itsmain partsare aninner tracker, calorimeters
and a muon system. They are shown in a perspective view in Fig. 2.3 and in XY and RZ cross sections in
Figures 2.4, 2.5. Open view of the detector is shown in Figure 2.6. The experimental hall isdrawn in Figure 2.7.

FORWARD

TRACKER
CALORIMETER

MUON CHAMBERS ECAL HCAL

i M ——
| 'a_I_ngmnInngum_m?!t_mnumuwmurm_m;'

T e J

Y

SUPERCONDUCTING COIL

RETURN YOKE

Figure 2.3: Layout of the CM S detector.
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Theinner tracker consistsof silicon pixel, silicon microstripsdetectors and MicroStrip Gas Chambers (M SGC).
The electromagnetic calorimeter is amatrix of PbWO, crystals. The hadronic calorimeter is a copper/scintillator
sandwich up to || = 3. At higher || it is completed with a very forward calorimeter made of iron with quartz
fibers as senditive elements. The characteristic feature of the CMS detector is that the inner tracker and both
calorimeters are contained within the large superconductive solenoid, 6 m in diameter and 13 m long. The coil
creates 4 T magnetic field. Outside the coil the magnetic flux isreturned by an iron yoke. The yoke isinterleaved
with 4 muon stations. Each barrel muon station consists of Drift Tubes (DT) and RPC’s. Endcap muon stations
are equipped with Cathode Strip Chambers (CSC) and RPC’'s as well.

Basic performance of the CMS detector is summarised in Tables 2.3 and 2.4. Some of the parameters vary
significantly with n and ¢. Parametrisation of their behaviour is provided by Fortran routines listed in the third
column of Table 2.4. The routines are described in technical notes quoted at the bottom of thetable.
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=== == |=

T/T/Z/9N
T/T/Z/9A
T/2/Z/aN
T/€/Z/aN
T/v/ZI9dN

=== =SS =

MB
/|

S OT/T/ZI9A
OT/2/ZIaN ™ fI\ X

OT/2IZITA
/ oT/EIZIaN |

0T/E/Z/aA
0T/v/Zz/aN

Towards
Z+  Center of LHC

Z=-2,-1,0,1,2 according to the Barrel wheel concerned

Figure2.4: XY cross section of the CM S detector.
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Table 2.3: Basic characteristics of the CM S calorimetry.

parameter ‘ average value

geometrical coverage ECAL |n| < 2.6, HCAL:|n| <3

forward calorimeter (HF): 3 < |n| < 5

(requiring v efficiency = 90%)

ey energy resolution barrel: £ = 2'—\/%% @ 0.55% @ 2185020
(noise term given for £ = 1033 — 103%) | endcap: & = % @ 0.55% @ 22200245
70 rejection efficiency 40-60%

for pF = 20-100 GeV

~ conversions (al / not recovered)

barrel: 24% /5%, endcap: 35% /9%

~ direction resolution 40mrad /| VE

single hadron energy resolution barrel: Z = % & 5%
endcap: £ = % ® 5%
HE: g =12 95%

dijet effective mass resolution

17% for m;; = myz,50 < pl®* < 60 GeV
10% for mj; = myz, 500 < pi** < 600 GeV
5.6%for 3 < m;; < 4 TeV

Energy E isexpressed in GeV.




18

LHC accderator and detectors

Table 2.4: Basic characterigtics of the CM S tracking and muon detector.

parameter

‘ average value

routines

1 geometrical acceptance

~95%, || < 2.4

ACCMRPC

u reconstruction threshold

barrel: p; > 4 GeV
endcap: p > 8 GeV

dp/pforp
(pinTeV)

barrel: %% = 4%./p

endcap: %% =0.9% for p < 0.05 TeV
229 = 4%./pfor0.05 < p < 2 TeV

229 ~ pforp > 2 TeV

MDPOVP, MSMEARP

dp/p for other particles
with vertex constraint
(pt in GeV)

1.5% p,@® 0.5% for || =0
2.0% p:® 0.7%for |n| = 1.8

4.5% p:@d 0.9% for |n| = 2.25

TDPOVP, TSMEARP

dp/p for other particles
without vertex constraint
(pt in GeV)

1.7% p,@® 0.5% for || = 0
24% p,@ 0.7%for |n| = 1.8

6.0% p:® 0.9% for || = 2.25

TDPOVP, TSMEARP

impact parameter resol ution

(see [156] Fig.11.4)

TDIMPAC, TSMEARI

primary vertex resolution
(pt in GeV)

orglum] = T+ 940/ |py|
o [pm] = 16 + 1940/%|p|

secondary vertex resolution

6-8% of the BY, flight path

b-tagging efficiency
(for various cuts)

signal:

20, 31, 40, 53%
background: 1.2,2.7, 7.1, 13%

T-tagging efficiency

signal: 50%, background: 3%

K& reconstruction efficiency

~35%

(see [156] Fig.11.7)

p trigger efficiency

~95% for highp; p, |n| < 2.4

EFFMRPC

lowest p; p trigger threshold

4 GeV for |n| < 1.5
25GeV for 1.5 < |n| < 2.0
2GeV for2.0 < |n| < 2.4

ACCMRPC, EFFMRPC

1 reconstruction
and matching efficiency

~98%

Barrel/endcap division of the muon system isat || = 1.5.
Note the difference between p and p; in some formulae.

Routines MDPOVP, MSMEARP are in http://ucdheg.ucdavis.edu/cms100/car/mufpar.car.
They are documented in CM S TN/95-026.

Routines TDPOVP, TSMEARP, TDIMPAC, TSMEARI
arein //TRAK/TRUTIL directory of /afs/cern.ch/cms/cmsim/cms103/cmz/trak.cmz.
They are documented in CM S TN/94-275.

RoutinesACCMRPC, EFFMRPC are available at
[lafs/cern.ch/user/k/konec/public/html/rpcpar/ or http://cmsdoc.cern.ch/~konec/rpcpar/.
They are documented in CM S TN/96-104.

Routines containing " SMEAR” in their names provide resolution smearing. They change avalue
of agiven variable by arandom number generated according to parametrised distribution.




Chapter 3

LHC physics—
requirementsfor thetrigger

3.1 Crosssectionsand rates

Cross sections of phenomena to be studied at LHC span many orders of magnitude. Thisisillustratedin Fig. 3.1
where other accel erators are a so shown for comparison.
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Figure 3.1: Inclusive proton-(anti)proton cross sections ¢ for basic physics processes. Interaction rates for the
nominal luminosity are given on theright scale.
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The enormous range of the cross sections makes the triggering at LHC a very chalenging task. The trigger
system has to select efficiently a few interesting events among millions of background ones. Note the relatively
high cross section for b-quarks. The physics of b-quarks is very interesting in itself, because of quark mixing
and CP violation phenomena. On the other hand it is one of the main sources of muons which constitute huge
background for other processes. Similar example is the top quark. It was discovered just recently and it will be
studied in detail for thefirst time at LHC. However, it isavery severe background to more exotic physics, because
it has signatures very similar to many new expected particles.

In the following sections of this chapter we are going to review basic physics channels to be studied at LHC.
Since there is a vast literature on the subject we do it here only in a brief, tabular form. Our goa is to derive
requirements for the trigger.

3.2 Physicssmulation

Most of the physicsstudiesfor CM S, including those discussed in this paper, were done with event generators, like
PYTHIA [134], ISAJET [135], or their supersymmetric extensions. Some resultswere obtained on theparticlelevel,
without simulating the detector. More advanced studies were performed with the CMSIM program [136], which
simulates in detail the detector response. For more information concerning the simulation of physics processes
discussed in this chapter we refer the reader to the quoted papers. Simulation more directly connected to the
trigger isdiscussed in Section 9.1.

3.3 Review of physics channels

In this section we review the physics channels to be studied at LHC, looking for possible ways of triggering. We
refer to CM S documents quoting cuts applied in Monte Carlo analysis. Trigger threshold on corresponding objects
should never be lower. The following trigger objects are considered:

s — muon (any),

1; — isolated muon (no jet around),

e — electron/photon (isol ated),

e, — b-electron (from b-quark decay),

e jet — local energy concentration in the calorimeter,
e 7 —tautrigger (akind of narrow jet),

e F; — missing transverse energy,

e 2u, 26 eu, 2 jes, 3 jets, etc. — multi-object triggers.

Only isolated el ectrons and photonsare considered because otherwise one cannot stand the background from QCD
jets. Thisisnot satisfactory for b-quark physics and therefore a dedicated, so called b-electron trigger is required.
Possible implementation of those triggerswill be discussed in Section 4.3 and Chapter 7.

Whenever we consider a multi-muon trigger for a given channel, the efficiency will be complemented with
corresponding single object triggers. For example some dimuon events may escape a 10 GeV two-muon trigger if
one of the muonsis beyond the trigger acceptance. However, those among them which have one muon of p; > 20
GeV can be recovered by asingle u trigger set at 20 GeV. In this sense we can say that the two-muon p trigger
implies the use of a single muon trigger, which can be denoted shortly: > . This means that wherever in

the tables of this chapter we quote the two-muon trigger , the single muon one is aso applicable. The
complete set of thiskind of dependenciesis given below:

o|>
QDEI

. ‘4jets‘ > \3jets\> \2jets\ > \1jet\

. ‘any multi-object trigger‘> ‘all corresponding single object triggers




3.3 Review of physics channels 21

Channels having low value of the (cross section x branching ratio) product require high luminosity to collect
reasonable statistics. Some others can be better studied at low luminosities because e.g. pileup of severa pp
interactions, typical for high luminosity, can spoil vertex finding, etc. We denote thisin the following way:

e H— highluminosity: £ = 103*cm—%s~1

o L — low luminosity: £ = 1033cm~2s~!

o VL — very low luminosity: £ = 10%2¢m 25!

References in the tables are given in the following convention:
e X.y.z— chapters of the CMSTechnical Proposal [156]

e LOI x.y.z— chapters of the CMS Letter Of Intent [155]

o yy-xxx — CMS Technica Note CM S TN/yy-xxx

o yy/xxx — CMS Internal Note CM S IN yy/xxx

o Nyy/xxx — CMSNote CMSNOTE yy/xxx

e CRyy/xxx — CMS Conference Report CM'S CR yy/xxx

Empty cells correspond to the areas where study have not yet been done or the information is not available.
Notation p; > 0 meansthat no trigger threshold is required; it is enough to observe the muon in the detector.

3.3.1 Standard Model higgs

The quest for the Higgs particleisamajor goal of LHC. Many physics channels were envisaged to cover the entire
range of possible higgs mass — from todays limit of 77 GeV up to amost 1 TeV. The expected observability
is shown in Fig. 3.2 in terms of significance S. It is defined as Ns/+/Ng or Ns//Ns + Ng, where Ns and
Np stand for number of signal and background events respectively. The threshold of S=5 can be considered as a
discovery limit. It correspondsto the signal being 5 standard deviations o over the background.
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Figure 3.2: Expected observability of Standard Model higgsin CMS with integrated luminosity of 10% pb~! (left
plot, dashed ling), 3 - 10% pb~1 (l€ft plot, solid ling), and 10% pb~1 (right plot) [163].
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Possibleways of triggering are reviewed in Table 3.1. It is dready known from present experiments, that higgs
cannot be too light. triggering should not be very difficult, because relatively high thresholds can provide high

acceptance.

Table 3.1: Search for Standard Model higgs

physics channel references ‘ L ‘ offline cut (GeV) trigger

H — vy 12.1.2,93-75,94-289 | H | py(y) > 40,25 2e
94-290, CR97/6

H — vy 12.1.4,93-86 H | p(v) > 40,20 2e

+WH or ttH 94-247 pe(€) > 20 ey

H — yyje H 2e, jet

H 77" >4 12.1.5, 93-85 L | pe(e) > 20,15,10,10 2e2u;
94-214, 95-18 pe(p) >10-20,5-10,5,5 | ey,
95-19,95-59,95-101 | H | ps(e) > 20,15,10,10 2e2u;
96-100, N97/43 pe(p) > 20,10,5,5 ey

H 77 -4 12.1.6, 93-79 L | pe(e) > 20,15,10,10 2e2u;
93-101, 95-11 pe(p) > 10,5,5,5 ey
95-18, 95-19 H | pi(e) > 20,15,10,10 2e2u;
95-76, 96-92 pe(p) > 20,10,5,5 ey

H— Z7Z — v 12.1.7 L | B> 100 By
93-87 pe(£) > 20,20 2e2u;
95-75 pe(Z — £) > 60
12.1.7, 92-49 H | E:> 100 E,
94-179 pe(£) > 20,20 2e2u;
95-75 pe(Z — ££) > 200

H — ZZ — 55 12.1.8,93-88 L | pe(£) >20 e
95-75 p(Z — jj) > 100 u
12.1.8, 92-49 H | p(£) > 50 e
94-178, 95-75 p(Z — jj) > 150 u

H— WW — (vjj 12.1.8 L | B> 100 By
93-88 pe(£) > 20 e

pe(W — jj) > 150 ©

12.1.8, 92-49 H | E:> 150 A
94-178 pe(£) > 150 e
95-154 pe(W — 33) > 300 u

H > WW — ¢+~ | N97/83 LH | p:(£) > 25,10 2e,2u; e

See aso general reports: N97/57, N97/80.

Let us consider in detail the following channels:
H (80 GeV) — v
H((120GeV) — ZZ* — 44

H (500 GeV) — ZZ — Livy
H (800 GeV) — ZZ — L5
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Figures 3.3-3.6 show how trigger acceptance depends on the thresholds. It is seen that the full acceptance
is preserved for a single lepton cut at ~20 GeV and two-lepton cut at ~10-15 GeV. The highest single lepton
threshold one can consider is ~40-50 GeV for the light higgs (80-120 GeV) and ~100-150 GeV for the heavy one
(500-800 GeV). Beyond that the trigger acceptance is seriously degraded. These numbers will be used in the next
chapter to derive requirement for the trigger and data acquisition.

[0
6]
C
2 nl < 2.5
& 1
O
< Et photons > 10 GeV
0.8 -
Double photon trigger|
0.6 |- . )
Single photon trigger
0.4
0.2 |
0 L L Rt

Q 10 20 30 40 50 60 90

70 80 7100
Et threshold (GeV)
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The case of Minimal Supersymmetric Standard Model (MSSM) is more complicated than the SM because there
are two Higgs doublets. The masses of different higgses are related through the ratio of of the expectation values
v1 /w2 Usually denoted as tan 3. The observability of MSSM higgsesin CMSis shown in Fig. 3.7 in terms of 50
significance contours. The triggering is not more difficult than in the SM case, asit can be seen from Table 3.2.
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Figure 3.7: Expected observability of MSSM higgsesin CMSwith integrated luminosity of 3. 10% pb~?! (l€ft plot),

and 10° pb=! (right plot). The lines represents 5¢ significance contours. Basic assumptions — my,, = 175 GeV,
msysy = 1TeV, no stop mixing [163].

Table 3.2: Search for SUSY higgs

physics channel references ‘ L ‘ offline cut (GeV) ‘ trigger
h,H— vy seeSM H — vy
+ 96-102 H | p(y) > 40,40
h— ZZ* sceSM H — ZZ*
+ 96-96
hH— 22 seSM H — 27
+ 96-96
h A H — 17 — 1-jetm-jet X L 27
hyA H — 77 — (T r-jet X 12.2.4,93-98 L | p:(£) >10-40,is0l. | ep;, 7
93-103, 96-29 F> 20-30
N97/2 EI* > 40-80
hyAH — 17 — euX 12.2.4,93-84 LH | pi(e) > 20 e, 1t;
pe(p) > 20 €1t
t— H*b, H* - v 12.2.5, 92-48 L | p(£) > 20,is0l. e
94-233 pe(p) > 7, b-tag 2u.eun, T
h,A,H — pu 12.2.6-7,94-182 LH | p:(pe) > 10,10 2u;
A — Zh — £0bb (12.2.8) L | p:(e) > 20,20 2e2u;
96-49 pe(p) > (5,5)10,10 | eu
EI®t > 20
Wh, Zh, Hh — (£)£bb 12.2.9 W, Z, t 26,21; ,6u
H-WW - {tvi o see SM H
See also generd reports: 93-122, N97/57.
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3.33 Sparticlesand particl

If the supersymmetry isindeed realised in our world, the ZOO of many new particle species will keep us busy for
many years, discovering them one by one, and studying their properties. The results of those studieswill have also
cosmological implications, as the lightest SUSY particle can constitute a significant fraction of the dark matter in
the universe. The expected observability of SUSY isshown in Figs 3.8 and 3.9 as 5¢ significance contoursin the

inos

(mo, my2) plane, mg being acommon scalar mass, m /, — the mass of gaugino.
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The channels aready studied by simulation in CMS are listed in Table 3.3. Complicated cascade decays will
create many hard leptons, very useful for triggering. Squarkswill produce numerousjets. Neutralinosand gravitino
might be detected by missing energy E;.

Table 3.3: Search for SUSY partners

physics channel ‘ references ‘ L ‘ offline cut (GeV) trigger
89,86 — 1-4¢ X0 2jets | 95-90,95-91,94-318 | LH | p,(f) > 10-20 2e, 2u;, eu
96-22, 96-95, 96-103 £:> 100
N97/15,N97/16 EI®t > 40
89 — 4jets N97/67 LH | EZ¥* > 100, 100, 100, 100 | EZ°*
G — x — xoh N97/70 LH | E,> 100 B
h — bb EI°t > 20, 20, 20, 20
06— 2-34 x9's 96-59 LH | p:(€) > 20 2e, 2u;, e
¥>50
OIxE — X9 vyl N97/7, N97/65 LH | p:(€) > 15 2e, 2u;, e
N97/69, N97/94
xIx9 — Gy Gy N97/79 LH | pe(y) > 40,40 2e F;
¥¢> 100
See also generd reports: 93-125, 95-66, 96-58, 96-65, CR97/9, CR97/12, CR97/19.

3.34 Alternativemodels and exotica

Higgs mechanism is not the only possibility of explaining the masses of fundamental fermions. Alternative models
often predict new particles, like additional gauge bosons W’ and Z'. A few examples are given in Table 3.4. The
new particles are expected to be as heavy as severa hundred GeV and they produce very hard leptons, easy to
trigger.

Table 3.4: Search for exatic particles

physics channel references ‘ L ‘ offline cut (GeV) ‘ trigger
V'V scattering 12.1.9, 94-276 H | p(W,Z) > 300 2e, 2u;, eu
W' — uv LOI 8.1.3 H g

W' - WZ — pFrutu~ | LOI 8.1.3,93-57 H | p:(p) > 100,100,100 | 2u;

Z'— pu LOI 8.1.3,93-107 | L,H | p:(ps) > 20,20 2u;
leptoquarks LQ CR96/3 H | p(r) > 200,200 2u;
(scalar, ~1.5 TeV) EI°t > 200,200 2u;
compositness (Z — yyy) | 94-188 H | p(v) > 20,20, 10 2e
technicolor pr, wr H
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3.3.5 b-quark physics

The b-quark physics seems to be the most challenging task for the muon trigger. Muonsfrom b decays are very soft
and their spectrum israpidly falling down with p;. Therefore the trigger thresholds should be as low as possibleto
preserve relatively high acceptance. Thisiswell seen in Table 3.5.

Table 3.5: Study of the b-quark physics

‘ physics channel references ‘ L ‘ offline cut (GeV) ‘ trigger
BY - J/Y KO — ¢t xtn~ | 1242,12.44,93-69 | L | p(u) > 2-4,2-4,0 | 2u
b — prag OF b —€aq 94-193, 96-105 p(€) > 5,5,2 e 1t

96-116, 96-117
BS - J/Yp K2 — e ntn™ 95-39 L | pe(pe) > 2-4,2-4
with self-tagging or b-jet tagging pt(€) > 5,5
BY — J/Y KO — ¢t~ xtx~ | 94-189 L | pe(p) > 2-4,2-4
with A tagging pt(€) > 5,5
Bt — J/p K*, b— prag 12.45 L | pe(p) > 2-4,2-4,0 | 2u
BY — J/Y K*°, b — jisaq 94-237, 96-105 L | pe(n) > 2-4,2-4,0 | 2u
BY — J/¢ ¢, b— it N97/72 L | pe(p) > 2-4,2-4,0 | 24
BY — ntm- 12.4.3-4,94-114 L | ps(p) > 6.5 I
b — prag OF b —€aq 94-328 pe(€) > 10 &

pe(m) >

B — DUEux 1245 L | pe(p) > 10 L
BY — D**puX 94-184 L | pe(ue) > 10 ©
B%/B° — DF¥, DF — ¢n¥ 12.4.6,93-117 L | pe(p) > 10 u
¢— KTK™, b— jiag 94-183, 94-184
B — utu~ 12.4.7, 94-186 L | pe(p) > 4.3,4.3 2u
Ay — T/ A 94-227 L | pe(p) > 2-4,2-4
By — J/YE
Ay — Afn~ - pKtn™ =~ 94-227 L
Ay = Afn~ —pKOn™
See also generd reports: 94-229, 95-10, 95-178, 96-139, CR96/2, CR96/5.
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3.3.6 t-quark physics

The LHC is aredl top quark factory. Even at the initial luminosity of 1033cm~2s~! thett pairswill be produced
copiously at the speed of one per minute. The rates of muons from top events are shownin Figs 3.10 and 3.11 as
diamonds. One can see from Table 3.6 that the triggering is rather easy. An interesting case isthelast channel in
the table. It offers the most precise measurement of the top mass, because of the J/+) constraint. However, muons
from J+ are very soft and the trigger threshold should be as low as possible. In fact thisisthe only channel which
may require three muon trigger.

Table 3.6: Study of the top quark

physics channel references ‘ L ‘ offline cut (GeV) ‘ trigger

tt—>wi, Wiy LOI 814 | VL | ps(u) > 50 i
El®t > 50

tt—> Wi, WE, b/b_, 92-34 L pt(,u,) > 40,15 20,445
E]** > 30

tt—> Wi, WE b, b, 93-73 L pt(,u,) > 30,4, 4 20,445
E}°* > 30

t— WE,, WE b/b_y_ 93-118 LH pt(,u,) > 30,4, 4 208,445
E]** > 30

tt—>WE  WE bbby pu H pt(u) > 15,4,4,4 | 3u,u;
E]** > 30

3.3.7 Minimum bias, QCD and Standard Model physics

Table 3.7: Study of minimum bias, QCD and Standard Model physics

physicschannd | references | £ | offlinecut (GeV) | trigger
SM tests: WZ, Wy 2e, 2u;, eu
"soft physics’ L | min. bias min. bias
inclusive W LH € I
inclusiveZ LH 2e, 2u;

Many new expected particles decay to W or Z bosons. Therefore theinclusive W and Z production can be consid-
ered as bench mark processes for the trigger. The rates muons from W and Z events are shown in Figs 3.10 and
3.11 astriangles. They should be compared to “minimum bias’ rates, indicated by sguares. By “minimum bias’
muon rates we understand here the rate of muons created by decays of u, d, s, ¢, and b quarks.

There are several important observations to be done on Figures 3.10 and 3.11. First, the p§“¢ dependence of
therate is very strong. Therefore, changing the p; cut can be a very effective tool of controlling the trigger rate.
Second, the double muon rate is two orders of magnitude lower than the single muon rate for the same threshold.
Thus, the trigger p; threshold can be much lower for the processes producing more than one muon. Third, the
muon rate below p; = 10 GeV isdominated by “minimum bias’ physics. All these observations have an important
impact on the design of the muon trigger, which will be described in the next chapters.
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Figure 3.10: Single muon rates (|n| < 2.4) [80]. Therate is defined as a number of events with at least one muon
with transverse momentum p%* above a given threshold pt.., .

E 1O4L‘= e 2 1 from anything
Y '*..' = 21 from minimum bias events;
© i *ey  # 2 from J/Y events ]
X 108l 'in-. 2 11.from.Drell-Y.an.even
v 2 from 2% events E
o[y ®g . 4 2pifrom W events 1
10 E T t... o <) 3
3 o ¢ 2 ifrom top events
E 4'# a4 E
pyewe ¥s¥X:Y:Y- Fyiv-viv V- "?‘?‘t’-\"
10 | e, by
;-A"-A-A-_ Aaiy. Pt ? L
[ Ak i, P M s, *T‘
1 I A-_A R k, *-_*& + L
Br0-0-0-0-0:0-0-0-0~0-0.p: *‘t Ly *u
[ 4 e ¥
-1 R e
10 EVERL oY & 3¢
E Y -ﬁ:H 1¥:
-2f _5n34i 2.1 41 : 1
L L1070 EMES b A
10 ; +'+-1r| | T @ F
b 't ] M
o
10 ¢ i
2
1 10 10
p' [GeV]
t cut

Figure 3.11: Double muon rates (|| < 2.4) [80]. The rate is defined as a number of events with at |east two muon
with transverse momentum p{* above a given threshold pf,,... Notation“2 y from top events’” means that at |east
one muon in each event comes from t or t decay. The second one may come from another source, e.g. « or K
decay.



30 LHC physics — requirements for the trigger

3.3.8 Heavy ion physics

Heavy ion physicsis the very special case. Let us concentrate here on the extreme example of Pb-Pb collisions.
They will occur with luminosity as low as 1027cm~2s~1, but the density of particlesin each event will be about
1000 times higher than in asingle pp collision. On the other hand the particle spectra are very soft which requires
low trigger thresholds. The requirements for the muon trigger are very different from those for pp collisions and
we refer the interested reader to a dedicated study [77].

Table 3.8: Study of heavy ion physics

physics channel references | £ | offlinecut (GeV) | trigger
heavy ions. T — ptpu~ 1251, N97/89,N97/95 | — | pi(n) > 2-4,0 I
heavy ions; Pb Pb — jets | 12.5.2 - | BI¥* > 50 2jets

See also generd reports. CR97/15, IN97/32.
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Figure 3.12: Acceptance for Y — ptp~ as afunction of muon trigger threshold p¢*¢, normalised to ps*t =
4.5 GeV.



Chapter 4

CMS Trigger system

4.1 Physicsrequirements

Particles discussed in the previous chapter can be divided into three classes, as shownin Table 4.1. Each class has
different requirementsfor the trigger.

Table4.1: Particlesto be studied at LHC.

light medium heavy

mass < 100 GeV ~ 100 GeV > 100 GeV
particle b-quark t, W, Z, light higgs heavy higgs, Z', W, SUSY particles

luminosity | 103%3cm~2s7! | 103%cm™2s7 !, 10%%cm 257! 10%4ecm =251

From the tables of the previous chapter one can see that most of the interesting physics processes produce at
least two trigger objects. Only avery few channels require single-object triggers per se. Those are:
h,A H — 77 — (T r-jetX
Bg — wTx~ withd — Hiag OF b —€4g
BE/B? - D;F? D;F - ¢77:F7 (,'b - K+K—7 b _>/1'tag
e inclusive W

In the first two channels one can still try to apply multi-object triggers looking at the r-jet or treating the =+ =~
pair as akind of narrow jet.

The fact that multi-object triggers are of primary importance at LHC has very substantial implications for
the principle of the trigger operation. Different combination of objects may require different trigger thresholds.
Therefore one should not perform any cut on single objects on the level of muon or calorimeter trigger.! These
triggers can only recognise objects, estimate their p; or E; and send them to the Global Trigger. The Global Trigger
isthe only place when the objects are combined and the cuts are applied depending on a given combination.

It has been shown [103] that medium and heavy particles (see Table 4.1) can be effectively recognised applying
alogical OR of thefollowing conditions:

e single/* or y with p, > 60 GeV,

e two ¢+ or y withp, > 15 GeV,

o F:> 150 GeV.

The rate of processes selected by these criteriais dominated by standard physics background (Table 4.2), and it
does not exceed 100 Hz. Thisdoes not includeinstrumental background and thereforethe First Level Trigger (LV1)
rate can be much higher. However, theinstrumenta background should be eliminated by higher trigger levels, and
one can consider the rate of 100 Hz as afirst estimate of needed mass storage (e.g. tape drives) capacity.
Single-object triggers are used mainly to recover the multi-object events which were not recognised by the
multi-object triggers, because of incomplete acceptance. Therefore, the criteria on their thresholds are not very

1There are someinstrumental limitations on detecting very soft particles, e.g. curling of the tracks of p; < 0.7 GeV, etc.
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Table 4.2: Standard physics background at LHC for £ = 10%%cm—2s~ L.

condition process | rate |
1v of E; > 60GeV 70 — vy 10Hz
2y of By > 15GeV 70 — vy 10Hz
1E of p,>60GeV | W — ¢, jet— £ | 10Hz
20t of p, > 15 GeV Z — 0t 20 Hz
F¢> 150 GeV QCD jets 10Hz

strict. The actua working point should be chosen as aresult of the trade off between the efficiency and the rate.
A reasonable upper limit is about 100 GeV. Beyond this point efficiency for various heavy objectsis significantly
degraded (see Chapter 3). The useful lower limit for p/ely at £ = 103*em 25~ isabout 20 GeV. Below thisvalue
one cannot further improve the efficiency for objectslike W, Z or heavier, whereas therate is dominated by leptons
from quark decays (except the top quark). At thispoint, the rate of every single object isof the order of akHz (see
eg. Fig. 3.10). Adding al the channels together and leaving some room for an instrumental background one can
expect the total LV 1 of the order of 10* Hz. Thus, in order to have some safety margin, the Second Level Trigger
(LV2) should be able to receive ~ 10° Hz of events.
One can conclude this section with the following list of requirements:

mass storage should be able to accept 100 Hz of events;

input of the LV 2 should be able to accept 100 kHz of events;

muon and calorimeter LV 1 recogni se objects and estimate their p; or E,; cutsare applied by the Global LV1;
expected thresholdsfor photons, electrons and muons are as shown in Table 4.3

Table 4.3: Expected LV 1 thresholds [GeV].

| ev | 2¢v || & | 26 | u [ 2u |
£=10%cm 2! | 1540 | 10 10 5 10 5

20-100 15 — —

4.2 Technical implementation

Bunch crossings occur at the LHC every 25 ns. The LV 1 hasto be able to analyse each crossing. The time of 25 ns
isby far not enough to recognise atrigger object and measure itsp; or E;. Thereforethe CMS LV 1 trigger utilises
pipeline processor technique. Any trigger algorithmis divided in steps. Each step isperformed in 25 nstimeby a
trigger processor unit. The result islatched, and at the end of a 25 ns period it is sent to the next processor unit and
the data from the new bunch crossing are taken. Thisway the trigger decision is delivered at the end of the chain
every 25 ns, regardless of the chain length.

Detector data must wait for the LV 1 trigger decision in pipeline memories. The data from a given bunch
crossing are shifted to the next memory unit every 25 ns. At the end of the pipeline they have to meet the trigger
decision and they are either read out or discarded. Thus the length of the readout pipeline must be equal to thetotal
LV1 latency.

Different detectors use either digital or analog pipelinememories. There are technical limitationson the length
of analog pipeline memories. At present memories as long as 120-150 bunch crossings are feasible. Thisimplies
that thetotal LV 1 latency should not belonger than 3 us.

The LV 1 trigger scheme described above is common for ATLAS and CMS. The two experiments differ in the
implementation of higher level triggers (Fig. 4.1). In the case of ATLAS the division between the LV2 and LV3
isfixed. The LV 3 consists of commercia processors performing standard physics analysis. The LV2 isa custom
build hardware device consisting of a number of dedicated DSP-like processors. The LV 2 processors analyse data
only from a Region of Interest (Rol) — fraction of the detector indicated by the Fist Level Trigger.
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In the case of CMSthe LV2/LV3 divisionisflexible. One can even imagine higher number of levels, depend-
ing on actual needs. Thisis because al higher level triggering is performed by a powerful farm of commercia
processors called Event Filter Farm.

Description of the Event Filter Farm exceeds the scope of thisreport. In the next section we briefly describe
the calorimeter LV 1. The rest of the paper is devoted to the detailed description of the muon LV 1.

CMS ATLAS
Detectors Detectors
40 MHz 40 MHz
Fron7t-end pipelines i Custom Fron7t-end pipelines i Custom
~10" channels ~HS level 1/ Processors ~10" channels level 1 /] Processors
100 kHz 100 kHz
Region of Interest Rol
Readout buffers A o
~1000 x10° ~s Readout buffers -ms| (' Level 2 I%?ggéi"sﬁg
event buffers
Event builder ! ) ! 1 kH
large switch Event builder z
1000 x1000 ! !
Server farm ~S Server farm ~S
large farm 10° MIPS Commercial Commercial
Processors Processors
100 Hz 100 Hz

Figure4.1: Trigger and DAQ scheme of CM S (left) and ATLAS (right).

4.3 Calorimeter Trigger

4.3.1 Segmentation

Calorimeter trigger is based on three kind of detectors: el ectromagnetic calorimeter ECAL (pseudorapidity |n| <
3.0), hadronic calorimeter HCAL (|| < 3.0), and very forward calorimeter HF (2.6 < |n| < 5.0).

HCAL isdesigned as a copper/scintillator sandwich. Itsreadout isarranged intowers of An x A¢ = 0.087 x
0.087. Thissize defines calorimeter trigger cell.

ECAL ismade out of PbWOQO, crystals. Each crystal inthebarrel hasasize of Anx A¢ = 0.0145 x 0.0145,thus
each trigger cell contains6 x 6 crystals(see Fig. 4.2). Each cell isdividedinto6 stripsof Anx A¢ = 0.0145x0.087
i.e. 1 x 6 crystas. Inthe endcaps the number of crystals per cell depends on pseudorapidity.

Proposed HF segmentation is about An x A¢ = 0.035 x 0.035 for 2.6 < |n| < 4.0 and 1.0 x 0.7 for
4.0 < |n| < 5.0. Itisstill being optimised.

4.3.2 Trigger primitives
The following trigger primitives are generated by the calorimeter front-end electronics:

transverse energy G, insidean ECAL cdl, G; = Geep - sin 8
finegrainlocal isolation bit LI,

transverse energy H; insidean HCAL cell, H; = H e - sin 8

MIP bit — energy deposit compatible with minimum ionising particle.
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Figure 4.2: Calorimeter trigger primitives and cuts. The cuts are denoted here in a symbolic way only, and they
are described in detail in the text.

The local isolation bit LI for each cell is computed in the following way. For each pair ¢ of adjacent stripsin the
6 x 6 ECAL cell asum L of transverse energy depositsis calculated. The largest one L™ isfound. The ratio
R = L™*® /G, is compared to a programmable threshold R**7¢s. If R > Rth"e* the LI bitisset.

4.3.3 Electron/photon trigger
Let usintroducethe following symbolsfor calorimeter cells and transverse energy deposited in them (see Fig. 4.2)

e GIM' —the ECAL cell containing most of the energy (denoted “Hit” in the figure)

o G — cell withmaximal G of four G?** neighbours (denoted “Max” in the figure)

HM* — the HCAL cell behind the GP#
e ©f — sumof H, of 8HCAL cellsaround H}#
e ¢ —sumof G; of 5 ECAL cells (L-shaped " corner”) around G}t
e Eifres — thetransverse energy threshold

An e ectron/photon candidate has to fulfil the following requirements:

. Ghit | gmez . pthres  (transverse energy threshold)

. R= L™ /Gt > 0.89 (lateral shower profile—"cluster shape”)

1
2
3. HMt/GMt < 0.05 (longitudinal shower profile)
4. ©F < 1.5GeV (hadronicisolation)

5

. At least one of four ©¢ < 1.0 GeV  (electromagnetic isolation)

The first condition is a simple transverse energy threshold. An electromagnetic energy contained within two
calorimeter cellsis considered.

The second condition makes use of thefact that €l ectromagnetic shower caused by asingleelectron isrelatively
narrow and at least of 89% of itsenergy is contained withinan areaof An x A¢ = 2 x 6 strips.

The third condition is designed to get rid of charged hadrons. A shower caused by an eectron should be
contained within the electromagnetic calorimeter. Only up to 5% of energy is alowed to leak into the hadronic
compartment.

The last two conditions are needed to suppress the #° background. Two photons coming from ax° decay are
very difficult to distinguish from an eectron. However, #° are mostly produced within jets, whereas e ectrons
from decays of interesting particles are well isolated. The forth condition imposes a hadronic isolation. The total
energy contained in 8 hadronic cells surrounding the impact point of electron should be smaller than 1.5 GeV. The
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fifth condition is an electromagnetic isolation. It isrequired that the energy surrounding the 4 cells containing an
electron islower than 1 GeV.

The conditionsare designed in such away that the data flow from the calorimeter to the trigger processors and
number of interconnectionsare minimised. The actual values of the cuts are results of complicated optimisation.
They are designed to suppress significantly the background maintaining high efficiency for electrons. Brief dis-
cussion on this subject one can find in Section 4.3.9. For more details we refer the reader to the original papers
[141]-[151].

434 Theb-electron trigger

In order to reduce the Et*7¢# for electrons from b-quark decays an additional requirement should beimposed. One
can make use of the fact that a b-electron is dightly separated from the remnants of other decay products. This
kind of isolation can be achieved by tightening the cut on the R parameter. Normal hadronic and el ectromagnetic
isolation should not be, however used. Thusthe b-electron is selected as follows

1. GFt 4 Grez > Eihres  (transverse energy threshold)
2. R =L /GMt > 0.95 (latera shower profile)
3. HMt /Gt < 0.05 (longitudinal shower profile)

435 Jettrigger

Jet trigger is the simplest one and it consist of only one condition. The transverse energy contained within one
calorimeter region (4 x 4 cells) should be higher than threshol d:

Z(Gt +Ht) > E:hres

4x4

4.3.6 Missingtransverseenergy trigger
Let us define for each calorimeter cell two energy components:
E, = (G¢ + Hy) -cos¢
Ey = (Gi+ Hy) -sin¢
where ¢ isthe azimuthal position of the cell. Missing transverse energy F:is defined as

a2+ (2m)

Thus the missing transverse energy is a vector sum of E, depositsin al calorimeter cells. The missing energy
trigger requires the F;value to be above the threshold.

4.3.7 Total transverse energy trigger
Thetotal E, trigger requiresthe scalar sum of E, depositsin al calorimeter cellsto be above the threshold:
E:Ot — E (Gt _|_ Ht) > E:hres
Inl<5
4.3.8 Ther trigger

The r trigger is similar to the jet trigger with additiona requirement that the size of the jet should be limited.
Details of the algorithm are till under optimisation and the reader is referred to current technical notes on the
subject (see e.g. [140]).
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4.3.9 Calorimeter Trigger performance

For a detailed discussion of the Calorimeter Trigger performance we refer the reader to the speciaised papers
[141]-[151]. Here we would like to present only a few examples. We have chosen the triggers related to an
electron. The single and doubl e €l ectron/gammactrigger rates are shown in Figures 4.3 and 4.4 respectively. The
raw trigger rate is subsequently reduced by adding new requirements. The usefulness of all requirementsisclearly
seen, as each one reduces the trigger rate by factor 2-4.
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As described in Sec. 4.3.4, different set of requirements was found to be useful for eectrons from b-quark
decays. Itisillustrated in Figures 4.5 and 4.6. The effect of the cut on the lateral shower profile (fine grained
algorithm) is shown in Fig. 4.5 for two different thresholds. Changing this threshold, one can exploit the trade off
between efficiency and rate in order to optimisethe signal/background ratio.
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Chapter 5

CMS Muon Trigger design issues

5.1 Requirements

General requirements described in the previous chapter can be defined much more precisaly for the specific case
of the muon trigger. They are listed bel ow together with brief justifications. More detail discussion will follow in
subsequent chapters.

The basic tasks of the CMS Muon Trigger arel

e muon identification,

e transverse momentum measurement,

e bunch crossing identification.

It has to fulfil the foll owing requirements.

Geometrical coverage: up to |n| = 2.4, in order to cover the entire area of the muon system.

Latency: < 8.2us. Total trigger processing, including 2 x 120 m optical fibres (1.2 us) to the control room,
should stay within the length of the tracker pipelines equal to 128 bunch crossings. This impliesthat the trigger
algorithms cannot be too complicated.

Trigger dead time: not allowed. Every bunch crossing hasto be processed in order to maintain high efficiency
crucia for many physics channels with low cross section.

Maximal output rate. 15 kHz for luminosities <10%*cm~2s~1. Maximal second level input rate is 100
kHz. Uncertainty in estimates of cross sections and luminosity variations during a single run requires a large
safety margin. By design, the average first level output rate should not exceed 30 kHz, shared between muon and
caorimeter triggers. About 5-10 kHz is assigned for the single muon trigger. This implies a rejection factor of
~ 1075 at the highest luminosity.

Low p, reach: should be limited only by muon energy loss in the calorimeters. It is equa to about 4
GeV in the barrel and it decreases with |n| down to ~ 2.5 GeV. This is required mainly for b-quark physics at
L£=10%3cm %571,

The highest possible p; cut: ~50-100 GeV. Expected threshold needed to restrict the single muon trigger
rateto 510 kHz at £ = 10%*em—2s~! is 15-20 GeV. Uncertainty in estimates of cross sections and background
levels requires alarge safety margin. Increasing the threshold from 15-20 GeV to 50-100 GeV reduces the rate by
an order of magnitude.

Background rejection: singlemuon trigger rate dueto background should not exceed therate of prompt
muons from heavy quark decays at the nominal threshold (15-20 GeV). This is necessary to maintain the
rejection factor stated above. The prompt muon rate isirreducible except for channels where the isolation criterion
can be applied (see below).

Isolation: transverse energy E, deposited in each calorimeter region of An x A¢p = 0.85 x 0.35
around a muon is compared with a threshold. Thisfunction is needed to suppress the rate of background and
prompt muons form heavy quark decays when triggering on muons not accompanied by jets. Thisis particularly
useful inchannelslike hAH — pu, hAH — 77, tt — WW, andgluino decays.

Output to the Global Trigger: up to 4 highest p, muons in each event. In principle only 3 muons are
necessary for the Globa Trigger to perform single- and multi-object cuts including the three-muon trigger. The
4-muon output introduces some safety margin. For example, from physics point of view, alow p; isolated muon
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might be preferable over a higher p; non isolated muon. Delivering 4 muons we reduce the probability that a low
p; isolated muon will not be selected because of the presence of higher p, non isolated muons. Thisway we aso
reduce the probability of accepting ghostsinstead of real muons.

5.2 Background

5.2.1 Introduction
Background classification

The task of the muon trigger is especialy difficult because of the presence of severe background. Infact thisisthe
major challenge of the design. There are three main sources of background:
e proton-protoninteractions themselves
e beam losses because of the limited LHC aperture (p-nucleuscollision with energy of 7 TeV inthelaboratory
system)
e COSMic rays
These sources produce various effects in the detectors. We group them into four classes depending on how they
can influence the trigger:
track — a set of aligned track segments from several muon stations
track segment — a set of aigned hits within one muon station
correlated hit — caused by areal muon or its secondaries
uncorrelated hit — caused by phenomenon not related to a given muon

Dominant sources of each class of background are given in Table 5.1. They will be discussed one by onein the
consecutive sections.

Table 5.1: Background classification

detected objects | caused by | dominant source

tracks muons b- and c-quark decays, = and K decays
track segments hadrons punchthrough and backsplashes
correlated hits electrons | muon bremsstrahlung, é-rays, et e~ production

uncorrelated hits | electrons | therma neutrons — v — e

Distribution of absorbers

Background rates depend crucialy on the distribution of absorbers in the experiment. From the point of view of
the muon trigger two issues are especially important:

e materia thicknessin front of muon station

e shielding of highly illuminated elements

The amount of absorber in front of muon system determines the background rates due to punchthrough of
hadronic showers. Thereforeit is sensibleto expressit in terms of nuclear interaction lengths A. The total material
thicknessin front of each muon stationisgivenin Fig. 5.1.

The most exposed €l ements in the experimental hall are

e Forward Calorimeter (HF)

e LHC beam collimators, made of copper

e quadrupole magnets

They are shown together with their shielding in Fig. 5.2. Heavy elements of the shielding likeiron and concrete
are designed to stop energetic hadrons. Light organic materias like polyethylene are intended to capture neutrons,
with the additives such as magnetite or boron to increase the neutron capture cross section.

Presented shielding design is a result of a long optimisation process which is not yet finished. The reader
interested in thissubject isreferred to [110]-[127].
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Figure 5.1: Material thicknessin front of muon stations expressed in nuclear interaction lengths A. The width of
the bands reflects the non-cylindrical geometry of CMS.
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RD5 experiment

The challenge of background reduction in the LHC environment was recognised at the very early stage of the
project. Already in 1991 a dedicated experiment, called RD5 [152], was build at CERN to study different aspects
of muon detection in the presence of various backgrounds. We describe it briefly here, because its results will be
discussed in subsequent sections of this paper. They are crucia for understanding of many phenomena related to
muon detection at LHC.

The RD5
, Magnet M1 Muon Spectrometer
Muon Drift _ .
chambers B =3 Tesla (Top View)
Station 2 Veto RPC
Station 3 \ — Station 1 Lead Brick Wall
15T] |:
———————— == - 1 H - i —
] I’\ U,TLK,p - beam
3T
15T i T S1
{
u3

‘ s2
S3, S4, S5 Beam MWPC U1l
Iron torus . .
B=15 Tesla\ \ / Tracking Calorimeter
\ / (TRACAL) Iron Mirror

Digital Resistive Plate Chambers (RPC)

Figure 5.3: RD5 experimenta setup.

The RD5 setup is shown in Fig. 5.3. Functionaly, it resembles the basic structure of the CM S detector with
its magnet, return yoke, calorimeter and muon system. Its main two parts are magnets. a 3 T superconducting
solenoid playing the role of CM S magnet, and a1.5 T warm toroid which first part simulatesthe CM Sreturn yoke.
Using both parts of the toroid one has a structure similar to ATLAS.

The magnets are interleaved with muon stations equipped with various kind of muon chambers. Inside the
solenoid there is a calorimeter called TRACAL because of its tracking capabilities. In front of the magnets there
are multiwire chambers and the silicon tracker used for beam monitoring. The setup is completed by trigger
scintillators.

The RD5 setup was used to test various types of muon chambers planned for LHC and severa entire muon
trigger systems. Main physics results are the measurements of hadronic shower punchthrough through different
absorber thickness and radiation of high energy muons. They are discussed in the following sections.

5.2.2 Muons

Muonsin CMS can come from several sources.
1. proton-protoninteractions
(a) decays of heavy objectslike W, Z, top, higgs, etc.
(b) b- and c- quark decays
(c) decays of hadrons composed with quarksu, d and s (mainly = and K)
(d) punchthrough of hadronic showers
2. beam losses because of the limited LHC aperture (sometimes called beam halo muons)
3. cosmic rays

Muons of 1laand 1b together are often called prompt muons, because they are produced very close to the pp
vertex. Life time of longest living b-mesons, expressed as ¢r is no longer than 500 um. Even taking into account
therelativistic dilatation most of the particles containing b or ¢ quark will decay within 1 cm from the vertex.

The division between 1c and 1d is somewhat arbitrary. This is because muons in hadronic showers are also
coming from hadron decays. The only difference is that in the first case the mother hadron was crested in the
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primary pp interaction whereas in the second one it is a product of strong interactions in the hadronic cascade.
However the two cases cannot be easily distinguished experimentally if a primary hadron decayed inside the
calorimeter volume before any strong interaction. Therefore in this paper we follow the commonly used naming
convention which is better defined from the experimental point of view. We call decay muon a product of hadron
decay which took place before the calorimeter. The name punchthrough muon we use for muons from hadron
decays within the cal orimeter, regardless what was the origin of the hadron.

Onthe other hand it issometimes difficult to distinguish soft punchthrough muons from other charged particles
produced in hadronic showers. Therefore we will discuss them together with hadrons in the section devoted to
punchthrough.

Prompt muons

This class of muonswe consider asa signa and we will useit as a reference to al kind of backgrounds. The rate
of prompt muonsis dominated by b- and c-quark decays up to p; ~20 GeV; above 20 GeV the W decays take over
(see Fig. 3.10 page 29, where b and ¢ decays are included in the “minimum bias’ set [80]). It does not show any
significant dependence on 5. The p; dependence can be parametrised with the following formula[84]:

(xig)z]

dN
dn dp;

:aexp[@

where
¢ =log,, p: [GeV], a=1.3084-10°% u = <0.7250, o = 0.4333.

Thedistributionis givenin [GeV~1t.s71].

Muons from hadron decays
Therate of primary hadrons a so does not depend significantly on  and can be parametrised as afunction of p;:

dN

_ a B
dndp, = 000

where
a=1.1429-10%° b= 0.8251, o = 1.306, B = <3.781.

In order to calculate the rate of decay muonsone has to convol ute the above formulawith the decay probability,
which depends on the particle type, n and p. The result it shown in Fig. 5.4a together with rates of muon from
b- and c-quark decays. These are the rates of muons entering the calorimeter. Soft muons cannot penetrate the
calorimeter and therefore the rate of muons reaching the muon system is reduced at low p;. Thisis shown in
Fig. 5.4b. The rate dependence on nisgivenin Fig. 5.5. It is seen that the rate of muonsin the forward region is
much higher than in the barrel. The local rate per cm? in different muon stationsis shown in Fig. 5.6.

Cosmic muons

A typica rate of cosmic muons on the ground level is about 10 HzZm?. One can expect a reduction factor of
approximately one hundred with respect to ground level cosmic rate. Hence the local rateis ~ 10~% Hz/cm? and
it is completely negligible compared to other sources.

Sincethe detector cross section has roughly 22 x 15 m? thetotal rate of muons crossing it is about 30 Hz. This
isaready well below therates from other sources, discussed above. Moreover, only very few of the cosmic muons
will have a chance to give atrigger because it requires the tracks to be pointing to the vertex.

There is another side of the coin — it will be very difficult to make any trigger test with cosmic muons.
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Beam halo muons

The limited aperture of the LHC causes some beam losses. Particles deviating from the beam center will interact
with machine elements producing many secondaries. Most dangerous of them are energetic muons because of
their ability to penetrate matter. They will enter the experimental hall and traverse the detector amost parale to
the beam. They have a very small probability to cause the trigger because they do not point to the vertex. Inthe
endcap chambers, however, they might be seen as local track segments.

Estimated rate of halo muons is shown in Fig. 5.6 together with muon rates from the pp interactions. In the
barrel, the two rates cannot be compared directly. This is because the hado muons are entering barrel chambers
from the side and the rate is expressed per cm? of the side surface.
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5.2.3 Hadrons
Hadronic punchthrough

Hadronic punchthrough can affect the muon trigger in two ways:

e increasing occupancy in muon chambers;
e creating track segments in muon stations.

These two effects are illustrated if Figs 5.7 and 5.8 respectively, which shows “event display” pictures from the
RD5 experiment. In the first case, the interaction of incoming pion occurred close to the end of the calorimeter.
Thus a significant part of the hadronic shower evolved inside the muon station. In the second case, one of the
hadrons from the cascade has decayed into a muon which then penetrated the iron, reaching the second muon
station.

Muon Station 3 Muon Station 2 Muon Station 1
5 Magnet M1
1 B=3T
_ 20GeV TU
b~ — - -
TRACAL
Iron Torus Iron Torus
B=15T B=15T

Figure 5.7: High occupancy in the muon station caused by a punchthrough from a 20 GeV = — event observed in
RD5 experiment.

Muon Station 3 Muon Station 2 Muon Station 1
Magnet M1
B=3T
20GeV TU
B -
TRACAL
By
Iron Torus a Iron Torus
B=15T =15T

Figure 5.8: Punchthrough muon from a 20 GeV = — event observed in RD5 experiment.

Punchthrough effect was studied very extensively in the RD5 experiment. Tota punchthrough probability
(Fig. 5.9), multiplicity, spatial, angular and momentum (Fig. 5.10) distributions of punchthrough particles were
mesasured for various incident particle types and momenta, with and without the magnetic field. It has been shown
that the punchthrough effect is well reproduced by GEANT [128] with its both hadronic shower versions, FLUKA
[129] and GHEISHA [130]. An exception islow momentum data (~10 GeV) which are not very well described by
GHEISHA (see Fig. 5.9).
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and 300 GeV.

Backsplash from forward calorimeter and beam collimators

When highly energetic hadron hits one of the forward detector €l ements some products of the hadronic shower can
be emitted at large angles and travel towards muon chambers. This effect is often called a backsplash, athough it
has very similar nature to punchthrough and the division is somewhat artificial. Thetota rate of charged hadrons
due to punchthrough and backsplashes of particlesfrom pp interactionsis shown in Fig. 5.11 together with hadron
rates due to beam halo.
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Figure 5.11: Charged hadron rates in the muon stations due to punchthrough and backsplashes of particles from
pp interactions (full circles) [108] and from the beam halo (open circles) [114].
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5.2.4 Uncorrelated eectronsfrom neutrons

The very last product of hadronic showers are thermal neutrons. They cannot cause hitsin detectors by themselves.
However, they can be captured by nuclei and produce photons by deexcitation. Such a photon can in turn create
an et e~ pair eventually causing hits in detectors. If the capture happens in iron or hydrogen the photons have
energy of 2-8 MeV which may result in el ectrons penetrating several chamber layers. For rough estimates, one can
assume that theflux of electrons causing hitsis ~100 times lower than the photon flux, which isin turn ~10 times
lower than the flux of neutrons. The therma neutrons behave like agasfilling all the experimenta hall. They can
travel long distances even in dense matter and therefore it is difficult to shield them out. The most effective way
to stop them is addition of 1°B which has the capture cross section severa orders of magnitude higher thaniron or
hydrogen. Moreover the resulting photons have only 200 keV energy and they cannot produce et e~ pairs.

Thereisanother mechanism through which neutronscan produce detector hits. Elastic neutron-proton collision
can give some Kinetic energy to the proton which can be then registered by the detector. It has been shown [118],
however, that the hit rate due to this effect is negligible compared to the n— v —e mechanism.

Simulation of thermal neutronsis extremally difficult and time consuming because one needs to track neutrons
with energies as low as single e ectronovolts. The results are very sensitive to details of the ssmulated geometry,
especialy of the shielding and of the chambers themselves. In order to gain confidence in the resultsthree different
programs are used by the CM S Radiation Working Group: FLUKA [129], GCALOR [131], and MARS [132], each
with its own advantages and drawbacks. Comparison of their resultsis given in Fig. 5.12 which shows the rates of
hits due to thermal neutronsin various muon stations. They have been cal culated as photon rates multiplied by 0.01
probability of causing ahit. Agreement between FLUKA and GCALOR isremarkable. MARS results, although they
suffer from low statistics, are systematically higher than others. Before drawing any conclusion from thisfact one
has to make sure that the simulated geometries are compatible. Each program introduce geometry in a different
way which isin fact the major problem in any comparison between them.

Comparison of rates due to neutrons from different sources is given in Fig. 5.13. For the pp collisions the
electrons are simulated explicitly in contrast to Fig. 5.12, where the simulation was terminated at the level of
photons. This give more direct estimate for the price of ~100 times lower statistics.
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Figure5.12: Thermal neutron originated (n— vy —e€) ratesin muon chambers [109].
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Figure 5.13: Thermal neutron originated (n— v —€) rates in muon chambers: from pp interactions (full circles)
[108] and from the beam halo (open circles) [114].
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5.25 Electronscorrelated with muons

Muon traversing matter can loseits energy by four processes

ionisation (including deltaray production)
bremsstrahlung, i.e. photon emission,
direct et e~ pair production,

nuclear interactions.

Probability of the last one can be neglected compared to others. Probability of the first three processes is given
in Fig. 5.14 as afunction of muon momentum and energy of secondaries. The most probable effect is an emission
of asoft deltaray. The most hurting one, however, is emission of hard electron or photon (> 1 GeV), which can
develop entire electromagnetic shower. An example is shown in Fig. 5.15 which is an “event display” from the
RD5 experiment. Second muon station is full of hits and thus useless for a measurement. A similar example is
shown in Fig. 5.16, thistime the muon radiation is simulated by GEANT [128].
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Figure 5.14: Production of € ectrons by muons traversing matter.
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Figure 5.15: Electromagnetic shower from 300 GeV p — event observed in RD5 experiment.

1The energy loss dE /de dueto nuclear interactionsis an order of magnitude lower than due to bremsstrahlung and pair production.
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Figure5.16: Electromagnetic shower produced by 22 GeV photon emitted by 1 TeV muon (GEANT simulation).

Emission of secondaries by muons was studied in detail in the RD5 experiments. Microscopic study were
performed with a silicon microstrip detector. Results are shown in Fig. 5.17. The data are well reproduced by
GEANT simulation. The phenomenon of muon radiation was also studied with various kinds of muon chambers.
Chamber response, however, depends crucialy on the details of chamber construction and operation. Therefore,
we will come back to this problem after describing the muon chambers and trigger algorithms.
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5.26 Conclusions

Let us summarise background considerations according to the way they can influence the trigger.

Tracks

The tracks are coming mainly from muons. The total rate above 5 GeV isdominated by prompt muons which we
consider as signal. Therefore we do not expect major problems for trigger in this domain.

Track segments

These are coming mainly from punchthrough and backsplashes, however halo muons cannot be neglected. De-
signing the trigger one should provide bandwidth high enough to transmit detected track segments including back-
ground. One should also impose rather strict requirements on matching several track segments into full tracksin
order to suppress random coincidences of several background track segments. These issues are discussed in the
next chapters.

Corrdated hits

Hits correlated with muons are characteristic for muons of energy 100 GeV and above. They can disturb measured
hit position and track segment angle which may lead to problems with matching of different track segments and
muon momentum estimate. The only way to fight this background is redundancy: several muon station in the
detector, several detector layers per station. In the next chapter it will be shown that thisruleis applied thoroughly
in the design.

Uncorrelated hits

Local background rates from different sources are compared in Fig. 5.18. In mgjor part of the detector therate is
dominated by uncorrelated electrons. The totdl rate is given in Fig. 5.19. The highest rates are in the inner ring
of endcap chambers: MEL/1, ME2/1, ME3/1, and ME4/1. They amount for afew hundred Hz/cm? approaching
1 kHz/cm? at the very bottom of ME1/1. Elsewhere the rates stay around 10 Hz/cm? and they never exceed 100
Hz/cm?. The maximal rates of hitsin different muon stations are summarised in Tab. 5.2.

Table 5.2: Maximal rate of hits (Hz/cm?) in different muon stations.

‘ muon station ‘ 1 2 3 4

barrel 10 3

outerendcap | 20 20 20 20
In| < 2.1 250 70 100 80
|n| < 2.4 500 100 100 100

This kind of background is probably the most difficult because of its intensity. It may affect the trigger in
severa ways:
e spoil functioning of the detectors (efficiency drop, etc.);
saturate data bandwidth of various connections;
disturb position and time measurement by overlapping real muons,
cause fake track segments by random coincidence of severa hits.

In order to suppress those effects one should take the following measures:

optimal detector and shielding layout, proper materias;

high granularity of detectors;

fast signal shaping, short gates, etc.;

strict requirements on matching hitsinto track segments and segments into full track;
redundancy everywhere.

Concrete implementation of these measures in the CMS Muon Trigger design will be shown in next chapters.
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Figure 5.18: Background rates in muon chambers: muons (solid line), charged hadrons (open circles), eectrons
(full circles). The data from different sources shown in Figures 5.6, 5.11, and 5.13 are summed together.
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Figure 5.19: Tota rate in muon chambers. Contributions of different kind of particles shown in Fig. 5.18 are
summed together.
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5.3 Track bending in the magneticfield
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Figure5.20: Magnetic field map of CMS

Measurement of the muon transverse momentum p; is based on track bending in the magnetic field. The magnetic
field inthe CM Sdetector iscreated by along superconducting solenoid (Fig. 5.20). Since the dominant component
of the B field is dong the beam direction, tracks are primarily bent in the r¢ plane (perpendicular to the beam
direction). Thus, tracks in rz projection are approximately straight lines, i.e. they keep almost constant » value
along the path. The presence of aradial field component B,., especialy in theforward part of the detector, dightly
modifies this picture. A track bent by the p, x B force gets some tangential component ps. Thenthepy, x B,
produces the z component of the Lorentz force. As aresult, the track’s  changes dong its path. This deflection
in n is rather small because the p, component is small in comparison to the total p value. Even for the softest
tracks reaching the muon stations, the changein # typically does not exceed 0.15 (see Fig. 5.21). Thus, in order to
measure the transverse momentum of the track, it is enough to observe the dominant bending in the r¢ plane. A
few examples of simulated muon tracks are shown in Fig. 5.22.

Bending angle of thetrack is given by theintegral of the B x dl product, where dl is an infinitesimal vector
along the track. Fig. 5.23 shows this value as afunction of R in the barrel, and as a function of Z in the forward
part of the CM S detector. It grows linearly until the track reaches the coil and then it falls down in the return yoke
due to the change of thesign of B x dl.

If the detectors are optimally placed, one can make use of the whole integrated absolute value of the B x dl
product. Thisvalueisshown intheright part of Fig. 5.23. One can see that in the barrel it is amost constant and
approximately equal to 17 Tm. In theforward region it decreases with pseudorapidity n but even at the edge of the
acceptance of the muon system it remains as large as 6 Tm. Such a big value causes the track bending to be larger
than multiple scattering effect (see Fig. 5.24) and thus alows to disentangle various momenta even for the highest
n and the lowest p, values within the acceptance of the muon system.



5.3 Track bending in the magnetic field

55

400
350 |

300 [ 2.2<In|<2.3

Number of events

250 —
200 —
150 —
100 —

50 [

-0.2 -0.15 -0.1 -0.05 0 0.05 0.1 0.15 0.2
r]4"'11

Figure5.21: Track deflection in n between stationsMEL and ME4

W
7 N
/’/4““\\\\,/ ~~7IF
-

Figure 5.22: Simulated muon tracks with p; = 4 and 6 GeV. In the second figure the places where the tracks cross

the forward muon stations are indicated by four arcs.



56

CMSMuon Trigger design issues

[Bxdl [Tm]

[Tm]

0 2.5 5

[1Bxd|

[Bxdl [Tm]

Figure 5.23: CM S bending power

20
18
16
14
12
10

O N M O

2000 |
1750 F

1500 [

Number of events

1250
1000 ;
750 [
500 |-

250 F

2.2<|n|<2.3

p, = 2.5, 5, 10, 50 GeV

0 5

-, [1/3 deg strips ]

Figure 5.24: Track bending measured by stations ME1 and ME2 equipped with readout elements of A¢ = %°.



5.4 Implementation of algorithms 57

54 Implementation of algorithms

5.4.1 Technical limitations

Basic tasks of the Muon Trigger should be performed by agorithms having detector information (hits) as an
input. In principle high precision and large number of hitsaong a muon track should lead to more reliable muon
recognition and better momentum measurement. In practice, however, there are technica limitations which put
important constrains on the performance of agorithms.

Processing time

Out of ~ 3 us of total trigger latency, roughly 2/3 is used to transfer the information from the detector to the
control room and back. Thus only approximately 40 b.x. is available for the data processing. Among them afair
fraction is used for synchronisation and local data transfer between chips, boards and crates. Finally only 10-30
b.x. remains for actual trigger algorithm. Keeping in mind that modern electronics can perform only a few basic
logical operations (like AND, OR, etc.) per b.x. (25 ns), the agorithms must be relatively simple.

Datatransfer

e Within achip — usually, only afraction (typically 40-80%) of resources potentially availablein achip can
be used, because of routing problems. Thisis especially important in the case of FPGA? devices.

e Between chips — very often the actual limitation on a chip functionality comes not from its content but
from the number of pins. Size and price of a chip depend strongly on its package.

e Between boards — standard crate backplane buses (like VME) are often not fast enough to ensure needed
data sharing between different boards. Technically challenging and expensive custom backplanes are re-
quired.

e Between crates — standard cables (e.g. flat twisted pair) cannot be used to connect much more than 1000
signalsto one crate. One can approach 10 kilobits/b.x. rate seridlising the signals and sending them through
a high speed link.

e Between detectors and the control room — in this case only high speed (> 1 Ghit/s) optica links are
feasible. Their cost constitute a substantia fraction of thetotal cost of the system.

5.4.2 Choice of approach — calculus machine or coincidencelogic

One possi bl eapproach to the pattern recognition and momentum fit isa cal culus machine. Addresses of hit detector
elements can be converted into coordinates. Track saggitaor bending angle can be cal culated and converted into p; .
Main advantage of this method is possibility of exploiting high precision detector information with relatively small
data flow. Parameters of the algorithm can be easily reprogrammed. The main drawback islow speed. Therefore
only alimited number of track candidates can be considered, which might be a problemin case of high background
rate.

An dternative method isto “hardwire” the calculations. That means finding a track by direct coincidences of
signals from hit detector elements and assigning p; by e.g. look-up tables, or similar technique. This method is
fast, but requiresalot of hardware. In the case of low occupancy, alarge number of processors most of thetime do
nothing but compare zeros with zeros. Therefore, it can be used only for a system with relatively small number of
channels and limited precision. However, once the system is build, it is bottle-neck free. No matter what the rate
is, al theinformation will be processed and thereis no risk of efficiency loss. The only run-timelimitation is the
output rate which should not exceed the second level trigger capabilities.

The two methods are complementary, each one having its own advantages and drawbacks. Both are used in
different places of the CMS Muon Trigger System (see Sec. 7).

2Field Programmable Gate Array — chip with programmablefunctionality



Chapter 6

Muon Trigger detectors

Muons stations shoul d be equi pped with detectors enabling triggering as well as preci se momentum measurement.
The momentum measurement requires position determination with accuracy a2 200 um per measuring planeinthe
barrel and =~ 50 <100 pm in the endcaps.

Inthe barrel the expected occupancies and rates are rather low (< 10 Hz/cm?, see Sec. 5.2.6, p. 51). Therefore,
drift tubes (DT) [137] are natural candidates for muon chambers in thisregion. They cannot stand high magnetic
field, but the field inthe barrel is confined to the iron yoke and the muon stations are almost free of thefield.

Situationis more difficult in the endcaps. Here the muon stations are in the strong (up to 4T) and very nonuni-
form (see Fig. 5.20, p. 54) magnetic field. Moreover, the occupancies and the rates are substantially higher (10-
1000 Hz/cm?) than in the barrel. These conditions exclude drift tubes. The solution chosen by CMS is Cathode
Strip Chambers (CSC) [138].

Both DT and CSC can be used for the trigger. Their excellent spatial precision ensures sharp momentum
threshold. However, having along drifttime (~400 nsfor DT and ~40 nsfor CSC), they requirerather complicated
electronics to make correct bunch crossing assignment (see Section 7.3 and 7.4). Another drawback of CSC'sand
DT'sisthat the two spatia coordinates are given by long strips or wires. This may cause ambiguitiesin case of
several tracks going through one chamber.

These drawbacks can be compensated by superior features of dedicated trigger detectors. Such detectors must
be characterised by the excellent timing (o ~ 2 ns) and high granularity. Strategy of using both precise muon
chambers and fast dedicated detectors for the triggering purposes is commonly applied by experiments running
currently on hadronic beams, like CDF, DO, H1, and ZEUS. These experiments use scintillating counters as ded-
icated trigger detectors. Segmentation required at LHC (see the next section) makes this solution unpracticable
because of technical and financial reasons. Therefore both LHC experiments ATLAS and CM S envisage Resistive
Plate Chambers (RPC) [139] in thisplace (in addition ATLAS uses Thin Gap Chambersin the endcaps).

In the next sections we are going to describe briefly RPC, DT and CSC designed for CMS. We put emphasis
on their use for the trigger. Requirementsfor DT and CSC are driven mainly by precise momentum measurement,
and we are not going to discuss them here. In contrast we spend alot of time discussing requirements for RPC.

6.1 Resstive Plate Chambers

A typical RPC [139] consists of two paralldl plates, made out of resistive materia (with resistivity 10° < 1012
Qxcm), e.g. bakelite (Fig. 6.1). The plates are separated by a gas gap of a few mm thickness. The outer surfaces
of the resistive materia are coated with conductive graphite paint to form the HV and ground electrodes. The
readout is done by metal cathode strips, placed on outside of the separate plastic foil glued over the conducting
surface of the cathode. One chamber can consist of more than one gas gaps separated by resistive plates and
having a common readout in order to improve the efficiency. The whole structure is made gas tight and encased in
a Faraday cage of thin meta foil.
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Figure 6.1: Single gap Resistive Plate Chamber.
6.1.1 Required Detector Granularity

Sincein CMS the precision in ¢ determines momentum resol ution, RPC are equipped with strips running parallel
to the beam (along z) in the barrel and radially in the endcaps. The crucia point in the design of the RPC system
isthe choice of detector granularity. Possible factorsto be considered are listed in Tab. 6.1. Dominant upper and
lower limits are marked with |} and {} respectively.

Table 6.1: Determination of the RPC granularity

Stripwidth (A¢)
track bending (required momentum resolution) U
multiple scattering and energy |osses
cluster size

Strip length (An)
signal propagation time along the strip (bunch cross. assign.) | | barrel
change of the bending with n 1} endcaps
change of » dueto the non-r¢ bending

Strip area (number of strips)
number of channels (cost)

complexity of the trigger processor (feasibility) 0

number of interconnections (feasibility) T
capacitance

occupancy

probability of random coincidences of background hits 1l endcaps

mechanics of the chamber

Let us discuss the dominant factors one by one.

Track Bending and Strip Width

In order to maintain the single muon trigger rate a the level of a few kHz for luminosity of 10%*cm—2s~! one
should apply p§*t ~ 15-20 GeV (see Sec. 5.1). Having in mind necessary safety margin one can require that the
highest possible p$** should be somewhere between 50 and 100 GeV. It has been found that this is possible with
with strips A¢ & 1/3° which corresponds roughly to 2-3 cm in the inner muon stations (MB1 and MB2) of the
barrel. This can be seen from the formulas collected in Fig. 6.2.

The obtained oy /,, =~ 1/100 GeV means that a 50 GeV track is measured by two stations with precision
+5¢ GeV and a 100 GeV one with T25 GeV. This is confirmed by a detailed GEANT simulation as shown in
Fig. 6.3. It shows the track bending measured by A¢ expressed in one strip units. It is seen that the 50 GeV
tracks are concentrated mainly in bin “-1". This means that they can be distinguished from the straight (infinite
p¢) tracks, which would occupy bin “0”. The 100 GeV tracks are distributed in bins“0” and “-1”, i.e. they can be
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Figure 6.2: Momentum measurement in the solenoidal field of CMS.

distinguished neither from 50 GeV nor frominfinitep; tracks. Thiscan be improved by using more muon stations.
One can usethe overlap of 50 and 100 GeV distributionsas a measure of thisimprovements. Itisplottedin Fig. 6.4
which shows that it saturates above 5 planes. On the other hand one should watch the complication of the trigger
logic. It can be expressed in terms of the number of possible combinations (or patterns) of hits caused by atrack
crossing given strip. This number grows exponentialy with the number of measuring planes, which is shown in
Fig. 6.5. Thetwo figuresjustify that the actua choice of 4 RPC planes used for the CM S trigger is reasonable.
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The above reasoning should not be understood as a preci se optimisation al gorithm giving exactly number 4 as
an output. Triggeringwith 3 stationsisalso possible, although with worse resol ution. One should also keepin mind
aneed for some redundancy. One station can belost from the measurement because of dead areas, el ectromagnetic
showers caused by radiating muons or punchthrough from hadronic showers, as discussed in Sec. 5.2. In fact the
RPC trigger algorithm (described in detail in Sec. 7.2) requires hitsin at least 3 out of 4 muon stations. In the
events where hitsin al 4 stations are available, the p, estimate is more precise.

Track Bending and Strip Length

As shown in Sec. 5.3 the bending power [ |B x dI| of the CMS magnet in the barrel is constant and equal 17 Tm.
In the endcap however it decreases downto 8 Tmat |n|=2.0 and to 6 Tm at ||=2.4 . Therefore particles of agiven
p: are bent differently at different |»|. Thisisshownin Fig. 6.6 where the bending measured by A¢ between the
first two stationsis expressed in one strip units. The bending angle A¢ significantly depends on |5|. Thus one has
to know |n| in order to determine p; from the A¢ measurement. From Fig. 6.6 one can see that precision of the
order of 0.1 »-unit is needed, which determines the maximal length of the strips.
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Figure 6.6: In the endcaps the track bending A¢ dependson |7]. Figure 6.7: Uncertainty due to thetime
of flight and the signal propagation
along the strip.

Time of Flight and Signal Propagation

Muons emitted at different n cross a given RPC dtrip at different positions. Therefore they have different time
of flight and different time is needed for signals to propagate along the strip to an amplifier. Fig. 6.7 shows two
extreme cases. Let us denote theradial position of the strip by R and the position of its two ends along the beam
by Z, and Z,. The shortest time isin the case where the muon hit the strip next to the amplifier:

tz IC\/R2—|—Z22

The longest one is when the muon hit the opposite end, so the signal must propagate along the entire strip with a

speed v, typically close to 2c:
1 = C\/Rz + le + U(Zz C}Zl)

If we require thistime spread At = ¢; <, not to dominate the bunch crossing assignment precision it should not
be much longer than 5 ns. This means, that the strip length should be of the order of 1 m or shorter.

Random Coincidences of Background Hits

The singlehit ratein CM S muon stationswas discussed in Sec. 5.2. Inthebarrel it staysat thelevel of 1-50 Hz/cm?
and it should not cause any problems. Intheendcapsit isquiteuniformly distributed if expressed inn¢ coordinates
[24]. Therefore projective geometry has an advantage that the rate per one RPC strip isroughly constant. For strips
of A¢ = 1/3° and An = 0.1 it isabout 6000 Hz per strip [21]. This correspondsto ~ 30 hits per bunch crossing
in the whole detector at high luminosity.

Those hits can affect the trigger rates in two ways. Random coincidence of severa such hits in different
stations can cause false trigger if they are by chance aligned along a possible muon track. A coincidence of a
single background hit with hits of low p;, curved muon track can look like more straight track and thus increase
the apparent muon momentum. These two phenomenawill be discussed in detail in Sec. 9.3.4.

6.1.2 Requirementson the RPC Performance
Chamber Efficiency

Since thetrigger relay on coincidence of several RPC planes, each of them must be very efficient. We set our target
at 98% . This can be ensured e.g. by use of double gap chambers with staggered spacers.
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Timing

Unambiguous bunch crossing identification requires trigger gates to be open for less then 25 ns. Leaving some
margin for electronics set up time etc. one can assume 20 nsfor thislength. Another 5 ns should be subtracted for
the signal propagation discussed above. Thusonly 15 nsisleft for theintrinsic RPC jitter. The precise requirement
may be that: 98% of events should stay within 15 ns wide window. In practice it corresponds roughly to

o ~ 2 ns, but the tails are important. This must include any time-walk, e.g. due to rate variations, because it is
impossible or impractical to correct for it.

Clusters

It isacharacteristic of RPC that a singleminimum ionising particle often causes signalsfrom several adjacent strips
to pass adiscriminator threshold (see Fig. 9.18, p. 104). Thisleadsto deterioration of the momentum measurement.
Therefore, one should require that the average cluster size is not bigger than 2 strips and that the fraction of
events with clusters having morethan 4 stripsdoes not exceed 1%.

Rate Capability

Hit rates expected in CM S have been discussed in Sec. 5.2. Experience with simulating different shieldings by
various programs suggests that we cannot trust their predictionswith accuracy better than factor 2. Itisnot related
to the quality of the programs. It rather reflects the fact that the background rates are very sensitive to the details
of the detector and shielding geometry.

Another factor 2 is required to account for unknown cross sections. It has been shown [84] that PYTHIA 5.7
[134], used for trigger studies, cannot reproduce rates measured by UA1, CDF and DO with better accuracy. Thus,
in order to stay on the safe side we need to apply a safety factor of at least 4. The derived requirements on the rate
capability are summarised in Tab. 6.2.

Table 6.2: Expected and required RPC hit rates

expected rate | required rate
muon station (Hz/cm?) (Hz/cm?)
MB 1-4 10 50
ME 1-4  outer ring 20 100
ME2-4 |n| <24 100 500
ME 1 In| < 2.1 250 1000
ME 1 |n| < 2.4 500 2000

Assuming uniform technology for the entire CMS one should aim for the most demanding conditions, i.e.
those at the inner part of the endcap. However, it should be investigated whether using different technology for
the endcap and staying with more relaxed requirements for the barrel, may result in significant cost savings and/or
amore robust design. The limit for || <2.4 isto remind us that the eventual upgrade requires better performing
detectors.

Conclusions

Main requirements discussed above are summarised in Fig. 6.8. One can ask how rigid are the particular values
we have chosen. For example the requirement of 98% efficiency was not precisely justified. In fact one can only
justify this kind of requirements only when they are taken together. Thisis done in Table 6.3 which shows the
efficiency of the trigger which can be achieved requiring coincidence of at least 3 RPC planes.

Thefirst column of the table showsthat assuming our baseline requirements one can achieve the overdl single
muon trigger efficiency of 99% and the two-muon one of 98%. Unfortunately, it isaready known that the average
geometrical acceptance for coincidence of 3 planes in the barrel is 95% rather than 100% (see Fig. 9.2, p. 98).
This reduces the single p trigger efficiency down to 95% and the two-muon one down to 90%. If we achieve the
detector and timing efficiency only 95% instead of 98% the trigger efficiency degrades down to 91% and 83%
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Figure 6.8: Driving requirements on the RPC system for CMS.

Table 6.3: Efficiency of the trigger based on coincidence of at least 3 RPC planes for various RPC parameters.

At < 15ns (single spot) 98% 98% 95% 90%
RPC efficiency (onechamber) | 98% 98% 95% 90%
geometrical acceptance (> 3 planes) 100% 95% 95% 95%
1 i trigger efficiency (> 3 planes) 99% 95% 91% 81%
2 p trigger efficiency (> 3 planes) 98% 90% 83% 65%

for single and two-muon triggers respectively. This should be considered as an absolute lower limit on required
efficiencies, because any further reduction dramatically jeopardise the trigger, which can be seen from the last
column of Table 6.3.

6.1.3 Geometrical Layout of the RPC System

As a result of the above optimisation the following geometry was chosen. Each muon station will be equipped
with one RPC plane except two innermost barrel stations MB1 and MB2 which will contain two RPC planes.
Thisis because low momentum muons (p; < 5-6 GeV) cannot reach the outer stations, for which a special low p;
trigger isforeseen. Those additional planes will be referred to as MB1’ and MB2'. Such additiona planes are not
necessary in the endcaps where the same p; corresponds to much higher total momentum. Finaly, thelow p; reach
of the CM'S muon trigger will be about 4 GeV in the barrel and 2.0-3.5 GeV in the endcaps.

The physica segmentation of RPC strips in the barrel is projective in ¢ and constant in z. The CMS barrel
consists of 5 wheels (see Fig. 2.3, p. 14) containing 4 muon stations each. RPC in each whedl are divided in 2
along z. An exception is the inner layer of MB2 which is used as a reference plane for the trigger defining its
segmentation (see the next Section). In thislayer each of 5 wheelsisdivided in 3, thusthe barrel isdivided in 15
rolls numbered from <7 to 7. Correspondence between the roll number and the z coordinateis given in Tab. 6.4.
Above we argued for the strip width of A¢ = 1/3°, which would result in having 90 strips per chamber. It was
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decided to have 96 strip, i.e. A¢ = 5/16° instead, in order to facilitate the design of digitd electronics. The strips
are numbered around CM S from 0 to 1151 following the ¢ coordinate. Precise dimensions of the chambers as well
assinglestripsare givenin Fig. 6.9.

Table 6.4: Physical segmentation of RPC stripsin the reference plane (dimensionsin cm).

roll 0 1 2 3 4 5 6 7
Zmin (MB2) | -43 43 148 233 318 415 500 585
Zmaz (MB2) 43 128 233 318 403 500 585 671
Nmin (MB2) | 009 009 028 047 063 078 092 104
Nmaz (MB2) | 009 028 047 063 078 092 104 114

roll 8 9 10 11 12 13 14 15
Frmas 695 595 540 492 438 392 351 299
Frnin 505 540 492 438 392 351 299 264

Tin (ME2) 114 122 130 140 150 160 175
Tmaw (ME2) 122 130 140 150 160 175 1.87

roll 6 17 18 19 20 21 22 23
Frmas 264 233 208 187 169 154 141 128
Frnin 233 208 187 169 154 141 128 116

Nmin (ME2) | 187 199 210 220 230
Nmee (ME2) | 199 210 220 230 240

Arg=48-120 cm Arg=1.5-3.9cm Arg=2.2-3.9 cm
Ap=5/16°
Ar =20-100 cm
\\\ //// An=0.1 Az =85cm
An =0.1-0.2
\\\\ bres (p0:'85 25 Arp=210-375cm
Ap=30°
I - 10t e
\\\\ ”/ Aﬂzo'-s Az =85 or 128 cm
5-6 strips
LY AN =0.1-02
1 strip
Ar@=27-62cm
Ap=10°

32stips  ENDCAP CHAMBERS BARREL CHAMBERS

Figure 6.9: Dimensions of RPC chambers and strips. For each dimension itslowest and highest vaueis given.

The RPC segmentation in the endcaps it is projective in ¢ and constant in r, i.e. the strip division lines are
pardlel to the beam. Hence each endcap roll isaset of stripscontained by acylinder of inner radiusr,,;,, and outer
radius r,,,.., a defined in Tab. 6.4. The forward endcap rolls are numbered from 8 to 23 and backward endcap
rolls— from <23 to «<8. This strip geometry can be realised in various ways. One example is shown in Fig. 6.9.
In this solution one chamber covers Anp x A¢ = ~ 0.5 x 10° = 56 x 32 dtrips. Recently another optionis
under study: An x Ag = ~0.2 x 30° =2 x 96 strips.

Intotal therewill be 1656 RPC’'sin CM S covering the area of 3400 m?. They will be read out by about 200000
electronics channels. Detail breakdown of the number of channelsisgivenin Tab. 6.5.
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Table 6.5: Number of RPC channels for various muon stations.

muon MB ME
station 1 23 4] 11 12 U3| 21 22| 31 32| 41 42
n div. 242 342 2 2[5+3) 3 3|4+3) 6[3+3 6|3+3 6
subtotal 13 39(+12)
channels 13x5 wheds x 39(+12) x 2 endcaps x
x 12 sectors x 96 strips x 12 sectors x 96 strips
total 74880 89856 (+ 27 648)
| grand totdl | 164736 (+ 27648 = 192384)

6.1.4 Connection tothetrigger
The RPC gtrips are connected to Pattern Comparator Trigger (PACT) described in detail in Sec. 7.2. The logical
segmentation of the PACT trigger is projectivein ¢ and n. It is defined by the stripsin MB2 and ME2 chosen as
the reference planes. The logica ¢ segmentation just follows the physical one. One trigger segment is based on
8 reference strips, hence segments are numbered from 0 to 143. The 5 segment boundaries are given in Tab. 6.4.
The segmentsin 5 form 39 rings (also called towers) which are numbered from <19 to 19 as shown in Fig. 6.10.
In every ring 4 RPC planes are chosen to be connected to the segment processors. The chosen planes are
indicated in Fig. 6.10. In the barrel there are additional low p; (> 5 GeV) processors receiving signalsfrom MB1,

MB1', MB2 and MB2' planes.
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Figure 6.10: Physical segmentation of RPC chambers and logical segmentation of PACT.
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6.2 Drift Tubeswith bunch crossing recognition capability (DTBX)

Each of 4 muon stationsin the barrel is equipped withaDTBX chamber [137] which consists of 12 layers of drift
tubes (see Fig. 6.11). Thelayersare arranged in 3 quartets called superlayers (SL). Two of the superlayers measure
the r¢ coordinate, one measures . The superlayers are fixed to a thick aluminium honeycomb which ensures the
stiffness of the chamber and provides alever arm between the two r¢-superlayers. The chambers are 2.54 m long
and 2-4 m wide, depending on the station.

Figure 6.11: Schematic cross section of Figure6.12: DTBX drift cell.
DTBX chamber.

Each chamber is made out of 2 mm thick aluminium plates, separated by auminium I-beams forming inde-
pendent drift cells. The electrostatic cell layout isshown in Fig. 6.12. The |-beams acts as cathodes, therefore they
are insulated from the plates which are grounded. Anode wires are made of stainless steel and they have diameter
of 50 pm. Two additional electrodesin the middle of the cell improve the shape of thefield.

A singletubeis 40 mm wide (drift direction) and the distance between planes of tubesis 13 mm. The maximal
drift timewith adrift velocity of 50 um/nsisabout 400 ns. The chamber is designed to be operated in proportional
mode with a non-flammable gas mixture (Ar/CO,). Basic parameters of the DTBX system are summarised in
Table 6.6.

Table6.6: DTBX system.

Chamber length (z) 256 cm
MB1 width (r¢) 209 cm
MB2 width (r¢) 254 cm
MB3 width (r¢) 311cm
MB4 width (r¢) 406 cm
Cdl size 40 x 11 mm?
Number of channels 194880
Number of chambers 250
Total areaof chamber planes 1730 m?

Most of the requirements on the Drift Tubes are driven by the spatial precision needed for the off-line mo-
mentum measurement. However, there is one important feature required for triggering — linearity of the relation
between the drift time and position. In order to keep low trigger latency one cannot afford complicated calcula
tions. Therefore the algorithm described in Section 7.3 relies on thislinearity. The complicated el ectrostatic layout
of the chamber ensures that the linearity is maintained in amagnetic field up to 0.5 T with a deviation of <5 ns.
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6.3 Cathode Strip Chambers

Endcap muon stationsare equi pped with Cathode Strip Chambers [138]. CSC are multiwire proportiona chambers
with segmented cathode readout. High precision coordinate a ong the wire is obtained by extrapolation of charges
induced on several adjacent cathode strips. In CM S the strip width varies from 3.2 to 16 mm. Obtained resolution
isin the range between 80 and 450 pm for one layer. For the trigger purposes, however, resolution of ~ % of strip
is good enough.

CMS chambers have trapezoidal shape (Fig. 6.13). One chamber consists of six detecting layers (Fig. 6.14).
The layers are separated by 16 mm thick polycarbonate plastic honeycomb panels which make the chamber stiff
and provide a lever arm necessary to measure angle of the tracks. In each layer the strips are running radidly. In
angular unitsthe stripwidth A¢ variesfrom 2.0to 4.3 mrad and thelength A from 0.35 to 0.60 5 units. Combined
resolution of six layers approaches ~ 50um.
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of Cathode Strip Chamber.

Thewiresare perpendicul ar to the strips, except MEL/1 where thewires aretilted by 25°. Thisisto compensate
the Lorentz effect in high magnetic field (almost 4T) to which the chamber is exposed. The wires have 50um
diameter and they are spaced by 2.5 or 3.175 mm. Groups of 5-17 wires are readout together providing the spatial
resolution of Ar ~216-54 mm, i.e. An a2 0.01-0.04.

Because of the complicated geometry of the endcaps the chambers have different dimensions. They are listed
in Tab. 6.7. Parameters of the whole system are summarised in Tab. 6.8.
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Table 6.7: Cathode Strip Chambers (dimensionsin mm).

Chamber type Y1 v2  u3| 21 22| 31 32| 41 42
Chambersin ¢ 36 36 36 18 36 18 36 18 36
Inner radius Ry 1002 2800 4835 | 1391 3550 | 1620 3550 | 1790 3550
Outer radius R 2700 4300 6955 | 3450 6955 | 3450 6955 | 3450 6955
Chamber length L 1698 1500 2120 | 2059 3405 | 1830 3405 | 1660 3405
Top width W, 663 1011 1197 | 1508 1507 | 1508 1507 | 1508 1507
Bottom width W, 340 731 826 732 871 818 871 882 871
Left dead zone AL 75 104 104 104 104 104 104 104 104
Top dead zone AT 65 69 69 69 69 69 69 69 69
Right dead zone AR 75 104 104 104 104 104 104 104 104
Bottom dead zone AB 65 69 69 69 69 69 69 69 69
Bottom strip length 383 - - 524 - 606 - 668 -
Top strip length 1185 1362 1982 | 1397 3267 | 1086 3267 855 3267
Number of stripsin ¢ 64 80 64 80 80 80 80 80 80
Top strip width 7.8 9.8 15.2 15.7 16.0 15.7 16.0 15.7 16.0
Bottom strip width 32 6.7 109 6.8 8.4 79 8.4 8.7 8.4
Number of anode groups 64 48 48 112 64 112 64 112 64
Wire spacing 2500 3175 3175 | 3175 3175 | 3175 3175 | 3175 3175
Wires per group 11 9 14 6 17 5 17 5 17
Anode group width 275 286 445| 190 540 159 540| 159 540

Table 6.8: Cathode Strip Chamber system.

MEL/1 othes| totd |
Number of 6-plane chambers 72 468 540
Number of anode channel 27648 196992 | 224640
Number of cathode channels 55296 269568 | 324864
Number of wires (millions) 0.27 214 241
Total area of chamber planes (m?) 368 8122 8490




Chapter 7

Muon Trigger algorithms
and their implementation

7.1 Introduction

The First Level Muon Trigger of CMS uses all three kinds of muon detectors: Drift Tubes (DT), Cathode Strip
Chambers (CSC) and Resistive Plate Chambers (RPC). An excellent spatial precision of DT and CSC ensures sharp
momentum threshold. Their multilayer structure provides a possibility of effective background rejection. RPC are
dedicated trigger detectors. Their superior time resolution ensures unambiguous bunch crossing identification.
High granularity makes possible to work in high rate environment. Time information and both spatial coordinates
of adetected particle are carried by the same signal, which eliminates ambiguitiestypical for wire detectors.

Complementary features of muon chambers (DT/CSC) and dedicated trigger detectors (RPC) alows us to
build two trigger subsystems which deliver independent information about detected particles to the Global Muon
Trigger. Advantages of having two such subsystems are numerous. The muon chambers and the dedicated trigger
detectors ddliver different information about particle tracks. They behave differently in difficult cases and they
respond in different ways to various backgrounds. Properly combining the information from both systems results
in high efficiency and powerful background rejection. Two extreme cases of such combinations are the logica
OR, which is optimised for efficiency, and the logical AND, optimised for background rejection. However, neither
of these operations results in full use of the complementary functions of the muon trigger components and more
sophisticated al gorithm shoul d be used. Thisispossible, because both the muon chambers and the dedi cated trigger
detectors deliver an information about the quality of detected muon candidates.

Another important advantage of the two component system isa possibility of crosschecks and crosscalibration.
Trigger data from the two components collected by the DAQ can be compared online. This enables the quick
discovery of possible problems and gives a possibility of immediate action. When studying cross sections, asym-
metries etc., itisvery important to know thetrigger efficiency and acceptance. Usually thisis doneby runningwith
thresholds much lower than the measurement range. Two component system offers a unique ability to measure
these quantitiesin a more unbiased way.

Logicaly, the muon trigger system consists of the following items:

Pattern Comparator Trigger (PACT) based on Resistive Plate Chambers (RPC)
Drift Tube (DT) Trigger

Cathode Strip Chamber (CSC) Trigger

Track Finder (TF)

Muon Sorter

Globa Muon Trigger

Functional rel ations between the componentsare shownin Fig. 7.1. Cumulativelatency isgivenin bunch cross-
ing units (bx). Three shaded backgrounds show the location of the electronics: at the chamber, in the experimental
hall and in the control room. Optical links of 1 Ghit/sare indicated by circles. Most of the DT trigger electronics
isplaced in the experimental hall, but an option is being considered to mount it directly on the chambers.



70 Muon Trigger algorithmsand their implementation

[ rRrCc | [ DT | csc
i i

BTI, TraCo strip cards
4 Trig. Server | wire cards
1 33b.x motherboards

port card

36 b.x.
processors T r——
54 b.x. P l:
‘ Track Finder

RPC ring sorter 65 b.x.

64 b.x.
RPC s/ring sorter DT/CSC sorter

73 b.x. 74 b.x.

CALO quiet regions
48 b.x.

Global Muon ITrigger

CALO trigger Global | Trigger

66 bx. he
l 98 b.x.

+ way back =126 b.x.
Figure 7.1: Functiona scheme of the Muon Trigger.

DT and CSC electronics first process the information from each chamber locally. Therefore they are called
local triggers. As aresult one vector (position and angle) per muon station is delivered. Vectors from different
stations are collected by the Track Finder which combines them to form a muon track and assign a transverse
momentum value. Thisinformationis sent to the Muon Sorter. TF playsrole of aregional trigger.

In the case of RPC thereisno local processing apart from synchronisation and cluster reduction. Hitsfrom all
stations are collected by PACT logic. If they are aligned aong a possible muon track, a p; value is assigned and
theinformation is sent to the Muon Sorter.

The Muon Sorter selects 4 highest p, muons from each subsystem in severa detector regions and sends them
to the Global Muon Trigger. The Global Muon Trigger compares the information from TF (DT/CSC) and PACT
(RPC). So called quiet bits delivered by the Calorimeter Trigger are used to form an isolated muon trigger. The
4 highest p; muons in the whole event are then transmitted to the Global Trigger. Finaly transverse momentum
thresholds are applied by the Globa Trigger for al trigger conditions.

The components of the Muon Trigger system are described in the following sections. At the beginning of
each section a brief the description of the corresponding algorithm is given. It isfollowed by an overview of the
subsystem in terms of itslogical units. Each unit isthen described in detail in a dedicated subsection.

7.2 RPC based Pattern Comparator Trigger (PACT)

The goa of the RPC trigger isto detect a muon traversing several muon stations, measure itsdirection and trans-
verse momentum, and identify the bunch crossing in which the muon was created. The principle of thetrigger is
illustratedin Fig. 7.2. The solenoidal field bendstracksinther¢ plane. A pattern of hitsrecorded by RPC'scarries
the information about the bending, and can be used to determine p; of thetrack. Thisis done by comparison with
apredefined set of patterns corresponding to various p;. Therefore we call this device Pattern Comparator Trigger
(PACT) [22]. Bunch crossing isidentified naturally by the arrival time of the RPC signals.

The PACT electronicsis housed by four kind of boards:

Front End Board (FEB)
Link Board (LB)
Trigger Board (TB)
Readout Board (RB)
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Figure 7.2: RPC Pattern Comparator Trigger principle.

Signals from RPC gtrips are first amplified, discriminated and synchronised with a clock on FEB. Then they are
sent to LB where the data are compressed and transmitted through optical linksto TB and RB. Each TB receives
datafrom 4 RPC planes. They are combined into patternsin Pattern Comparator (PAC) ASIC's. If they match one
of the predefined patternsits p;, n and ¢ are sent to Muon Sorter for further processing.

Segmentation of the entire PACT system is givenis Tab. 7.1. Ring and super-ring processors belong logically
to Muon Sorter and they will be described in Section 7.6. Below we describe functionality of Front End Board,
Link Board and Trigger Board. Readout Board, performing functionstypical for the Data Acquisition System will
not be discussed here.

Table 7.1: PACT segmentation. The quantity is given for baseline (|n| < 2.1) and upgrade (|| < 2.4)

item subdivision A An guantity

strip — 5/16° 0.1-0.2 | 164736 27648
segment 8drips/plane | 25° 0.1-0.2 4752 864
B 12 segments 30° 0.1-02 396 72
ring 12TB’s 360° 0.1-02 33 6
" super-ring” 3rings 360° ~0.35 11 2

7.2.1 Front End Board (FEB)

One RPC chamber having 96 channelsis served by 4 Front End Boards, shown in Fig. 7.3. Each FEB houses
4 Front End Chips (FEC). Single FEC contains 6 channel presmplifier and discriminator. Each pair of FEC'sis
connected to a Synchronisation Unit (SU). Here the signals are shaped to a programmable length (<25 ns) and
synchronised with the LHC clock distributed by the TTC (Timing, Trigger and Control) network.

[ RPC chamber ]
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Figure 7.3: RPC front end trigger electronics.
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7.2.2 Link Board (LB)

Datafrom two RPC'sare collected by Link Board (LB) viashort twisted-pair copper cables. The major task of LB
isto transmit the RPC data to Trigger Boards and Readout Boards located in the Control Room.

Transmission of row datawould require very high bandwidth: 200 000 channels x 1 bit x 40 MHz = 8 T bitg/s
i.e. for example 8000 optical linksof 1 Ghits/s. Thiswould be very expensive solution. Fortunately the average
occupancy of the systemisvery low. Itisdominated by uncorrelated el ectronsoriginated by captured neutrons (see
Sec. 5.2.6) and it amounts for about 1.5-10~4, i.e. ~30 hits/bx. One should, however, keep in mind that there are
high loca fluctuations. One muon accompanied by secondaries can cause hits on ~10% of stripsin one chamber.
These characteristics leave alot of room for optimisation of transmission agorithms. Currently the following data
compression scheme is envisaged (Fig. 7.4):

e stripsare grouped by 12 (or 8), i.e. one chamber isdivided into 8 (or 12) sections;
e only non-empty groups are sent; it may last afew bunch crossings;
e new dataarriving in the meantime are buffered to avoid dead time.

The algorithmis realised by Link Multiplexer (LMUX) and Serializer (SER). LMUX sdlects non-empty bunches.
SER pushes them through the link in consecutive bunch crossings. Format of the datais givenin Tab. 7.2.

data , data ,

7 7

8(12) 8(12)
strips LM+UX data_partition LINK LINK data_partition BU+FF strips
9% SER 3(4) T O RX 34) | DEMUX [gq

time_partition , time_partition
7 7
3 3

] | w ]

Figure 7.4: RPC data transmission from Link Board to Trigger Board.

Table 7.2: Compressed RPC data format

vaigble | bits | unit / precision |
strip data 12 (or 8) 1strip=1 bit
section number | 3(or4) | 1section=12 (or 8) strips
chamber number 1 1 chamber = 96 strips
bunch crossing 3 modulo 8
status bit 1 -

7.2.3 Trigger Board (TB)
Data preprocessing

Trigger and Readout Board receives the compressed RPC data through an optical link. In thetrigger crate the data
flow is split into to streams: trigger path and DAQ path. In the trigger path the row data format isrestored. Thisis
needed for fast pattern comparison. Because signal from one muon can be shared by more than one strip, detected
clusters are reduced in size by removing extreme strips. This improves momentum resolution of the system. For
low p; muons, when theresolutionis limited by multiple scattering, the stripsare grouped by 2 or 4, depending on
the momentum. The ¢ resolution needed for given p, depends on . Therefore the grouping of stripsinto 2- and
4-folded logical OR’s may be different in different rings.
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Segment processor

Further processing isdonein segments. Segment isthe basiclogical unit of PACT. It covers A¢ = 2.5° x Anp ~ 0.1
rapidity unit. It isdefined by 8 stripsin areference muon station. Asthe reference station we have chosen ME2 and
thefirst RPC planein MB2. Each segment processor is equipped with 4 Pattern Comparator (PAC) chips covering
different p; intervas. Two of them work on single strips, one on 2- and one on 4-folded logical OR’s.

Pattern Comparator (PAC) ASIC

PAC compares patterns of hits from 4 RPC planes with predefined valid patterns. The valid patterns are first
obtai ned from simulation and will be corrected later using real reconstructed muon tracks. Because a given pattern
can be created by muons from a certain p; range we deliberately choose to assign the upper limit of thisp, range
to this pattern. The pattern must consist of at least 3 hits from different planes. If it consists of 4 different plane
hitsa 4/4 quality bit is set to 1. Otherwiseit isset to 0. Thisbit is used further to select the best muon candidates
because a missing hit can cause overestimation of the muon momentum.

Practical realisation of PAC is shown schematically in Fig. 7.5. One pattern is a coincidence (an AND gatein
the Fig.) of hitsfrom different RPC planes. Patterns must be programmable, therefore each coincidenceinput line
isin fact amultiplexer selecting one of the strips from a given plane. Patterns are then grouped in severa p; bins.
Also the grouping is programmable, thus the coincidence outputs are demultiplexers selecting one of the p, coder
inputs. If more than one pattern is present the highest p, of al observed patterns is delivered. The same ruleis
applied when the outputs of all PAC's in a segment are combined. Full information delivered by each segment
processor isdescribed in Tab. 7.3. Thisinformation is further processed by the Muon Sorter.
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Figure 7.5: Pattern Comparator (PAC).

Table 7.3: Information delivered by PACT segment processor (< 1 track per segment)

| variable | bits | unit/ precision |
7 6 ~ 0.1 7 unit
P 8 2.5°
muon sign 1 —
P 5 | nonlinear scale
3/4qudity bit | 1 —
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7.3 Drift Tubetrigger

The goa of the locd Drift Tube trigger is to detect a charged particle crossing the chamber, measure its position
and angle, and identify the bunch crossing in which the particle was created. Each chamber consists of 3 quar-
tets (superlayers) of measuring planes. Two of them measure the ¢ coordinate, one measures the z. The track
recognition isdone in two steps — first, in each superlayer independently, then an attempt is made to combine the
track segments from both ¢-superlayers. Position, angle and time (bunch crossing number) of each track segment
are calculated from drift time of hits by solving a system of linear equations. This is done using a meantimer-like
technique.

Drift Tube eectronics is divided into two paths — trigger and readout (see Fig. 7.6). In the readout path,
the signals are digitised by TDC and sent to the DAQ system by ReadOut Server (ROS). The trigger electronics
consists of three parts:

e Bunch and Track Identifier (BTI)

e Track Corrdator (TRACO)

e Trigger Server (TS)

Each BTI looksfor coincidence of aligned hitsin 4 layers of one Drift Tube superlayer (SL). Positive coincidence
isconsidered as atrack segment. Its parameters (position and angle) are cal culated and then sent to TRACO which
tries to combine track segments from the two SL measuring the ¢ coordinate. The best combinations from all
TRACO's of one chamber together with SL,, track segments are collected by TS. After final selection two of them
(at most) are sent to the Track Finder.

¢ view 0 view
( Front-end ) LTDC) i ( Front-end )
wires
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1BTI / 4wires 1DCs 1DICS J
4 I:l IEsinnerSLI:| 1BTI /4 wires
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O O === ] ROS BTIs
N\ BTls outer SL
1TRACO/4BTls
Vs TRGH
|:| D bDDo D ]4— ROS | From other chambers
\_ TRACOs master] of the same sector
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To Muon Track Finder To Muon Track Finder

Figure 7.6: Block diagram of the Drift Tube electronics.
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7.3.1 Bunch and Track Identifier (BTI)

Tracks in each superlayer SL are recognised by BTl using generalised meantimer technique (Fig. 7.7). Signas
from 4 DT layers are connected to clock driven shift registers. Shifting time in the registers compensates the drift
time, thus 4 signalsare aligned in afixed time after the particle passage, approximately equal to the maximal drift
time. This enables bunch crossing identification. Cases when only 3 aligned hits are found are a so accepted but
they are called Low Quality Triggers (LTRG) and they set the H/L quality bit to 0. High Quality Triggers (HTRG),
based on 4 digned hits, set the H/L quality bit to 1. In case of more than 1 track candidate an arbitrary oneis
delivered but HTRG has preference over LTRG.
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Figure 7.7: Bunch and Track Identifier (BTI).

o

The maximal drift time of 400 ns and the clock cycle of 25 ns determine the position measurement unit to be
equal to 1.25 mm. A lever arm of at least 22 mm gives an angular precision better than 60 mrad. A single BTI unit
is connected to 2+2+2+3 tubes in 4 layers respectively covering a spatial range of 80 mm and an angular range
of £45.7°. Hence 6+6 bits are needed to express the measured position+angle. The acceptance for 3 hit tracksis
dightly wider than +45.7° but the efficiency decreases with the angle, approaching O at £56°.

Table 7.4: Information delivered by DT BTI (< 1 track per BTI)

variable ‘ bits ‘ unit / precision ‘
track positionz | 6 1.25mm
track angle ¢ 6 60 mrad
H/L quality bit 1 —

7.3.2 Track Correlator (TRACO)
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Figure 7.8: Coverage of one Track Correlator.
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Track pairs from inner (SL;) and outer (SL,) ¢-superlayers are combined by the Track Correlator (Fig. 7.8). It
compares their angles, ¥, and +,, (Fig. 7.9) with the angle +.., defined by the positionsz; and z, with precision
of 10 mrad. If the correlation is successful then .., and z.., are transmitted and CORR quality bit is set to 1.
Otherwise CORR=0 and HTRG is chosen. If both tracks have the same quality the one from SL; istaken.
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Figure 7.9: Track Corréeator principle.

Each TRACO serves 5 SL; and 15 SL, in order to match the BTI angular acceptance. It selects up to 2
candidate BT pairs using H/L bit and deviation from radial direction A1, which should be smaller for higher p;
tracks. HTRG has preference over A+, for thefirst candidate, and vice versafor the second one. If asecond trigger
comes right after thefirst one, only one track istransmitted and the overlap flag OVLPisset to 1. The MULT flag
informs if there are other tracks to be transmitted. TRACO aso receives information from the n-superlayer. It
is used together with H/L bits from ¢-superlayers to determine two trigger quality bits TRGO and TRG1. The
described agorithm flow isthe standard one, but other choices are available using programmeable control bits.

Table 7.5: Information delivered by TRACO (< 2 tracks per TRACO)

variable ‘ bits ‘ unit/ precision ‘
track position ¢(z) 10 1.25mm
track angle ¢ 5 | 10 mrad (if CORR=1)
60 mrad (if CORR=0)
control bits: CORR, MULT, OVLP, TRG(1:0) 5 —
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7.3.3 Trigger Server (TS)

TRACO outputs from one chamber (up to 28 TRACQ's) are collected by Trigger Server. It hasto select up to 2
track candidates from each bunch crossing having smallest A+,. To be compatible with the TRACO agorithm
the prioritiesare different for thefirst track and for the second track. For the first one candidates with HTRG have

preference over those with LTRG only. For the second one only A+, isconsidered.

The TS task is complicated by the fact that TRACO can transmit two track segments serialy, in 2 consecutive
bunch crossings. In order to find the true second best track one has to compare the second best one of bunch 1 with
the best one of bunch 2. Precise synchronisation of TRACO and TS action gives the total latency smaller than the

sum of the two components. Thisis shown in detail in Tab. 7.6.

Table 7.6: Operational sequences of TRACO and TS

[B)'?la%/ri gvg\]/gr't' TRACO sequence TS sequence
1 bx e read ¢ and z from BTIs
o select lowest Ag,: BTIL and BTIL
from all BTIs, preferring HTRG
2 bx e send A, of 15t track to TS,
e receive TRG,, from TS,
o select lowest Av,.: BTI? and BTI?7
fromall BTIs, but BTI} and BTI}
3bx e send Ay, of 2 track to TS, o receive Ay, of 1%t track from TRACO
o calculate 1%t track TRK; o find 1°t lowest A+,
e st 15t CORR flag o select 15t TRACO
4 bx e send TRK; to TSy o receive A, of 2° track from TRACO
o calculate 274 track TRK, o find 24 lowest A,
e et 274 CORR flag e select 284 TRACO
5 bx e send TRK, to TS, e read 1°* track from TRACO
6 bx o read 24 track from TRACO
7 bx o transmit 1t and 29 track to Track Finder

TS transmits two selected tracks in parald to the Track Finder. Format of the data is given in Tab. 7.7.
In addition, positions of al tracks detected by BTl in n-superlayers are coded in 32 bits with 8 cm resolution

(Tab. 7.8). They are transmitted to Track Finder in paralld to the ¢ information.

Table 7.7: Information delivered by DT Trigger Server: ¢-projection (< 2 track per chamber)

variable | bits | unit/precision |
track position ¢(z) 11 1.25mm
track angle ¢ 8 | 10 mrad (if CORR=1)
60 mrad (if CORR=0)
quality bits: CORR, TRG(1:0) | 3 —

Table 7.8: Information delivered by DT Trigger Server: n-projection (per chamber)

| variable | bits | unit/ precision |

| position of triggered BTIs | 32 | 8cm |




Figure 7.10: CSC trigger electronics.

The first three boards are placed directly on a chamber as shown in Fig. 7.11. Signas from strips and wires
are first processed independently by Cathode and Anode Front End Boards. Hits from 6 planes are combined
into Loca Charged Tracks (LCT). Selected LCT's are sent to the Motherboard where strip and wire LCT's are
combined together. Port Card collects information from several Motherboards and sendsiit to the Track Finder.

7.4.1 CathodeFront End Board (strip card)
Cluster center finding

Typica cathode signal is shared by afew strips. The first task of the strip eectronics isto find the center of the
cluster with ahaf strip precision. Details of thisagorithm are still under discussion. Currently two possibilities
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Cathode FEB

Figure 7.11: Front end electronics on CSC.

are being envisaged (Fig. 7.12):
e agorithm 1 working on discriminated signa's, calculating the cluster center from strips on the cluster edge,
e algorithm 2 using a network of analog comparators (Fig. 7.13) looking for the highest signal and its neigh-

bours.
Algorithm 1:
[ ] X=1/2 (Xi+Xj).
where:
X - hit coordinate
Threshold 1 Xi, Xj - coordinates of extreme
"""""""" L= strips in the cluster.
Xi X Xj
Algorithm 2:
- X = Xm , for one strip;
" X=Xm-w/4, if Ql>Qr;
> X=Xm+w/4,if Qr>Ql
Ql where:
Threshold | ol Xm - strip coordinate with max. charge;
7S w - strip width ;
xpm Ql, Qr -the charge on left and right strips of the cluster.

Figure 7.12: Algorithmsto achieve half-strip resolution.

Pattern matching

One CSC strip card handles 16 strips x 6 layers. The strip signalsare brought into coincidence withinroadswithin
atime bucket of 100 nsfor theloca strip trigger. For p; intherange 10 - 100 GeV theroad is4 x haf strip wide.
For low p;, between 2.5 and 10 GeV, the half strip signas are grouped by 4 (to the width of two strips) and the
road is4 x double strip wide. One or two missing hitsin aroad are allowed, i.e. 4/6 (4 out of 6) and 5/6 patterns
are accepted in addition to 6/6 ones.

Priority encoding

The best pattern in aroad and then the best one on a entire strip card is found by priority encoding. First 6/6
patterns take priority over 5/6 and 4/6, then low bend-angle (high p;) take priority over high bend-angle (low p;).
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Figure 7.13: One channdl of the Comparator Network.

This mechanism a so enabl es some tuning of the system by assigning higher or lower priority to selected patterns.
Loca Charged Track with the highest priority patternin a given strip card is transmitted to the Motherboard in the
following format:

LCT position (modulo half a strip)

LCT pattern ID

pattern coincidence level (6/6, 5/6 or 4/6)

half-strip / double-strip flag

7.4.2 AnodeFront End Board (wirecard)
Bunch crossing identification and pattern matching

The main task of the wire card is to recognise the bunch crossing. It is not straightforward because signals from
six layers are spread within 50 nsinterval due to the drift time. A possibleagorithmisshownin Fig. 7.14.

crossing track

selected verified
track verify 4
threshold

crossing select 'L

threshold

crossing 1 crossing 2 crossing 3 crossing 4
> >« >

hitl hit2 hit3  hit4

Figure 7.14: Bunch crossing assignment a gorithm for CSC.

We use each hit in a CSC layer to produce a rectangular pulse. The length of the pulse ¢,, should be slightly
larger than the maximal drift time. The pulses that are assigned to a road are added together. If a second hit is
added to the firdt, the pulse height goes over the crossing select threshold and a candidate track in thiscrossing is
stored. However, the existence of atrack assigned to thiscrossing is not established until 2 more additional hitsare
found inthisroad withinthet,, timewindow established by the earliest hit. If thisoccurs, the pulse height exceeds
the track verification threshold and the track is confirmed and assigned to the original crossing where the crossing
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select threshold was passed. Even if the verification (by passage of the 4-hit threshol d) happens in the subsequent
crossing to the establishment of the candidate track (by passage of the 2-hit threshold), thetrack is still assigned to
the crossing where the candidate was originally found. The length of the time window ¢,, depends on parameters
of the chamber+électronics. Currently chosen values are 50 ns for ME1/1 and 75 nsfor MEL/2-M EA4.

Priority encoding

Priority encoding for wire Local Charged Tracksissimilar tothat for strips. First 6/6 patternstake priority over 5/6
and 4/6, then higher priority is given to tracks better pointing to the vertex. LCT with the highest priority pattern
in agiven wire card istransmitted to the Motherboard in the following format:

e LCT position (modulo group of ganged wires)

e LCT pattern D

e pattern coincidence level (6/6, 5/6 or 4/6)

7.4.3 Motherboard
LCT sdection and buffering

One Motherboard receives information from 4-10 Cathode FEB's and 3-4 Anode FEB’s. First, the number of strip
LCT'sand wire LCT's is reduced to two of each type, having the highest priority code. A wire LCT has bunch
crossing identified exactly, whereas a strip LCT hasit assigned with &1 b.x. accuracy only. Therefore the best two
strip LCT’s have to be buffered for another two bunch crossings. Thus, every b.x. one has to choose the best two
strip LCT's among six candidates.

Matching of wireand strip LCT’s

Each strip LCT should be matched with one wire LCT. Usually there should be at most one track crossing the
chamber. In such a case the matching is trivial. There are, however, events where more than one muon cross the
chamber, or addition LCT's are created by background. In the case of >1 strip LCT or >1wire LCT itisdifficult
to decide which strip LCT should be matched with which wire LCT. Several ways of solving this ambiguity were
envisaged:

use information available at the motherboard like coincidence level (number of hits) etc.;

make coincidence with RPC stripswhich are ~ 6 times shorter then those of CSC;

make coincidence with an additional plane of CSC pads;

replace one layer of radia stripswith inclined strips (so called 5R+1U solution);

replace 6 layers of radial stripswith 3+3 stereo layers (so caled U+V solution);

solve ambiguitiesin the Track Finder hoping that the extrapolation of ghostswill fail;

solve ambiguitiesin the Global Muon Trigger comparing with track candidates from RPC.

Current baseline solution, however, is rather smple:
e match the best (the highest priority) strip LCT with the best wire LCT,
e match the second best strip LCT with the second best wire LCT.

Transfer tothe Port Card

Track segments created by matching strip LCT and wire LCT are transfered to a Port Card. Before the transfer the
following functions are performed:

overlaps with neighbour chambersin ¢ are resolved,

strip LCT information is converted into position ¢ and bend angle 4,

wire LCT informationis converted into position »(r) and incident angle .,

alignment corrections are applied,

quality information based on coincidence level (6/6, 5/6 or 4/6) and priority code of strip and wire LCT'sis
attached (precise definition of quality bitsis not yet defined).

One Motherboard can be connected to more than one Port Card. Each track segment is routed to the proper
Port Card depending on its coordinates.



82 Muon Trigger algorithmsand their implementation

744 Port Card

Thetask of the Port Card isto collect information from several Motherboards and send it to the Track Finder. CSC
chambers covers 10°or 20° (see Tab. 6.7) while the Track Finder works with 30°sectors. Port Card is placed on
the detector and it receives the information for Motherboards through twisted-pair copper cables. The best three
track segments are selected and send to the Track Finder. Since the Track Finder is placed in the control room, the
data are sent by optical links. Dataformat isgiven in Tab. 7.9.

Table 7.9: Information delivered by CSC Port Card for ¢- and n-projection respectively (< 2 tracks per chamber).

variable | bits unit / precision |
track position ¢ 11 1-9mrad
track angle v, 8 ~10 mrad
quality information (seetext) | not yet defined —
track position #(r) 8 16-54 mm
track angle v, 8 ~50-100 mrad
quality information (seetext) | not yet defined —

7.5 Track Finder

The main task of the Track Finder is to combine track segments delivered by Drift Tubes and Cathode Strip
Chambers from different stations into full muon tracks and assign p; values to them. Its basic unit called sector
processor covers A¢ = 30° and An &~ 0.2 <0.5. The algorithm consists of three steps (Fig. 7.15). First, track
segments from different stations are matched by an extrapolation method. Then the matched pairs are combined
into afull track. Finally unique values of ¢, n and p; are assigned to the track.

pairwise matching
- extrapolation

muon station fl

track assembly pt—assignment

\extrapolation track Segmem/ o)
window =
o
£4 3
¢ x
- 8 |
track found
(TS1, TS2, TS3,
TH4)
extrapolation TSI,
result "1/0" TS2,
TS3,
THA

Figure 7.15: Track Finder principle.
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The agorithmis performed by the following units (see Fig. 7.16):
e Extrapolator
— Extrapolation Unit (EU)
— Extrapolation Result Selector (ERS)
e Track Assembler
— Track Segment Linker (TSL)
* TSL units
* Single Track Selector (STS)
— Track Selector (TSdl)
x Track Cancellation Logic (TCL)
e Track Router (TR)
e Assignment Units (AU)
— quality, n, ¢, and p;

Their functionality will be described in the subsequent sections.

extrap. qualitties | quality AU |

Track n - AU

»
L

»1 Extrapolator ™| assembler

| Track

TS addresses »| ¢-AU L
data from DT/CSC Router

- pipeline TS data 4 > p-AU

o Muon
from other sectors - Sorter >
—>

Figure 7.16: Track Finder block diagram.

7.5.1 Extrapolator

Having track segment in some of 4 muon stations, severa extrapolations from one station to another are donein
paralel by Extrapolation Units(EU). Inthebarrel theyare: 1 — 2,2 — 3,4 — 3,1 — 3,2 —4,and1 — 4. The
extrapolation is based on position ¢ and bend angle v of atrack segment. The bend angle v is used as a starting
direction and as a measure of p, to find the track curvature. In the barrel the p () relation is unique but in the
forward region it depends also on 5. A pair of track segments is considered as matched if the extrapolation of the
first one coincides with the position (and possibly the angle) of the second one within a given accuracy. Two best
extrapolationsfor each source track segment are selected by Extrapolation Result Selector (ERS).

75.2 Track Assembler

The Track Segment Linker (TSL) attempts to combine al matched pairs into a full track. At least two matched
track segments are required. Number of possible candidates is reduced by Single Track Selector (STS) which
selects only one candidate for each innermost source track. The selection is based on the quality of the two track
segments.

Next steps are performed by the Track Selector (TSel). First Track Cancellation Logic (TCL) removes track
candidates which are identical to parts of longer tracks. It also removes shorter candidates having common seg-
ments with longer ones. Finally two highest rank track candidates are selected. Therank is defined by two criteria
(ordered by priority):

1. Track consisting of higher number of track segments are preferred.

2. Station 1 and 2 have preference over 3 and 4.

Track segments belonging to the selected tracks are sent to the Assignment Unit by Track Router (TR).
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75.3 Track Router

Full information about track segmentsis stored in apipelinememory during the processing time of the Extrapolator
and the Track Assembler. The Track Router (TR) extracts from the pipline the information related to the selected
track segments, combines it with the output of the Track Assembler and transfersit to the Assignment Units.

7.5.4 Assignment Units

The last step isto assign unique ¢, n and p; to the track. In most of the cases, the p; is calculated as a function of
the bend angle between two stations ¢; < ¢;. There are few exceptions when the local bend angle 3 of the track
segment in one station is used instead. In the forward region also the  information must be used. The resulting
values are then transmitted to the Muon Sorter. A single sector processor can deliver up to 2 tracks. They are
selected using p; and quality bits.

Table 7.10: Information delivered by Track Finder (< 2 track per sector)

| variable | bits | unit/ precision |
7 6 ~ 0.1 5 unit
¢ 8 2.5°
muon sign 1 —
P 5 | nonlinear scale
quality bits | 2 —

755 Barre/endcap corner

The presented algorithm works well in the barrel. It aso works in the endcaps provided that n < ¢ ambiguities
described in the previous section are solved properly by CSC trigger itself.

The most difficult situation isin the barrel/endcap transition region where some track segments come from DT
and others from CSC. In this region the extrapolation from CSC to DT is ambiguous. Extrapolation from DT to
CSC cannot be done, because it requires  coordinate which cannot be delivered by DT for |»| > 0.85 dueto the
limited BTI acceptance (¢mqx = 45.7 correspondsto 9,4, = 0.86). Several possible solutions are considered:

o UL dprma <durm1 to getrid of the ambiguity in CSC — DT extrapolation;

e assume that the track has high p; to get rid of the ambiguity in CSC — DT extrapolation (this degrades
dightly the performance at low p;);

e make CSC — DT extrapolation within "wide window” containing ambiguities; in case of >1 candidate
pairs select one with better p, match or better quality bits;

e makeDT — CSC extrapolationwithina”widewindow” containing n-uncertainties; in case of >1 candidate
pairs select one with better p, match or better quality bits;

e useonly DT or only CSC taking advantage that at |east two stations of one kind are crossed by each track.

Yet another problem in thisregion isthe presence of magnetic fieldupto ~ 0.9 T in MB1 and MB2. It causes
an increase of the drift time and in consequence reduction of the ¢-BTI efficiency below 70%.



7.6 Muon Sorter 85

7.6 Muon Sorter

The Muon Sorter receives theinformation from the Pattern Comparator Trigger or Track Finder in aform described
in Tab. 7.3 and Tab. 7.10 respectively. One single sorter chip accepts up to 8 muons on the input and delivers up
to 4 muons on the output, sorted according to their quality and than p;. In the RPC PACT part a ghost suppression
algorithmis applied (see below). The output data has the same format as the input (Tab. 7.11). A lack of muonis
indicated by p,=0. The sorting chips are arranged in aform of atree sorting out the 4 highest p, muons among all
candidates in several detector regions (see Fig. 7.17). In total 1065 sorting chips are needed.

Table 7.11: Information about each muon handled by Muon Sorter (< 8 tracks on input, < 4 tracks on output)

| vaiable | bits | unit/ precision |
7 6 ~ 0.1 5 unit
¢ 8 2.5°
muon sign 1 —
P 5 | nonlinear scale
quality bits | 2 —

!

PACT
segment
processors
reduction /3 2 sort levels

| 396(468)x4

RPC ring sorter
reduction /12 4 sort levels

| 339y« | 108x2
RPC s/ring sorter DT/CSC sorter
reduction /3 2 sort levels 3 sort levels reduction /6

| 11(13)x4 | 9x4

Global Muon Trigger

reduction /9-13 4 sort levels
I

Figure7.17: Muon Sorter tree.

7.6.1 RPC PACT sortingtree

In the case of PACT thefirst step of sortingisdone already a Trigger Boards (TB) grouping 12 segment processors
each. Their outputs(4 per TB) arefurther processed by 33 (or 39 inthe case of upgrade) ring sorters, each covering
aring of An ~ 0.1 and A¢ = 360°. Then theringsare grouped by 3into 11 (or 13) superrings of An = 0.35 and
A¢ = 360°. Thusupto 11 x 4 (or 13 x 4) muons are delivered to the Global Muon Trigger. Details are given in
Tab. 7.12.

7.6.2 DT/CSC sortingtree

The DT/CSC TF sectors are grouped into 9 regions of An ~ 0.5 and A¢ = 360° (5inthe barrel and 2 in each
endcap) thus providing 9 x 4 muons at the Muon Sorter output. This segmentation is, however, still subject to
optimisation. Details of the DT/CSC sorting tree are given in Tab. 7.13.
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Table 7.12: RPC PACT sorting tree for baseline (|n| < 2.1) and upgrade (|n| < 2.4).

inputs accounting inputs Sorter chips
|| maz 21 24 21 24| 21 2.4
Trigger and 33 +6 x12 x12 | 4752 +864 | ¢ Ghost Buster
Readout Board | 33 +6 x12 x6 | 2376 +432 | 396 +72
33 +6 x12 x4 | 1584 +288 | 198 +36
Ring 33 +6 x12 x2| 792 +144 | 99 +18
Sorter 33 +6 x12 396 +72 | 66 +12
33 +6 x8 264 +48 | 33 +6
Super-ring 33 +6 x4 132  +24 | n Ghost Buster
Sorter 33 +6 x4 132 +24 22 +4
22 +4 x4 88 +16 | 11 +2
Global 11 +2 x4 44 +8 6 +1
Muon 6 +1 x4 24 +4 4
Trigger 4 x4 16 2
2 x4 8 1
Global Trigger 4 4
Tota number of Sorter chips | 838 +151

Table 7.13: DT/CSC sorting tree.

inputs accounting | inputs | Sorter chips
DT/CSC 9 x12 x2 216 36
Sorter 9 x8 x2 144 18
9 x8 72 9
Globd 9 x4 36 6
Muon 6 x4 24 4
Trigger 4 x4 16 2
2 x4 8 1

Global Trigger 4 4
Total number of Sorter chips 76
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7.6.3 RPC PACT Ghost Buster

RPC strips in non-reference planes are seen by more than 1 PACT segment processor. Such overlap of processor
domains is necessary to account for bending variations an multiple scattering. Only strips in the reference plane
are assigned to segmentsin auniqueway. Since the trigger requires coincidence of 3 out of 4 planes, the same hits
in 3 non-reference planes can be recognised as a muon by different segment processors. Thus a single muon can
be seen as two or more muons and cause a two-muon trigger. Such artificial additional muons are called ghosts.

¢ Ghost Buster

The ¢ Ghost Buster isthe first step of muon sorting tree. It has twice less outputsthan inputs, i.e. a most one out
of 2 segments can be selected depending on its neighbourhood.

Let us denote a given segment by A, its“right” (lower ¢) neighbour by Z and its “left” neighboursby B and
C'. Let usintroduce usual ordering relation using track quality ¢ and momentum p,:

A>B & q(4)>q(B) OR g(4) = q(B) AND p,(4) > p:(B)

Segment A can be selected only inthe two cases:

e A isbetter than neighbours (local maximum): Z < A > B
e A islast but one segment of wider maximum: Z < A=B > C

n Ghost Buster

The n Ghost Buster has equal number of inputs and outputs. Thusit is not alevel of the sorting tree in a strict
sense. It is placed between two levels, after sorting in ¢ and before sorting in n. It vetoes some candidates in a
way similar to ¢ Ghost Buster. The practical redlisation is, however, more complicated, because it hasto deal with
4 segments from each n ring, rather than with single segments. It isdescribed in detail in Ref. [2].

7.7 Global Muon Trigger

The following sequence of actionsis performed by the Globa Muon Trigger.

7.7.1 Final muon sorting

The 4 highest p; muons in the whole event are selected. From the logical point of view thisisthe last step of the
Muon Sorter and the algorithm is as described in the previous section. It is placed in the Globa Muon Trigger
because it might be advantageous to perform it after the RPC and DT/CSC matching. Thisis because the matching
can suppress some ghosts which otherwise could be selected instead of real muons. Simulation study on this
subject should be done.

7.7.2 Preprocessing

There are some operations which should be performed on the data coming out of the Muon Sorter. They are
specific to particular subsystems but performing them only on the selected muons can save a lot of hardware.
These operations can be considered as a preparation for further Global Muon Trigger action.

The ¢, n and p, conversion. RPC and DT/CSC subsystems have different ssgmentations and therefore they
can use different ¢ and n scales. The p, scales can a so be different because the performance of the two subsystems
depends on p; in different ways. The p; coding may even depend on the detector region. Therefore the data from
both subsystems should be converted by |ookup tablesto common scales, before they are compared to each other.

Muon sign validation. Both RPC and DT/CSC subsystems use one bit for the muon sign. However, due to
limited momentum resol ution, it is meaningful only up to acertain p; value, depending on n. In case the muon sign
will be used in some trigger condition, an additional bit should be created saying whether the sign information for
a given muon is meaningful or not. It can be done by alookup table having n and p; on theinput.
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7.7.3 Matching RPC and DT/CSC infor mation

The information coming from the two subsystems should be combined before the final trigger decision. At theend
of the sorting tree each of them deliver up to 4 muon candidates in severa detector regions with their i, ¢, signs,
p: and quality bits. First the spatial coordinates should be checked to determine whether the two candidates can be
attributed to the same physical muon. Let us consider two cases.

Candidate is seen by only one subsystem. A decision should be taken whether this candidate should be
considered as area or afake muon. It should be based on (in order of preference):

e qudlity bits: if they are high areal muon case is more probable

e background level at the given detector region: in a high background region afake muon is more probable

e p; Of the candidate: itis more harmful for physicsto lose high p, muons; probability of low p, fake muonis

much higher
e current running conditions. one should trade off efficiency against fake muon rate

Candidate is seen by both subsystems. A decision should be taken which momentum estimate should be
chosen. It should be based on (in order of preference):

e qudlity bits: their high value indicates a more reliabl e estimate

e background level at the given detector region: the two subsystems have different response to background,
e.g RPC are more sensitive to uncorrelated hits whereas DT/CSC can be affected by correlated background
(additional tracks).

e p; of the candidates. DT/CSC are more precise a high p;, but they can underestimate p;, RPC are less
precise but they can only overestimate p;.

e current status of each detector in a given region: e.g. noisy chambers can cause p; overestimation.

In any track recognition system there is a trade-off between the track recognition efficiency and the number of
accepted faketracks. Tightening cuts one can reduce the number of fake tracks for the expense of efficiency loss.
Having two different subsystems one can i mprove the efficiency/fakes balance. Less correlated the subsystems are,
better improvement can be achieved. Thisis because the characteristics of fake tracks in the two subsystems are
different.

The above criteria are at the moment only qualitative but they should be quantified by detailed simultaneous
simulation of al the subsystems. Only then they can be turned into workable algorithms. The first attempt to
design such an algorithmisshown in Fig. 7.18.

First, the distance between two muon candidates is cal cul ated for each possible pair. The pair with the shortest
distance is selected and the corresponding muons are removed from the list. Then, remaining candidates are
considered and again the pair with the shortest distance is selected. The iterations continue until al pairs with a
distance below a given threshold are processed. In the next step, one of the two muons in each pair is selected
using a single rank value, which is a function of muon p; and its quality bits. At the end afinal rank for each
muon is calculated. It depends on the single rank and on the matching quality. Muons successfully matched have
higher priority than single candidates. Muons from pairs with shorter distance are preferable. Finaly, the muons
are sorted according to thefinal rank and the four best candidates are sent to the Global Trigger.

7.7.4 Isolated muon trigger

Thisis an additional operation of the Global Muon Trigger. The isolated muon trigger algorithm checks whether
there was a significant energy deposit in a calorimeter around a given muon. So called quiet bits delivered by the
calorimeter trigger are used for this purpose. A quiet bit is assigned to each calorimeter region of An x A¢ =
0.35 x 0.35 and it is set if the transverse energy F; deposited in thisregion is below athreshold. Details of this
algorithm are currently under study. Possible use of MIP information from the ca orimeter trigger is aso being
envisaged.

7.7.5 Multimuon and other triggers

After preparing the information about al individual objects the Global Trigger performs al foreseen cuts and
selections. Among them there are a di-muon trigger, possibly three-muon trigger, muon-el ectron trigger and other
combined triggers. The cuts might be asymmetric, e.g. two different thresholds might be required for the two
muons in a pair to pass the two muon trigger. For details the reader isreferred to Globa Trigger documentation,
eg. [92].
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Chapter 8

Beam tests of trigger processor prototypes

8.1 Drift Tubes

Thefirst prototype of Bunch and Track Identifier circuit was buildin 1995 [33]-[35]. It was implemented in FPGA
technology using XILINX XC4013 chip with 6 ns grade. Because of obvious limitations of FPGA technology
the functionality of the prototype was reduced compared to the designed ASIC?. It was connected to 8, instead of
9 tubes and only a subset of all needed tube combinations was considered. Nevertheless the basic functionality,
namely track recognition using generalised meantimer method was implemented.

BTI efficiency as afunction of the drift timein thefirst layer for right incident angleisshown inFig. 8.1a. The
wavy shape of the function is due to mismatch between the programmed maximum drift timet,,,, = 350 nsand
the actual one which turned out to be 335 ns. The drift time was not equally compensated in al the layers and the
hits were not precisely aligned after ¢,,,45 -
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Drift time (ns) : BTIL L BTI3

I BTI2——

Position (cm)
Figure8.1: BTI prototype efficiency vsdrift time and position.

BTI efficiency vstrack positionis shown in Fig. 8.1b for three BTI chips. Each one covers 6 cm, but only 4
cm with full efficiency. Therefore they should overlap by 2 cm. In the region of proper coverage, i.e. 36-48 cm the
efficiency israther uniform and equal to 90% on average.

One of the crucial itemsin al LHC trigger devices is time synchronisation. Trigger processors can work
correctly only when driven by clock being in phase with incoming particles. Sensitivity of the BTI prototype to
thisthis phase shift isshown in Fig. 8.2a. From the figure one can see that about 4-5 nsdeviation istolerable. One
should stress an excellent agreement between the simul ation results and the experimental data.

All the BTI characteristics discussed above were measured for right incident angle. The efficiency for different
anglesisshown in Fig. 8.2b. Again good agreement of measured and simulated data can be seen.

Overal conclusion of thetest isthat the working principle of BTl isvalid. Behaviour of the prototypeis fully
understood and can be well simulated. Next step will be aready fully functional ASIC prototype.

1Application Specific Integrated Circuit — custom made chip
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Figure 8.2: BTI prototype efficiency vs synchronisation time and muon direction.

8.2 Cathode Strip Chambers

CSC Cathode and Anode Front End Boards with trigger el ectronics are currently being constructed and they have
not yet been tested with a beam. There were, however, severa CSC prototypestests where their properties crucial
for trigger algorithms have been tested.

Fig. 8.3 shows the time distribution of anode signalsfrom 6 layers of MEL/1 prototype. It is seen that 40-50 ns
gate would be enough to include hits from al the layers. The second hit always arrives within 20 ns which makes
possi ble an unambiguous bunch crossing assignment according to the algorithm described in Sec. 7.4.
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Figure 8.3: Time distribution of anode signals from 6 layer CSC prototype.
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8.3 Resstive Plate Chambers

The principle of Pattern Comparator Trigger was for the first time tested in the framework of the RD5 experiment
in 1993. RD5 was equipped with twelve planes of 2x2 m? RPC chambers with 3 cm wide horizontal strips (see
Fig. 8.4). Four of them corresponding to four CMS muon stationswere used in thistest. The muon penetrated 144
cm of stedl plates before arriving at the first RPC and then 60 cm of iron to each of the subseguent chambers. The
readout by the trigger processor covered 18, 20, 24 and 30 strips from consecutive chambers which was sufficient
for the current study.

The processor itself was built using three programmable ALTERA 7128 chips, each of them corresponding
to asingle PAC (Fig. 8.4). Two more ALTERA units were used to feed the data into the PAC’s and to handle
communication with the VME. The trigger processor was loaded with patterns corresponding to the different
momentum intervals: 10-20, 20-30, 30-50, 50-100, and above 100 GeV. Each pattern consisted of four strip
numbers from consecutive chambers. The patterns were selected in such away asto keep at least 99% of tracks at
each energy.

Fig. 8.5 showsthetrigger efficiency as afunction of the beam momentum for variousthresholds. It can be seen
that the selectivity of thetrigger (i.e. the steepness of the curve) is good.
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Figure8.4: PACT prototype VME board. Figure 8.5: PACT efficiency vs beam momentum.

Second generation of tests was performed in 1996. A PACT test bench was build with configuration much
closer to the final design. It was implemented in FPGA technology except for the Readout and Control (ROC)
ASIC provided by the RD12 team. The test bench consisted of 4 boards shown schematicaly in Fig. 8.6. It was
connected to the RPC cosmic telescope MINI in Bari. Four chambers of the telescope were used as shown in
Fig. 8.7. The signaswere shaped to the length of 600 ns, therefore the relative synchronisation of different input
channels could not be tested. Only the synchronisation of the data pipeline with the trigger signal was checked.
The signals were processed by the trigger processor with frequency of 20 MHz, i.e. haf of the designed one.
There were read by ROC in 3 time dlices, +1 clock cycle with respect to the PAC trigger and independently by the
standard MINI readout with 600 ns window. Offline the PAC agorithm was simulated on the recorded data and
compared with the PAC online response. The agreement is shown in Fig. 8.8 as a function of readout delay. It is
seen that by proper delay adjustment one can achieve 100% agreement.
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Beam tests of trigger processor prototypes
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Chapter 9

Simulated trigger performance

9.1 Simulation software

9.1.1 Event generation

For most of the study PYTHIA 5.7 [134] was used as an event generator. Wherever possible default values of
parameters were preserved. Particle distribution functions were cal culated according to CTEQ2L [166] parametri-
sation.

Minimum bias events were simulated with parameter MSEL=1 which activates the foll owing processes having
in total cross section of 55 mb:

q4iqj; — 9di 9; (Whaeqi = da u,s,c, b)
i q; — 9i G

qq — 88

48 —4qi8

g8 —diq;

g8 — 88

low p, scattering.

This does not include diffractive and elastic scattering. For some specia studies where very high rapidity region
was important DTUJET 93 program was used. It includes diffractive phenomena and gives total inelastic cross
section of 80.4 mb.

9.1.2 Detector ssimulation

Particle passed throughthe material of CM Sdetector and the detector response was simulated with CMSIM package
[136]. It isbased on GEANT [128] and hasinterfacesto PYTHIA [134] and other event generators.

For some special studies where simulation of thermal neutrons was necessary (see Sec. 5.2.4) other programs
were used: FLUKA [129], GCALOR [131] and MARS [132]. They can simulate neutrons of kinetic energy well
below 1 keV.

The CMSIM package is under vigorousdevelopment. Below we briefly describeits current statusas it was used
to obtain results presented in the next sections.

9.1.3 Geometry definition

This part is relatively well advanced and the level of details is usually adequate to the questions addressed in
the next sections. E.g. muon chambers are described as composed of several materia layers according to their
technical designs. The biggest uncertainty isin the general layout of the barrel-endcap connection. Here, there are
difficult mechanical mounts, many cables and other services, elements of the alignments system, etc. Therefore
the design of thisregion isnot yet fixed.
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The precise position and shape of cryogenic chimneys connecting the magnet cryostat with helium tank are
not yet known. The chimneys are not yet included in the simulation, and one can expect that they will reduce the
acceptance of the muon system in the barrel.

9.14 Particletracking

Thistask iswell covered by GEANT itself. Once the geometry is defined, the user only needs to provide magnetic
field map, and to set the proper cuts. The currently used field map is two-dimensional, calculated on a 10 cm grid.
It is adapted to the polygonal shape of the return yoke by simple scaling and interpolation.

The set of cuts used for muon trigger studiesisgivenin Table 9.1.

Table 9.1: GEANT cuts used in the simulation.

particle GEANT far frommuon | closetomuon | insidemuon

Or process param. name chambers chambers chambers
¥ CUTGAM 100 MeV 10 MeV 10 keV
e CUTELE 100 MeV 10 MeV 10 keV
n CUTNEU 1MeVv 1 MeV 1 MeV

charged hadrons CUTHAD 1MeV 1MeV 100 keV

I CUTMUO 10 MeV 10 MeV 100 keV

e — bremsstrahlung BCUTE 10 MeVv 10 MeVv 10 MeVv
p — bremsstrahlung BCUTM 10 MeVv 10 MeVv 10 MeVv
e— 6-rays DCUTE off off 10 keVv
n— 6-rays DCUTM off off 10 keV

1 — ete™ pair production | PPCUTM 10 MeV 10 MeV 10 MeV

9.15 Detector response

Phenomena inside Drift Tubes and CSC are smulated in a very detailed way. A particle ionising the gas creates
electrons, which then develop cascades in the electric field of the chamber. Charge collected by el ectrodes gives
rise to a pulse which is then shaped according to the el ectronics design.

In the case of RPC such level of details is not needed because the precision of the position measurement is
only of the order of 1 cm and the analogue information is not needed. Thusit is sufficient to take the strip crossed
by a particle as a cluster center. However, there is an effort going on to include in the simulation parametrised
experimental results on the cluster size, chamber efficiency and timing resolution.

9.1.6 Trigger algorithms— current status

Drift Tube front end el ectronics, BTI, TRACO and Trigger Server are very precisely described in the simulation.
Simulation results were checked against the test beam data taken with a chamber equipped with aBTI prototype.
Very good agreement has been found.

CSC front end el ectronicsincluding Anode and Cathode FEB's is simulated at the level of behavioural model.
Currently the work is going on the design and simulation of the Motherboard and Port Card.

Basic agorithm of Track Finder is aready coded and interfaced to the Drift Tube trigger output. Current effort
concentrates on interfacing it to the CSC output, and on devel oping algorithms suitable for the endcap and for the
barrel/endcap corner.

In the case of RPC PACT the whole chain is precisely simulated. Current work concentrates on improving
algorithmsin the regions of low acceptance or weak bending.

Because the simulation of the full CSC/DT/TF chain isnot yet available, most of the results concerning trigger
rates etc. are given for the RPC PACT only. This can be considered as the “worst case’ because including the
CSC/DT branch can only improve the overall trigger performance.
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9.2 Geometrical acceptance and low momentum cutoff

In principle, the DT/CSC system can trigger with track segments in at least two muon stations. However, back-
ground rejection is more powerful if 3 stations are used. Momentum measurement is the best if the first or the
second muon station is among them. Acceptance for these three cases is plotted in Fig. 9.1. The white area bel ow
the curves corresponds to the coincidence of 3 stations, one of them being MB1, MB2, MEL or ME2. If we accept
the coincidence of any 3 stations we gain the dotted area. Finally, coincidence of any two stationsis represented
by the uppermost histogram, which is everywhere above 97%.
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Figure 9.1: Geometrica acceptance of the DT/CSC system.

RPC PACT trigger is based on four RPC planes and it requires coincidence of at |east three of them. However,
four planes provide better momentum measurement. These two cases we denote 3/4 and 4/4 respectively. Fig. 9.2
shows the 3/4 acceptance in gray and 4/4 one in black. The upper plots show the local acceptance for a given g,
whereas the |ower ones — the acceptance averaged over trigger towers. The plotsin theleft column correspond to
the high p; agorithm based on one RPC plane per station which isused for muons with p; > 5 GeV in the barrel
and for all muons in the endcap. The plotsin the right column correspond to the low p, agorithm based on two
RPC planes in the first station (denoted as MS1 and MS1/)! and two RPC planes in the second one (denoted as
MS2 and MS2') — thisalgorithmisused only in the barrel.

The acceptance in Fig. 9.2 was cal culated with straight tracks in order to indicate better the origin of inefficien-
cies. Thereisaregion (|n| ~0.3) with exceptionally low efficiency. Thisisdue to the gap between the wheels of
the CMSbarrel. The gap is needed mainly for cables from theinner tracker and calorimeters. In the current design
itis 15 cmwide, but the simulation was done for the previous version of the design with a 20 cm wide gap. On top
of that, one should add 2x 4 cm of dead RPC border. The efforts are made to reduce these numbers, but it seems
that the absolute lower limit is 15+2x 2 cm. The impact of the gap on the muon trigger acceptance is better seenin
Fig. 9.3 The trigger acceptance (coincidence of 3 out of 4 planes) for muons with 4.5 < p; < 5.0 GeV is plotted
for low (MS1, MSY, MS2, MS2') and high p, (MS1, MS2, MS3, M$4) agorithms separately as well as for the
logical OR of thetwo.

1Here we use the acronym M S for ageneric Muon Station, which could be either MB or ME.
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Figure 9.2: Geometrical acceptance of the RPC system.
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Figure 9.3: Geometrical acceptance for muonswith4.5 < p; < 5.0 GeV.

The minimal values of atrigger threshold p™ achievablein CMS are plotted in Fig. 9.4 as afunction of |5)|.
The corresponding total momentum ™" is also plotted. The cutoff is not sharp because of Landau fluctuations
of energy lost by muons. Therefore, different p*i™ values are obtained for different required efficiencies. Because
the detector design is not yet completely frozen, one can expect some small changes in the amount of absorber.
However, they should not be bigger than one nuclear interaction length A. Thisisindicated in the figure as error
bars.

Keeping in mind all the above mentioned uncertainties one can concludethat the lowest " triggerable” muon p;
isabout 4 GeV in the barrel, and it decreases down to ~2 GeV in the endcaps if the efficiency of 90% isrequired.
One can, however, reduce p*** in the barrel down to ~3.5 GeV relaxing requirement on the efficiency down to
80%. Relaxing it further down to 50% alows us to trigger on muons with p; ~ 3.2 GeV. This can be better seen
fromFig. 9.5a
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In most of the cases we are interested in two-muon events (see Sec. 4.1). Reguirement of 2 muons at the first
level trigger strongly reduces the trigger rate, but also squares the single muon trigger efficiency. The result is
shown as the lowest curve in Fig. 9.5b. In such a case the trigger is rather inefficient, especialy a low p;. If
one can, however, trigger on one of the two muons then the inefficiency gets squared and the trigger performance
becomes very good (the upper curvein Fig. 9.5b).

As an example, one can consider heavy ion physics with Pb-Pb collisions. Study of T production require
recording of two-muon events. The two muon trigger is not very efficient, because of low momenta of the muons.
It has been shown [77], however, that one can use single muon trigger because al backgrounds amount only to
about 500 Hz. In the case of high luminosity p-p collisions background rates are much higher and one has to rise
the single muon threshol d significantly. Neverthel ess such trigger isstill very helpful to increase the overdl trigger

efficiency.
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9.3 Overall performanceof trigger subsystems

9.3.1 Drift Tubes

Full trigger performance can be understood only when background is taken into account. The most severe back-
ground for Drift Tubes comes from muon radiation. This is because additional particle can give shorter drift time.
The effect iswell visiblein Fig. 9.6. Asa result the measured muon positioniswrong. Distribution of the error is
showninFig. 9.7.
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Figure 9.6: Measured time distribution of the DT  Figure 9.7: Distance between the muon track and the
meantimer for 200 GeV u beam. Thetal ontheleft  hit spoiled by secondaries as obtained by DT mean-
is due to muon secondaries. timer.

If more than one out of four layersin a superlayer is disturbed significantly, the track may not be found. The
loss of efficiency duetothiseffect isseeninFig. 9.8. Significant fal of efficiency above p, = 200 GeV isaresult of
an increase of bremsstrahlung and pair production probability (see Fig. 5.14, page 49). Bunch crossing recognition
efficiency (Fig. 9.9) is not affected as much, because tempora correlation of secondaries with a muon is much
better than the spatia one.
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Figure 9.8: Track recognition efficiency for singlesu-  Figure 9.9: Bunch crossing recognition efficiency for
perlayer (BTl simulation for station MB4). single superlayer (BTl simulation for station MB4).

Bunch and track recognition efficiency on the level of one station are given in Figs 9.10-9.12. In the case of ¢
projection, where two superlayers per station are available, some single-SL efficiency |osses are recovered.
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Figure 9.11: Track recognition efficiency for one
muon station — ¢ projection (BTI+TRACO simula
tion).

Figure 9.10: Bunch crossing recognition efficiency
for one muon station (BTI+TRACO simulation).
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Figure 9.12: Track recognition efficiency for one muon station — # projection.

Finaly, the overal efficiency of the entire Drift Tube system isshown in Figs9.13 and 9.14. The Track Finder
algorithm was not ssimulated explicitly, and only the presence of track segments in muon stations was required.
Different trigger criteriacan be used to optimise the bal ance between efficiency and background rejection.
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Figure 9.13: Tota Drift Tube Trigger efficiency for
|n] < 1. Notation “2/4 ¢" means that at least 2 track
segments out of 4 muon stations are required in the ¢
projection.

Figure 9.14: Tota Drift Tube Trigger efficiency for
muons of p; = 100 GeV.
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9.3.2 Cathode Strip Chambers

Cathode Strip Chambers can be also effected by muon secondaries, athough the mechanism is different. Distri-
bution of charge caused by a muon can be disturbed by nearby secondaries. Secondaries separated by more than
3-4 gtripsfrom the muon can be seen as independent tracks. These phenomenaareillustrated in Figs9.15 and 9.16
which show the number of hits caused by a single muon and the distance of secondary tracks from the muon.
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Figure 9.15: Measured distribution of number of hits Figure 9.16: Measured (points) and simulated (lines)
per CSC layer for 200 and 300 GeV incident muons distance of secondary track from the muon. Track is
[152]. defined as set of clustersin 4 CSC layers[152].

CSC's, being placed in the endcaps, are more than Drift Tubes exposed to uncorrel ated background: electrons
originating from therma neutrons and hadrons from punchthrough and backsplashes (see Sec. 5.2). This back-
ground can produce track segments (or Local Charged Tracks — LCT) in muon chambers. The effect has been
simulated in detail [45] and the results are given in Table 9.2. Even if the rate of uncorrelated electrons was 10
times higher than expected (last row in the table) the functioning of the trigger is not seriously affected.

Table 9.2: Background influence on 100 GeV muons. Symbol “€’ stands for uncorrelated el ectrons (from neu-
trons), “had.” — for hadronsfrom punchthrough and backsplashes.

strips wires

Number of CSC's  Fraction of CSC's | Number of CSC's  Fraction of CSC's

with LCT's per u with>2 LCT's with LCT'sper u with>2LCT's
pn aone 41 21% 4.2 50%
n+e 5.3 22% 5.8 53%
u + had. 10.8 28% 16.5 4.8%
p +e+ had. 117 3.4% 17.9 5.6%
n+10xe 114 44% 14.9 6.9%
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9.3.3 Track Finder

An extensive simulation study has been performed in order to develop the Track Finder algorithm (see e.g. [68]).
Here we present only the final result of this study, namely the efficiency curves. They are shown in Fig. 9.17
together with curves for the RPC PACT. The optimisation of the TF agorithm is not yet finished, and the results
should be considered as preliminary. Especialy inthe endcaps and in the barrel/endcap corner, the curves represent
thefirgt iteration of the design.
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Figure 9.17: Trigger efficiency curvese(p;) of RPC PACT and DT/CSC Track Finder in different detector regions.
Trigger threshold ps“t [GeV] is indicated next to each curve. It is defined so that e(pf*t) = 90 %. Index "0”
corresponds to the lowest possible ps*¢, limited only by muon energy loss; "0=4" means that the lowest possible
ps¥t inthisregionis 4 GeV. The CSC Track Finder algorithm has not yet been simulated below p; = 5 GeV.
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An ideal trigger should have efficiency equal to zero for muons with p; below the threshold pg*¢, and equal
to 100% above ps“t. In practice, the momentum resolution is limited by multiple scattering and energy loss
fluctuations at low p; and by detector resolution at high p,. Because of that, the efficiency curves ¢(p;) have finite
slopes proportional to the momentum resolution. Efficiency curvese(p;) of RPC PACT and DT/CSC Track Finder
have been calculated for various trigger thresholds p; cut in three detector regions. in the barrel (n = 0), in the
endcap (p = 2), andinthetransitionregion (3 = 1). They areshownin Fig. 9.17. Asexpected, at p; < 20 GeV the
curves for RPC and DT/CSC are amost identical. At higher momenta one can clearly see the superior resolution
of DT and CSC. The threshold adjustable trigger with good efficiency can be provided by RPC PACT up to 70
GeV inthebarrd and up to 50 GeV in therest of CMS. The DT/CSC threshold can be effectively adjusted up to
80 GeV in the endcaps, and even up to 100 GeV inthe barrel.

9.34 ResgtivePlate Chambersand Pattern Comparator Trigger
Muon secondaries

The influence of muon secondaries on the RPC performance was tested experimentally [152]. Muon beam was
entering the chamber after traversing athick iron block. Cluster size distributionswere measured in two configura-
tions: RPC placed 1 cm and 70 cm behind theiron. The results are shown in Fig. 9.18. The measured cluster size
isdightly higher in the case of the 70 cm air gap. This can be explained by the fact that the secondaries produced
in theiron can in this case diverge more from the original muon. The difference is, however, marginal and one can
conclude that the muon secondaries do not influence significantly the RPC performance.
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Figure 9.18: RPC cluster size distribution for different muon energies. Open circles— RPC just behind theiron,
full circles— 70 cm apart. The stripwidthis 3 cm.

Efficiency and momentum resolution

Efficiency curves of the Pattern Comparator Trigger are presented in Fig. 9.17. They are caculated for various
possible trigger thresholds defined by selecting certain set of strip patterns. It is seen that the PACT can provide
relatively sharp p; cut up to about 20 GeV. At higher p; thresholds the performance is slowly degrading. An
effective trigger cut can be provided up to 50-70 GeV but for the highest possible pi“* vaues the efficiency curves
arerising rather dowly and one can expect high contamination of low p, muonsin thetriggered sample.
Thisisbetter seenin Figures9.19 and 9.20, where thetrigger responseis compared to the true muon momentum
for two samples of generated events — minimum bias and z° decays. Anideal trigger should never underestimate
the muon p; in order to maintain high efficiency. For such atrigger, al eventsin Figures 9.19 and 9.20 should lie
abovethe diagonal. One can see that with afew exceptionsthisisthe case. On the other hand the trigger should not
overestimate the muon p; too much, in order to maintain high purity of the sample and not to blow up the output
rate. This means that the events in Figures 9.19 and 9.20 should be as close to the diagonal as possible. Again this
isnearly the case, with an exception of the upper right corner (p{*™ > 50 GeV, p}¢© > 50 GeV) of Fig. 9.20.
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Figure 9.19: Trigger response pyecomstructed ys true  Figure 9.20: Trigger response pleconstructed yg true
muon momentum pg™¢™**? for min. bias events. muon momentum pf<™<™***¢ for 70 events.

Trigger rates

Single muon trigger rates due to various physics processes are shown in Fig. 9.21. The tota rate is clearly dom-
inated by minimum bias events. One can see that the trigger rate can be tuned by adjusting the threshold up to
about 50 GeV. Above this value not much can be gained. This confirms the conclusion drawn from Figures 9.17
and 9.20.
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Figure 9.21: Single muon trigger rates. Figure 9.22: Signa and background trigger rates.

The total single muon trigger rate is compared to the rate of two kinds of background in Fig. 9.22. The one
denoted as neutron background is caused by random coincidences of uncorrelated electrons created by thermal
neutrons. The rate denoted as p/neutron coincidence is due to an overlap of such an electron with a real muon.
Because of the overlap the observed pattern may correspond to a higher momentum than the original one. Both
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background rates are at least two orders of magnitude below the signal, which leaves us a good safety margin.

The two-muon trigger due to various physics processes is shown in Fig. 9.23. Again, it is dominated by the
minimum bias rate. Its breakdown into different components is given in Fig. 9.24. The highest contribution is

given by events which contain b- and c-quark semileptonic decays.
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Figure 9.23: Two-muon trigger rates.

Pileup effect

Another source of background for the two-muon trigger is the pileup effect. The two muons causing the trigger
might come from two different pp interactions which occurred in the same bunch crossing. Such a case we call
fake two-muon trigger. Itsrate is compared to the real two-muon rate in Figures 9.25 and 9.26. The effect is not
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Figure 9.24: Two-muon trigger rates.

dangerous at low luminosity, but it cannot be neglected at £ = 10%*cm 257 1.
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Double muon resolution

The double muon resolution of the Pattern Comparator Trigger was extensively studied by simulating various
physics channels [80]. In this paper we concentrate on three cases: minimum bias events, inclusive W production
and J+ production. The angular distance between the two muons at their origin? is plotted in Figures 9.27-9.30.
Scales on the axes correspond to the granularity of PACT (one bin = one segment processor, see page 73) whichis
about® 0.1-0.2iny and 2.5° in ¢.

In the case of minimum bias sample (Fig. 9.27) asignificant correlation is observed. It can be explained by the
jet structure of events. Even stronger correlation is seen in W events (Fig. 9.28). The muonsfrom J) (Fig. 9.29)
are corrdlated in # but it is difficult to see any correlation in ¢. However, if one restricts the sample to relatively
high p; particles (Fig. 9.30) a strong correlation emerges, aso in ¢. Thisis an important case, because higher p,
muons have better chance to be detected in the muon system. Summarising, there areimportant angular correlation
between muons at their origin.

2 p from minimum bias events 2u from W
<)
E 5
o 10
6
10
7
10
70
6050
35
4 40 30
© 25
3020 N L 1o 15 20 N4
10 o

Figure 9.27: Dependence between An and A¢ for Figure9.28: Dependence between An and A¢ for W
minimum bias events in the case of p{**=1 GeV. in the case of p{**=1 GeV.

The situation might be different after muons traverse calorimeters and suffer strong bending in the magnetic
field. Thisisdiscussed in Figures 9.31-9.38. Here, the muon coordinates are taken from the trigger output. One
histogram bin corresponds to one segment processor of PACT. The figures with even numbers show the entire
detector, whereas odd numbered ones give the zoomed view of the small distance region.

In the case of minimum bias and W events the correlation, especially in ¢, is smeared out by the combined
effect of multiple scattering, energy loss fluctuations and magnetic bending. In the J+) case the n correlation
remains significant, whereas the ¢ orientation is completely lost, even in the high p, sample.

The efficiency loss due to finite trigger granularity for the two-muon events can be concluded from this study.
In thetrigger logicthere must be a provision for muons crossing boundaries of trigger segments. Thismay cause a
side effect that sometimes one muon can be seen in two (or even more) neighbouring segments. In order to avoid a
two-muon trigger in such case, one can veto 1 or 2 segments around the segment with the highest p; candidate. The
efficiency loss caused by such vetoing can be read from Figures 9.32, 9.34, 9.36, and 9.38. A summary isgivenin
Table 9.3, including also Z°, top, and Drell-Yan events. From thistable one can conclude that the efficiency lossis
rather modest and the PACT trigger granularity is adequate for the two muon physicsat LHC.

2Muonsfrom and K decays, in the first approximation, continue the flight direction of their parents.
3The exact n segmentationis givenin Fig. 6.10.
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Table 9.3: Percentage of 2 muon events lost due to the limited 2 muon resolution.

‘Source ‘An<1andA¢<1‘An<1andA¢<2‘An<2andA¢<2‘
Minimum bias 0.8% 1.3% 1.5%
Jp events (all) 0.8% 1.6 % 4.0%
J+ events (p; > 4 GeV) 0.7% 2.6 % 5.3%
W events 0.4% 0.9% 1.3%
Z° events 0.03% 0.09 % 0.09 %
top events 0.2% 0.5 % 0.8%
Drell-Yan events 0.0% 0.0 % 0.0%
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9.3.5 Global Muon Trigger

The main god of the Global Muon Trigger (GMT) agorithm is to exploit complementarity of the RPC/PACT
and DT/CSC/TF subsystems. Ideally, one would expect from GMT higher efficiency and stronger background
suppression than from each of the two subsystems. The GMT agorithm described in Section 7.7.3 was tested in
this respect by simulation. Single muons were generated with aflat distributionof 0 < ¢ < 360°, || < 1, and
5 < p; < 100 GeV. Obtained efficiency is compared in Fig. 9.39 to the efficiency of DT and RPC. It is seen that
GMT improves the efficiency significantly. Moreover, it makes it more uniform over g, ¢, and p;.
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Figure 9.39: Trigger efficiencies for RPC (dotted line), Drift Tubes (dashed line) and Globa Muon Trigger.

Table 9.4: Efficiency of the Global Muon Trigger tested with single muons at || < 0.8.

Number of muons found 0 1 >1 ‘
RPC 4.444-0.11% | 95.544-0.68% | 0.024-0.01%
DT 5.364+0.12% | 94.414+0.68% | 0.22+0.02%

1.04+0.05% | 98.78+0.70% | 0.1840.02%

The overall performance of the GMT agorithm is summarised in Table 9.4. The inefficiency is reduced from
about 5% for each subsystem down to the level of 1%. In addition, the resulting number of artificialy created
muons (ghosts) is smaller that the sum of ghostsfrom the two subsystems. This proves that the algorithm performs
better than a simple AND/OR combination. In the case of simple OR one would expect improvement in efficiency
for the price of many ghosts. In the case of AND, ghosts would be suppressed for expense of efficiency. In the
presented al gorithm efficiency is significantly improved without increasing the number of ghosts. Furthermore the
system isvery flexible and there isalot of room for optimisation of the a gorithm.
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9.4 Muon and calorimetrictrigger thresholdsand rates

Asit wasdiscussed in Sections4.1 and 5.1 the CMS 2nd Level Trigger isdesigned to receive up to 100 kHz events.
The 1st Level is assumed to deliver not more than 30 kHz in order to ensure a safety margin. This bandwidth
should be divided between muon and calorimeter triggers. Rates of calorimeter triggers, i.e. one or two eectrons
or photons; electron from ab-quark decay; 1, 2, 3 or 4 jets; electron/photon + jet; missing transverse energy ¥, and
total transverse energy L E;, have been calculated and they are discussed in detail elsewhere [141]-[151]. The
muon trigger was also simulated [2, 21, 27, 80, 84, 19] and the rates of one- and two-muon trigger were discussed
in the previous section. Now, we are going to discuss combined muon-cal orimeter trigger rates, namely u-e, u-jet,
M_Et! and M_EEt-

Combined muon-calorimetric triggers have a great importance for many processes to be studied in the future
pp colliders. The presence of a high energetic muon givesavery good event signature mainly due to the significant
improvement in the signal/noiseratio. In case of the CM S detector in many processes it might be sufficient to use
the muon trigger a one but there are processes where only a combined muon/cal orimetric signature makes the study
feasible. There are also severa processes for which the combined signature is expected to improve the efficiency
significantly since the muon requirement should allow for important reduction in calorimeter thresholds extending
in thisway the physicspotential. These processes are listed in Table 9.5.

Table 9.5: Physics channel s involving combined muon/cal orimeter triggers.

physics channel ‘ u-ely ‘ p-jet ‘ w-F ‘
tt, WZ, W+ production + + +
Hoh — ZZ®) — upee +

Hoh — 2z - pu 2jets +

Hoh — 228 = ppww

H,h — WW — puv 2jets +

Wh, Zh, Hh — £(¢) vy +

hAJH — 77 — evv uvv + +

hA,H — v — fvv had. + +

tt — H¥b Wb + +
Hf — 70 W — /v + +

B3 = Iy KS n

Diag — pore
+ control channels
B — mtn~ +

Diag — pore

B — D7 — orr — KK7zr +

Diag — pore

g9, 60 — 1-4£ x2+X + +
06— 230 x%'s +
XX — X3 4vxd +
leptoquarks + +
technicolor pr, wr +

In the case of two-object triggers a low luminosity we can afford the lowest possible muon p, cut. It is
determined by the muon energy loss in the calorimeters, and therefore varies with 5. Inthe barrel itis~4 GeV. In
the endcaps, it decreases down to ~2 GeV at || = 2.4. More precisdly one can define the threshold as:



9.4 Muon and calorimetrictrigger thresholds and rates

113

pt > 4.0GeV  for In| < 1.5
p: >25GeV for 1.5<|n| < 1.9
p: >2.0GeV for 1.9<|n <24

At highluminosity it is convenient to set the muon threshold for two-object triggersat 4 GeV in theentire n range.
Once we fixed the muon thresholds we can plot the two-object trigger rates as a function of the threshold on
the second object. Thisisdonein Figures 9.40-9.44.
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Figure 9.41: Muon-beauty electron trigger rate for

pi¥t(p) = 2-4GeV at £ = 10%3ecm 2571, pi¥t(p) = 2-4GeV at £ = 10%3ecm~2s7L.
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Figure 9.42: Muon-jet trigger rate for p¢“t(u) = 2-4 GeV at £ = 1033cm =25~ L.

All the results are summarised in Table 9.6. We have chosen the thresholds to keep the total trigger rate at
30 kHz. Therates of calorimeter triggers are taken from [149].
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Table 9.6: Trigger rates for selected cuts.

L£=103cm 257! £ =10%cm %!
trigger || thresholds rate (kHz) thresholds rate (kHz)
type (Gev) | individual | cumulative | (GeV) | individua | cumulative
X E; 150 1.04 1.04 400 0.48 0.48
E: 40 2.11 2.82 80 1.29 1.70
e 12 10.3 12.3 25 6.84 8.34
ee 7 1.54 13.1 12 1.45 9.52
j 50 1.98 13.5 100 2.06 10.7
ii 30 1.63 13.9 60 2.17 11.6
iii 20 1.02 14.1 30 3.16 13.3
Pl 15 0.68 14.2 20 2.96 14.3
ej 9 15 5.98 15.2 12 50 1.35 14.9
L 7 7.0 7.0 20 7.8 7.8
gs 2-4 0.5 7.3 4 1.6 9.2
ne 2-4 7 2.4 9.2 4 8 5.5 14.4
pe || 24 4 5.2 12.8
i |24 10 4.2 14.4 4 40 0.3 14.4
JTg 2-4 40 0.2 14.4 4 60 1.0 15.3
nXE,; 2-4 100 0.7 14.4 4 250 0.2 15.3




Chapter 10

Organisational issues

10.1 Scaleof the project

One of the biggest difficultiesin the Muon Trigger Project isits large scale. The muon trigger electronics consists
of afew thousand boards. It requires development of more than ten dedicated ASICs. The overall cost of the
system exceeds 15 millions CHF, not counting the trigger detectors. About 100 physicists and engineers from 14
laboratories located around the world participate in the Muon Trigger Project. The time scope of the project is
also extraordinary. The first trigger processor prototype was tested in 1993, i.e. 12 years before the start of LHC!
Preliminary simulation study were done aready in 1990. Key ingredients necessary for a success of such a big
project are;

e documentation — comprehensive, kept up to date and easily accessible;

e communication between different groups — meetings, tel econferences, World Wide Web, electronic mail;

e planning — taking into account available financial and human resources, forecasting the technology and

market trends;

e monitoring— milestones, reports and reviews.
The rest of this paper is devoted to those issues. Extensive list of documents related to the CMS Muon Trigger is
given in adedicated chapter. Itisfollowed by an Appendix with the table of milestones which are important tools
to monitor the project. The Appendix also contains a graphical overview of the project schedule.

10.2 Participatinginstitutes
e Austria
— Ingtitut fir Hochenergiephysik der OeAW, HEPHY, Vienna

o Italy ) ) ] ] ] ]
— Universitadi Bari e Sezione dell’ INFN, Bari

— Universitadi Bolognae Sezione dell’ INFN, Bologna
— Universitadi Padova e Sezione dell’ INFN, Padova

Poland
— Instytut Fizyki DoSwiadczalngl Uniwersytetu Warszawskiego, Warsaw

— Instytut Problembw Jadrowych im. A.Sottana, Warsaw

USA.
— Massachusetts | nstitute of Technology, Cambridge

— The Ohio State University, Columbus
— University of Californiaat Davis

— Rice University, Houston

— University of Californiaat Los Angeles
— Carnegie Médlon University, Pittsburgh

International |aboratories
— Joint Institute for Nuclear Research, Dubna

— European Laboratory for Particle Physics, CERN, Geneva
Recently, severd ingtitutes from Korea expressed their interest in the project.
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Figure 10.1: Schematic diagram of responsibilitiesin the Muon Trigger project.

10.3 World Wide Web services
Almost all documents related to CMS Muon Trigger are available in a computer form and their are accessible
through WWW. In the documentation list we refer to them by their URL addresses. Some of the documents are

catalogued as CM S notes which are available at the CMSDOC server: (http://lcmsdoc.cern.ch/documents.html) In
such a case we only refer to the note number. The list of other WWW servers of concern is given below.

General CMSWWW servers

e CMS publicinformation CMSINFO — (http://cmsinfo.cern.ch/cmsinfo)

e CMSinterna information CMSDOC — (http://cmsdoc.cern.ch/cms.html)

Muon Trigger — general information

e Muon Trigger documents and news — (http://cmsdoc.cern.ch/mu_tr.html)
e Muon Trigger documentation guide — (http://cmsdoc.cern.ch/doc/mu_tr/docs/MUTRGUIDE.HTML)
e Muon Trigger milestones — (http://cmsdoc.cern.ch/doc/mu_tr/docs/MUTRIGMILESTONES)

e Archives of Muon Trigger transparencies by G.Wrochna — (http://cmsdoc.cern.ch/~wrochna)
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Resistive Plate Chamber s (RPC) — Pattern Comparator Trigger (PACT)
e PACT WWW site at Warsaw — (http://info.fuw.edu.pl/HEP/cms/docs/docs.html)
e RPC dectronics WWW site at Bari — (http://sunba2.ba.infn.it/cadel_works/attivita.html)

e RPC page of Bari/Paviagroup — (http://cmsdoc.cern.ch/user/a/acolaleo/rpc.html)

Drift Tubes (DT)
— Bunch and Time Identifier (BTI), Track Correlator (TRACO), Trigger Server (TS)

e Padova CMS Group — ¢(http://warco.pd.infn.it'cms/cmspd.html)
e BolognaCM S Group — (http://www.bo.infn.it/cms/)
e CMS page of Pierluigi Zotto — (http:/iwarco.pd.infn.it/ zotto/CMS.html)

Cathode Strip Chambers (CSC)
e CMS Endcap muon home page at FNAL — (http://uscms.fnal.gov/uscms/Subsystems/MUON/Muon.html)

e CMS Endcap muon site at Wisconsin — (http:/lobelia.physics.wisc.edu/cms/muon/welcome—endcap.html)
e CMS Endcap muon site a Davis — (http://ucdheg.ucdavis.edu/welcome.html)
e CSC Trigger Electronics page at UCLA — (http:/imww-collider.physics.ucla.edu/cms/trigger/)

e CSC Trigger motherboard WWW site at Rice — (http://bonner—ntserver.rice.edu/motherboard)

Track Finder
e Track Finder home page by T.Wildschek and A.Kluge
— (http://sungraz.cern.ch/CMS/trigger/muonTrigger/Welcome.html)
Trigger related general items

e Global Muon Trigger page by N.Neumeister
— (http://sungraz.cern.ch/CMS/trigger/globalMuonTrigger/Welcome.html)

e Global Trigger WWW page by F.Szoncso — (http:/imwwcn.cern.ch/~szoncso/globaltrigger/)
e Trigger and Data Acquisition home page by S.Cittolin— (http://cmsdoc.cern.ch/~cittolin/)

e CMSDatalink pageby O.Bouianov and E.Pietarinen
— (http://www.evitech.fi/~olegb/personalffiber_optics.html)

e Timing, Trigger and Control (TTC) System page by B.Taylor — (http://iwww.cern.ch/TTClintro.html)
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Milestones and schedule

GENERAL TRIGGER AND DATA ACQUISITION MILESTONES 1996-97

D11 — November 1996 (All)
Trigger and data acquisition requirements review and Preliminary design review

The physics performance requirements will befinalized. Theinterface requirementsto thefront end electronics
will befinalized. The rate requirementsfor thetrigger and dataacquisition levelswill befinalized. The preliminary
conceptua design of all componentswill be reviewed to determineif the designs meet the requirements.

D12 — November 1997 (All)
Trigger and data acquisition Intermediate Design Review

The designs of the trigger and data acquisition systems will be reviewed as to whether they meet the require-
ments established in D11. The technical progress towards completion of the designswill be reviewed. The plan to
complete design, write the technica design report, and begin production will be reviewed.

MUON TRIGGER MILESTONES 1996-97

D300 — November 1996 (Warsaw)
Review of test benches with FPGA prototypes of PAC and synchro/readout chips

The test bench of the Pattern Comparator Trigger for RPC will consist of 4 cards. synchronisation, trigger,
readout, and control. They will be equipped with FPGA versions of the Pattern Comparator (PAC) chip and the
synchronisation module. The RD6 ROC ASIC will be used for the readout. The primary purpose is to test the
system aspects of the complete muon trigger setup. The setup will be equipped with boundary scan, which will be
used for testing and programming. The modular structure of the test bench will alow for changes from FPGA's to
ASIC'sonce the latter are available (D350).

D310 — November 1996 (Bari)
Review of FPGA prototypetests of the muon sorter ASIC

The muon sorter sel ects 4 highest momentum muonsin the entire muon trigger system. Itisatree-likestructure
of sorter chips, each one selecting 4 out of 8 muons. FPGA versions of this chip will be tested in the test bench
(D300).
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D320 — November 1996 (Padova)
Review of FPGA prototype tests of the meantimer ASIC

Three meantimer prototypesin a FPGA reduced version, mounted on a 6U VME card, have been tested on H2
beam in summer ' 95. Detailed analysis of their performance will be completed

D330 — November 1996 (Vienna)
Review of FPGA prototypetests of the Track Finder ASIC’s

The hardware implementation of the track finder is going to be tested using a FPGA prototype system. In the
first testing phase the chamber e ectronicswill not be available, thus thetrack finder prototypewill be evaluated in
aprototypetest bench. Thistest bench will deliver simulated physics data to the FPGA prototype.

D340 — November 1996 (UCLA®, MIT2, CERN)
Delivery of prototypes of comparator tree and pattern finding chipsfor cathode strip chamber trigger

The CSC chamber strip preamp/fast shaper ASICs plus strip comparator tree ASICs plus strip pattern-finding
FPGAs will be connected to 16 strip x 6 layers of a CSC prototype chamber and tested for efficiency and spatia
resolution.

D341 — December 1997 (Dubna)
Prototype tests of center cluster and pattern finding chipsfor MF1/1 trigger

Cathodefront end el ectronics based on Minsk ASICs (amp./shaper, fast shaper/Discr.) will beavailablein May
97. They will be mounted on the P3 prototype of MFL1/1 together with center cluster and pattern finding FPGAs
prototypes.

D350 — June 1997 (Warsaw, Bari)
Ddlivery of first presamples of PAC, synchro/readout and sorter ASICs

These ASIC s will have full functionality but the size (number of channels) may be smdler than in the final
versions. They will replace corresponding FPGA prototypes and the RD6 ROC ASIC in the test bench (D30 and
D31). Thetechnology for the prototype ASICswill be 0.7 um, whereas the final versionis planned to be 0.35 m.

D360 — June 1997 (UCLA, CMU3, OSU%)
Delivery of prototypes of wire pattern-finding and bunch i.d. chipsfor CSC trigger

The CSC wire preamp/discriminator ASICs plus wire pattern-finding/bunchi.d. FPGAs will be connected to
16 strips x 6 layers of a CSC prototype chamber and tested for efficiency, and time resol ution.

D361 — December 1997 (Dubna)
Prototype tests of wire bunch i.d. and pattern finding chipsfor MFL1/1 trigger

Anode front end electronics based on Minsk ASICs (preamp./shaper, discr.) will be available in May 97. It
will be mounted on the P3 prototype of MF1/1 together with wire pattern finding and BX identification FPGA
prototypes.

university of Californiaat Los Angeles
2Massachusetts Institute of Technology, Cambridge
SCarnegie Mellon University, Pittsburgh

4The Ohio State University, Columbus
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D370 — November 1997 (UCLA, UCD, OSU)
Ddlivery of first presamples of ASICsfor strip and wire LCT generation for CSC trigger

The strip pattern-finding and wire pattern-finding/bunchi.d. trigger chipswill be implemented in ASICs with
intended performance closeto fina design specifications.

D380 — November 1997 (UCLA, UCD, OSU, Dubna)
Review of prototype design of motherboard circuitsfor CSC trigger

Motherboard circuitswill receive and correlate wire and strip trigger information and pass stub information on
to the Track Finder (see D330) over an optica fiber.

D390 — November 1997 (Padova)
Delivery of meantimer and correlator final chipsfor full trigger test (=M 16)

The final meantimer and correlator chipswill be mounted on 128 channel Trigger Boards connected to MB97
chamber (end '97 milestone). Trigger Boards will be mounted in a 9U VME crate with a dedicated backplane,
along with a Control Board, to test the full chain of chamber triggering devices.

MUON TRIGGER MILESTONES 1998

Numbering convention:

30x — RPC PACT

32x — Drift Tubes

33x — Track Finder

34x — CSC dtrip electronics (comparators, etc.)
36x — CSC wireLCT

37X — CSC stripLCT

38x — CSC Motherboard, Port Card, system tests

D303 — December 1998 (Warsaw, Bari)
Review of test bench with prototypes of PAC and Sorter ASICs

Thetest bench of the Pattern Comparator Trigger for RPC consistsof 4 cards: synchronisation, trigger, readout,
and control. They will be equipped with Pattern Comparator (PAC) and Muon Sorter ASICs. The primary purpose
isto test the system aspects of the complete muon trigger setup. The setup will be equipped with boundary scan,
which will be used for testing and programming.

D322 — February 1998 (Padova, Bologna)
Delivery of Trigger Board prototype with BTI, TC and TSASICs

Trigger Board prototype for 128 channels will be equipped with Bunch and Track Identifier (BTI), Track
Correlator (TraCo) and Trigger Server (TS) ASICs, to be tested with Drift Tube prototype MB96.

D331 — 1998 (Vienna)
Track Finder milestone(s) — not yet defined
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D343 — June 1998 (US)
Delivery of pre-production comparator ASICs

D362 — September 1998 (US)
Delivery of 2nd version anode L CT FPGAs and PC board

D363 — December 1998 (Dubna)
Test of 2nd version anode L CT FPGAs and PC board with ME1/1 CSC prototype

D364 — November 1998 (US)
Ddlivery of presampleanode LCT ASICs

D371 — April 1998 (US)
Dedlivery of 2nd version strip LCT FPGAs and PC board

D372 — July 1998 (Dubna)
Test of 2nd version strip LCT FPGAs and PC board with ME1/1 CSC prototype

D373 — November 1998 (US)
Delivery of presample strip LCT ASICs

D381 — May 1998 (US)
Delivery of prototype motherboard trigger circuitsand PC board

D382 — August 1998 (Dubna)
Test of prototype motherboard trigger circuits and PC board with ME1/1 CSC prototype

D383 — November 1998 (US)
Delivery of Port Card design document

D384 — December 1998 (US)
Chamber LCT system test (strip, anode, motherboard triggers)
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Appendix B

Momentum scale

Because Muon Trigger has to select the highest p, muons, the information about p; has to be exchanged between
its various components. The important question is how precise thisinformation should be, i.e. how many bits are
needed to codeit.

Selecting of highest p, muons is time consuming. Number of logica operations strongly depends on the
number of bits to be sorted. Thislimitsthe precision one can afford. On the other hand fine p, scale is needed to
tune trigger rates. One step on the scale should not change the trigger rate too dramatically. Idedlly, increasing p;
by one bin should decrease the trigger rate by a given, not too large factor. Since the muon p; spectra are faling
down exponentially, the logarithmic scale would be appropriate. What is proposed below is an approximately
logarithmic scal e with rounded values in order to make it more convenient for human beings.

Proposed 5-hit p; scaleisgivenin Table B.1. Muon sign is carried by the 6th bit. Exact logarithmic scaleis
given in column 2. An average ratio of rates corresponding to two neighbouring bins (i.e. the accuracy of rate
tuning) is 1.53. In case of "rounded” scale, given in the third column, the ratio varies from 1.41 to 1.78 (column
5). The difference between "exact” and "rounded” p; is+4% (column 4).

Several codes are reserved for some specia cases. Code O means "no muon in this part of the detector”.
Another example would be "the chamber full of hits’, when one cannot exclude that there was no muon, but its
momentum estimation isimpossible.

Table B.1: Proposed p; scale for trigger.

‘ code ‘ exact p; | rounded p; ‘ A ‘ rate factor ‘ ‘ code ‘ exact p; | rounded p, ‘ A ‘ rate factor
0 "no muon”’ 16 17.01 170 | 0% 1.65
1 reserved 17 20.31 20.0 | 2% 152
2 reserved 18 24.24 250 | 3% 1.78
3 reserved 19 28.94 300 | 4% 1.60
4 2.03 20 | 2% 20 34.55 30| 1% 1.49
5 242 25 3% 1.78 21 41.25 400 | -3% 141
6 2.89 30| 4% 1.60 22 49.24 50.0 | 2% 1.78
7 3.46 35| 1% 1.49 23 58.78 600 | 2% 1.60
8 412 40 | 3% 141 24 70.17 70.0 0% 1.49
9 4,92 50| 2% 1.78 25 83.77 80.0 | 4% 141

10 5.88 60| 2% 1.60 26 | 100.00 1000 | 0% 1.78
11 7.02 70 | 0% 1.49 27 | 119.38 1200 | 1% 1.60
12 8.38 8.0 | 4% 141 28 | 14251 140.0 | 2% 1.49
13 10.00 100 | 0% 1.78 29 reserved
14 11.94 12.0 1% 1.60 30 reserved
15 14.25 140 | 2% 1.49 31 reserved




Appendix C

Useful number s and formulae

lban| 1mb | 1pb 1fb
1 10-23 | 10-12 | 10~1% | barns

10~2% | 10727 | 10736 | 1073 | cm?

Rate [MHz] = o [mb] - £ [1033cm~2571]
1 LHC runningyear: ~ 1/3 of calendar year ~ 107 s
Luminosity integrated over 1 year:

/(L =10*3cm~%s71) = 10%pb~ ' =10 fb~!
/(L =10%**em~2s71) = 10°pb™ ' = 100 fb~ !

Inelastic pp cross section at /s = 14 TeV:  g%2¢! = 55 mb

Average number of pp collisionsper bunch crossing: i ,—qgssem-25-1 = 1.38, fs—10%4em-2s—1 = 13.8

Number of pp collisionsper bunch crossing » follows Poisson distribution: P, = 2%~

n!

However, in the case of triggered events one should count the collision which caused the trigger separately, i.e.
one should expect n + 1 collisions superimposed.

Nuclear interaction length A =16.8 cm Fe=15.1 cm Cu
Average muon energy lossin iron (muon energy = 1-100 GeV) ~ 0.25GeV / A ~ 1.5GeV /m

Radiation length X =1.76 cm Fe=1.43 cm Cu

Multiplescattering: 6, = % Ve (1 +0.0381n X%))

angle: 6,72, = 6o,  position: y™™* = % 6y, Saggita "™ = 4% 6o

Bendingin amagneticfield: p;[GeV] = 0.3 - B[T] - R[m]




Appendix D

Dictionary of acronyms

ASIC
ATLAS
AU
BTI
b.x.
CAN
CMS
CR
CSsC
DAQ
DAS
DEMUX
DPM
DT
DTBX
ECAL
EM
ERS
EU
FE
FEB
FEBC
FEC
FED
FPGA
GMT
HCAL
HF
HV
LB
LCT
LHC
LI
LMUX
LOI
LV1
LV2
MB
ME
MF
MIP
MS
MSGC

Application Specific Integrated Circuit
A Toroidal. AparatuS
Assignment Unit

Bunch and Track Identifier
bunch crossing

Control Area Network
Compact Muon Solenoid
Conference Report

Cathode Strip Chambers

Data AcQuisition

Data Acquisition System
DEMUIltipleXer

Dua Port Memory

Drift Tubes

Drift Tubes with Bunch X-sing capability
Electromagnetic CALorimeter
ElectroMagnetic
Extrapolation Result Selector
Extrapolation Unit

Front End

Front End Board

Front End Board Control
Front End Chip

Front End Driver

Field Programmable Gate Array
Globa Muon Trigger
Hadronic CALorimeter
Hadronic Forward cal orimeter
High Voltage

Link Board

Local Charged Track

Large Hadron Collider

Local Isolation

Link MUItipleXer

Letter Of Intent

1-st Level Trigger

2-nd Level Trigger

Muon Barrel

Muon Endcap (=MF)

Muon Forward

Minimum lonising Particle
Muon Station

Micro-Strip Gas Chambers

M SSM
MTD
NLC
NNLC
QCD
PAC
PACT
PCB
RB
RDPM
ROC
ROI
RPC
Rx

SC
SER
SL

SM
STS
SU
SUSY
TCL
TDR
TF
TGC
TN
TP

Minimal Supersymmetric Standard Model
Monitored Drift Tubes

Next Linear Collider

Next to Next Linear Collider
Quantum Chromo-Dynamics
PAttern Comparator

PAttern Comparator Trigger
Printed Circuit Board
Readout Board

Readout Dua Port Memory
ReadOut and Control
Region Of Interest

Resistive Plate Chambers
Receiver

Super-Conductive
SERialiser

Super-Layer

Standard Model

Single Track Selector
Synchronisation Unit
Super-Symmetry

Track Cancellation Logic
Technical Design Report
Track Finder

Thin Gap Chambers
Technical Note

Technica Proposal

TRACAL TRAcking CALorimeter

TRACO
B
TRIDAS
TS
TSEL
TSL

TR
TTC

Tx

URL
VHDL
VHSIC
VLHC
VLS
VME

TRACck COrrelator

Trigger Board

TRIgger and Data Acquisition System
Trigger Server

Track SELector

Track Segment Linker

Track Router

Timing, Trigger and Control
Transmitter

Uniform Resource Locator

VHSIC Hardware Description Language
Very High Speed Integrated Circuit
Very Large Hadron Collider

Very Large Scale Integration

Versa Module Eurocard



