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1 Intr oduction

Muon triggering and offline muon identification
are fundamentalrequirementsof the LHCb ex-
periment. Muons are presentin the final states
of mary CP-sensitie B decays,in particularthe
two “gold-plated” decays, B — JW (pp)K3
and BY — J@(utu)e. Moreover, muonsfrom
semi-leptonid decaysprovide a tag of theinitial
stateflavour of accompaying neutralB mesons.
In addition, the study of rare B decayssuch as
the flavour-changingneutralcurrentdecay BY —
uru~, may reveal new physicsbeyond the Stan-
dardModel.

The LHCb muondetectorusesthe penetratre
power of muonsto provide a robust muon trig-
ger. Theheavy-flavour contentof triggeredevents
is enhancedy requiring the candidatemuonsto
have high transversemomentum,pr. The same
uniquepropertiesareutilised offline, to accurately
identify muonsreconstructedn the tracking sys-
tem and to provide a powerful B-mesonflavour
tag.

In this introduction,the physicsrequirements
are discussedand an overview of the muon de-
tector systemis presented. A brief summaryof
the evolution sincethe TechnicalProposals then
given,followedby anoutlineof therestof thedoc-
ument.

1.1 Physicsrequirements

The main requirementfor the muon detectoris
to provide a high-pr muon trigger at the earli-
est trigger level (Level-0). The effective LHCb
Level-0 input rate is about 10MHz, on aver
age,at L = 2x10%2cm2s1, assuminganon-
diffractive inelastic p-p cross-sectionof 55mb.
Thisinputratemustbereducedo 1 MHz within a
lateny of 4.0 us, while retaininggoodefficiency
for events containinginterestingB decays. The
muon trigger provides betweenl10% and 30% of
this trigger rate. In addition, the muon trigger
mustunambiguouslydentify the bunch crossing,
requiringatime resolutionbetterthan25 ns.
Themuondetectorconsistf five muontrack-
ing stationsplacedalongthe beamaxis andinter-
spersedwith a shieldto attenuatehadrons,elec-

tronsand photons. The muontrigger is basedon
a stand-alonemuon track reconstructionand pr
measuremermwith aresolutionof 20%. To trigger,
amuonmusthit all 5 muonstationsgiving alower
momentumhresholdor efficient muontriggering
of about5 GeV/c. Hits in thefirst two stationsare
usedto calculatethe pr of the candidatanuon.

Thepolarangleandmomentunof particlesare
correlated,suchthat high-momentumntrackstend
to be closerto the beamaxis. Multiple scattering
in theabsorbemcreasesvith thedistancdrom the
beamaxis,limiting the spatialresolutionof thede-
tector The granularityof the detectorvariessuch
thatits contritution to the py resolutionis approx-
imately equalto the multiple-scatteringcontritu-
tion. Thevariouscontritutionsto the pr resolution
areshavn in Figure2.
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Figure 2 Contritutionsto the transerse-momentum
resolutionas a function of the muon momentum,av-
eragedover the full acceptance.The pr resolutionis
definedas|piec— pU¢/pfU¢, andis shavn for muons
from semi-leptonich decayhaving a reconstructegr
closeto thetriggerthreshold petweenl and2 GeV/c.

The muon systemmust also provide offline
muon identification. Muons reconstructedn the
high-precisiontracking detectorswith momenta
down to 3 GeV/cmustbe correctlyidentifiedwith
an efficiengy of abore 90%, while keepingthe
pion misidentificationprobabilitybelon 1.5%. Ef-
ficientmuonidentificationwith low contamination
is requiredboth for taggingandfor the cleanre-
constructiorof muonicfinal stateB decays.



Table 1 The logical pad sizein the four regions of eachstationprojectedto M1 (scaledas zvi/zvi). This
indicatesthe exactprojectvity in y betweenstationsandthe doublingof sizein both directionsbetweerregions.

Theregioninnerdimensionf M1 arealsoshown.

Pad Dimensionsat M1 ( cn) RegionInner
M1 M2 M3 | M4 | M5 | Dimensionsat M1 (cn¥)
R1 | 1x2.5| 0.5x2.5| 0.5x2.5| 2x2.5 | 2x2.5 24x20
R2 | 2x5 1x5 1 x5 4x5 4 x5 48%x40
R3 | 4x10 | 2x10 2x10 | 8x10 | 8x10 96x 80
R4 | 8x20 | 4x20 4x20 | 16x20 | 16x20 192 x160

1.2 Generaldetector structure

The positionsof the muon stationswithin LHCb
can be seenin Figure 1, which shavs a top
view of the experiment. The first station(M1) is
placedin front of the calorimeterpreshaver, at
12.1m from the interactionpoint, and is impor-
tantfor thetrans\erse-momenturmeasuremerdf
the muon track usedin the Level-O muon trig-
ger The remainingfour stationsare interleaved
with the muonshieldat meanpositionsof 15.2m
(M2), 16.4m (M3), 17.6m (M4) and18.8m (M5).
The shield is comprisedof the electromagnetic
and hadronic calorimetersand three iron filters
and has a total absorbethicknessof 20 nuclear
interaction-lengts. The chamberswithin the fil-
terareallocatedabout40cm of spaceandaresep-
aratedby three shieldsof 80cm thickness. The
inner and outer angularacceptancesf the muon
systemare20(16)mradand306(258)mradin the
bending(non-bendingplane,similarto thatof the
tracking system. This provides a geometricalac-
ceptanceof about20% for muonsfrom b decays
relative to the full solid angle. The total detector
areais about435m?.

1.2.1 Logical layout

Thelogicallayoutdescribeshex andy logical pad
granularityin eachregion of eachmuonstation,as
seenby the muon trigger and offline reconstruc-
tion. The physicalimplementationof the logical
layoutis presentedn the next subsection.Given
thedifferentgranularityrequirementsndthelarge
variationin particleflux in passingfrom the cen-

tral part, closeto the beamaxis, to the detector
border eachstationis subdvidedinto four regions
with differentlogical-paddimensions(Figure 3).

Region and pad sizesscaleby a factortwo from

oneregionto thenext. Thelogicallayoutsin the5

muonstationsareprojective in y to theinteraction
point.

Thex dimension®f thelogicalpadsn stations
M1 —M3 aredeterminegrimarily by theprecision
requiredto obtaingoodmuon pr resolutionfor the
Level-0 trigger The pady dimensionsn all five
stationsare determinedby the requiredrejection
of backgroundriggerswhich do not point to the
interactionregion. The resultinglogical pady/x
aspectatiosare2.5in stationM1 and5 for stations
M2 andM3. StationsM4 andM5, which areused
to confirmthepresencef penetratingnuons have
aspectratiosof 1.25. Thelogical paddimensions
aresummarizedn Table 1. The total numberof
logical padsin the muonsystemis 55,296.

1.2.2 Physicallayout

The physical layout refers to the physical im-
plementationof the logical pad layout described
above. Startingfrom thelogical pads two stepsin
theimplementatiorcanbe distinguished:

1. Logical pads—logical channels:
Logical padsare obtainedfrom the cross-
ing of horizontal and vertical strips wher
ever possible. Thesestrips, referedto as
logical channelsareformedfrom the front-
endchannelsThis allows areductionin the
numberof channeldo be handledby theoff-
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Figure 3 Frontview of one quadrantof muon station2, showving the dimensionsof the regions. Inside each
regionis shavn a sector definedby thesizeof thehorizontalandvertical strips. Theintersectiorof the horizontal
and vertical strips, correspondingo the logical channelsarelogical pads. The region and channeldimensions
scaleby afactortwo from oneregionto the next.

chamberelectronicsandthe trigger proces- 2. Logical channels- physicalchannels:

sorfrom 55,296to 25,920. The crossingof
thestripsis performedby thetriggerproces-
sor. Stripsareemployedin stationd2—M5.
The dimensionsof the horizontalandverti-
cal stripsarelimited by the logical channel
occupang.

Becausef theveryhighparticleratesin sta-

tion M1, strip readoutis not possiblethere.
Similarly, in region R1 of stationsM4 and

M5 the intermediatestepof stripsis notre-

alized, as the reductionin logical channels
would beinsignificant.

The chamberelementreadoutby onefront-
endchannelis referedto as physicalchan-
nelin the following. The maximumsize of
the physicalchannelss constrainedoy the
requirementdor efficient operationof the
chambersdiscussedn Section2. Therefore
in generaphysicalchannelsiresmallerthan
logical channels.Physicalpadreadoutpro-
viding aspacepointis preferredwherepos-
sible, asthis doesnot requirethe additional
logical AND of thetwo coordinatesn anx
andy strip readoutof the chamberandsub-
sequentoss of efficiengy. This schemeis



followedin mostof theregions.

As anexception,regionsR1 andR2 of sta-
tionsM2 andM3 arecharacterizethy ay/x
aspectratio of 5 andhigh granularityin the
bendingplane(cf. Tablel). Thereforex—y
readouthasbeenchosenin this regionsand
the logical channelsare formedfrom inde-
pendenphysicalchannels.

Redundangis ensuredy having two detector
layerswith independenteadoutper station. The
signalsof correspondinghysicalchannelsn the

two layersarelogically OR-edon the chambers.

Thetotal numberof physicalchanneldn the sys-
temis about120,000.
Thereadousschemeoutlinedabore hadanim-
portantimpactonthedetectordesign.Easeof con-
structionandminimizationof thenumberof differ-
entchambersizesandtypeswere other consider
ationsin the choice of the detectorlayout. As a
consequencethe chambersizesare rathersmall,
varying from ~ 0.1 m? in region R1to ~ 0.5 m?
in region R4. Eachregion of eachstationis im-
plementedvith chamber®f onesize,all usingthe
samereadout,resultingin a total of 20 different
chambetypesin thewhole muonsystem.

1.3 Evolution since the Technical Pro-
posal

With respectto the Technical Proposal[l] the
muon detector has retainedits basic structure,
namelyfive measuringstations. However, mary

modificationshave beenmadeto thedesign.Some
of thesechangesareminor, suchasanincreasen

theabsorbedimensiondrom 70cmto 80cm, and
theremoval of thefirst absorbeof 30cmthickness
behindthe hadroncalorimeter Othershave been
introducedasaconsequencef acarefullayoutop-

timization study [2] and extensve R&D work on

detectortechnologies.

1.3.1 Modifications to the logical layout

The mostimportantchangedo the logical layout
arethefollowing:

e The dimensionsof the four regions have
beemmodifiedin orderto minimisethenum-

berof differentchambetypesrequired.The
granularity in the bendingplane has been
drasticallyimproved for muon stationsM2
(by 100%) and M3 (by 200%), while the
granularity in the non-bendingplane has
beenreduceddy 25%everywhere.

e The original logical layout, basedon pads,
hasbeenreplacedby alayoutbasedon ver
tical and horizontalstripsin stationsM2 to
M5, as outlined before. In addition, only
two detectorreadoutlayers are ervisaged
perstation,insteadof four layersconsidered
in the TechnicalProposaffor somepartsof
the system. This allowed a substantialre-
ductionof the numberof physicalchannels,
from 236,000to 120,000. Moreover, while
thegranularityof the systemincreasedrom
45,000 to about 55,000 logical pads, the
numberof logical channelsouldbereduced
from 45,000to 26,000. Despitethis large
reductionof readoutchannels,the perfor
manceof the LO muontriggeris very simi-
lar to thatreportedn the TechnicalProposal
(for detailsseeSection3).

1.3.2 Modifications to the detector technolo-
gies

IntheTechnicalProposalMultigap Resistve Plate
ChamberdMRPC) and asymmetricCathodePad
ChamberqCPC)were suggestedstechnologies
for the muon system. During a period of exten-
sive detectorR&D work othertechnologieshave
beenstudiedaswell: singleanddoublegapResis-
tive PlateChambergRPC)[3], Thin Gap Cham-
bers (TGC) [4], and simple Multi Wire Propor
tional ChambergdMWPC) [5, 6]. The first tests
conductedshavedthatthe MRPCs[7] do not per
form betterthansinglegapRPCswhicharemuch
simplerto construct. Thereforethe MRPCshave
not beenconsideredfurther as a technologyfor
the LHCb muon system. For the final choice
betweenthe other technolgyoptions, an internal
LHCDb review panelsupplementethy externalex-
pertswassetup to arrive at a decision. Basedon
performancestudiesmorerefinedestimate®f the
backgroundrate [8, 9] and ageingconditionsin
the detectorsandfinally cost, risk andresources



considerationsthe following conclusionhasbeen
reached:

e Most regions of the detector(52% of the
total area) should be instrumentedwith
MWPC chambersoperatedin low gain
mode. From the point of view of ageing
they are superiorto TGCsoperatedn lim-
ited spacechage mode.

e RPCsshouldbe emplosed in the outer re-
gions (R3 and R4) of the last two stations
(M4 andM5), wherethe particlerateis be-
low 1kHz/cm?(48 % of thetotal area).

Finally, the technologyfor the inner part (R1
andR2)of thefirst stationM1, whereratesof upto
460kHz/cmPareconsideredmuststill beselected.
This amountsto 2.9n7?, i.e. lessthan1% of the
total area.

1.4 Structure of this document

This TechnicalDesignReportis intendedto be a
concisebut self-containedlescriptionof theMuon
system. Furtherdetailscanbe found in the mary
TechnicalNotes,referencedhroughout.
Detectorspecificationsaregivenin Sectior2.
This is followed by a descriptionof the physics
performancef the systemdeterminedusingsim-
ulated events, in Section3. Section4 contains
an overvien of resultsobtainedin the laboratory
andat the testbeamusing prototypeswhich give
confidencethat the requiredperformancewill be
achiered. The technicaldesignof the detectors
is presentedn Sectiorb, andfinally the issuesof
project organisation,including the scheduleand
cost,arediscussedn Sectiorp.



2 Detector Requirements and
Specifications

The basicfunction of the LHCb Muon systemis
to identify andtrigger on muonsproducedin the
decayof b hadrons.Thetriggerlogic is designed
in sucha way thatinformationfrom all five muon
stationsis required. In orderto achiese a muon
triggerefficiengy of atleast95%,thesingle-station
efficiency hasto be higherthan99%. Redundant
single-statiorefficiengy of 99%canbeensuredy
having two independentletectodayersper station
andtakingthelogical OR.

Thedetectorefficieng is mainly limited by the
intenseflux of chagedandneutralparticlesin the
angularcoverageof the LHCb experiment. These
flux levels exceedthoseexperiencedby the AT-
LAS [10] andCMS [11] muonspectrometerand
poseadifferentchallenge.

Becauseof the importanceof the background
conditionsin determiningthe designof the muon
systemthis sectionopenswith abrief overvien of
backgroundselevantto theb — p X detectionin
theLHCb experiment.Theimpactof theoperating
conditionson the muon-chambetechnologiess
thendescribedandthe maindetectorandelectron-
ics parameterarelisted. Prototypeestshave been
undertaknanddemonstrat¢hatthelisted specifi-
cationscanbe achieved. Thesetestsaredescribed
in Section4 of this document.

2.1 Background environment

High particle fluxes in the muon system im-

pose stringentrequirementson the instrumenta-
tion. Theserequirementsncludetheratecapabil-
ity of the chambersthe ageingcharacteristicof

the detectorandredundang of the triggerinstru-

mentation. The high hit ratesin the chamberalso
effect the muon transersemomentumresolution
dueto incorrecthit association. Four classesof

backgroundsanbedistinguished:

1. Decay muons: The large numberof 17K
mesongproducedn the p-p collisionscon-
tribute mainly to the backgroundin the
muonsystemthroughdecaysn flight. Such
decaymuonsform the main backgroundor
theLO muontrigger

2. Showerparticles: Photonsfrom 1° decays
can interactin the areaaroundthe beam
pipe and generateslectromagnetichavers
penetratingnto the muonsystem.Hadrons
emepging from the primary collision canin-
teractlatein the calorimetersaandcontritute
to the backgroundin the muon system
through shaver muons or hadron punch-
through.

3. Low-enegy badground: Another impor
tant backgroundis associatedwith low-
enegy neutronsproducedin hadroniccas-
cadesin the calorimetersthe muon shield
or in acceleratoircomponents.They create
low-enegy radiative electronsvia nuclear
n-y processesand subsequentCompton-
scatteringor via the photo-electriceffect in
thedetectommaterialof themuonchambers.
The photonshave a probability of a few per
mil to generateletectablelectronsiathese
effects,whicharein generabnly affectinga
singledetectorayer Moreover, thehits due
to thelow enegy backgroundccurupto a
few 100ms after the primary collision (see
FigureslOand11l).

4. Beamhalomuons:Thechaged-particlelux
associateavith thebeamhaloin theacceler
atortunnelcontainsmuonsof a ratherwide
enegy spectrumandthelargestflux atsmall
radii (seeFigurel7). In particularthosehalo
muongtraversingthedetectoiin thesamedi-
rectionasparticlesrom theinteractionpoint
cancausea LO muontrigger

Backgroundcausedby real muonstraversing
the detectoris well simulatedwith the available
Monte Carlo packages.The uncertaintyattached
to thetotal p-p cross-sectiomndto the multiplic-
ity producedn the primary collisionsis estimated
atthelevel of 30%[12]. Thereis alimited know-
ledgeof the shavering processeén the absorber
materialanda significantuncertaintyin the back-
grounddueto low enegy neutrons. An estimate
for theratein thevariousregionsof themuonsys-
temhasbeenobtainedrom a detailedstudy com-
paring two simulation packages GCALOR [13]
andMARS [14]. MARS predicteda countingrate



Table 2 Particle ratesin the muon system. The first row gives the maximal particle rate in eachregion
and stationper interactionas obtainedfrom GCALOR; the secondgivesthe calculatedrate at a luminosity of
L =5x10%2cm ? s ! assuminga total p— p cross-sectiomf 0=102.4mb; andthe lastrow the rateincluding
thesafetyfactors.

| Stationl Station2 Station3 Station4 Station5 |
8.3x1073/cm? | 2.7x1074/cn? | 7.2x107°/cn? | 4.7x107° /en? | 3.2x107°/cn?
Regionl | 230kHz/cn? | 7.5kHz/cn? 2 kHz/cn? 2.3kHz/cn? | 880Hz/cn?
460kHz/cn? | 37.5kHz/cn? | 10kHz/cm? | 6.5kHz/cm? | 4.4kHz/cn?
3.3x103/cm? | 1.9x1074/cn? | 2.3x107°/cn? | 1.6x10°/cn? | 1.3x107°/cn?
Region2 | 93kHz/cm? | 5.3kHz/cm? | 650Hz/cn? 430Hz/cn? 350Hz/cn?
186kHz/cn? | 26.5kHz/cn? | 3.3kHz/cnm? | 2.2kHz/cn? | 1.8kHz/cn?
1.4x10°3/cn? | 4.7x10°5/cn? | 7.3x10°6/cn? | 5.4x106/cn? | 4.7x10°/cr?
Region3 | 40kHz/cm? | 1.3kHz/cm? | 200Hz/cn? 150Hz/cn? 130Hz/cn?
80kHz/cn? | 6.5kHz/cn? | 1.0kHz/cm? | 750Hz/cn? 650Hz/cn?
4.5x10-%/cn? | 8.3x10°6/cn? | 3.0x10°5/cn? | 1.8x10°5/cn? | 1.7x10°6/cn?
Region4 | 12.5kHz/cn? | 230Hz/cn? 83Hz/cn? 50 Hz/cm? 45Hz/cn?
25kHz/c? | 1.2kHz/cm? | 415Hz/cn? 250Hz/cn? 225Hz/cn?

twicethatof GCALORJ15]. A consenrative safety
factorof 5 hasthereforebeenappliedto the back-
groundratesof the GCALOR simulationfor sta-
tions M2—M5 beforeconsideringthe detectorde-
sign. For stationM1, which is positionedin front
of the calorimetersand thereforelessaffectedby
theuncertaintiesasafetyfactorof 2 hasbeenused.
The hit ratein stationM1 is strongly affectedby
the LHCb beampipe.

A combinationof the expectedratesfrom the
various processeyields the angulardependene
of the expectedcountingrate in eachof the five
stationsof the muonsystem.The rateshave been
calculatedusinga simulationbasedon GCALOR
with low trackingthresholdg8, 9]. Detailsof the
simulation studiesand the obtaineddistributions
arediscussedn section3.1. The resultingmaxi-
mal ratesperregion aresummarisedn Table2 for
aluminosityof L = 5x 102 cm2s 1, atwhich
the LHCb experimentshouldbe ableto operatefor
shortperiods. The raterisesfrom a few hundred
Hz/cn? in the outer regions of stationsM4 and
M5 to a few hundredkHz/cn? in the innermost
part of stationM1. The rateshave beenobtained
with anAl-Be beampipe, recentlyadoptedor the
LHCDb experiment.

2.2 Muon systemtechnologies

The combinationof physicsgoalsandbackground
conditionshave determinedthe choice of detec-
tor technologiesfor the various stationsand re-

gions. Thefollowing threeparameterparticularly
affectedthetechnologychoiceandthelocationof

theboundarybetweerthem:

1. Ratecapabilityandageing: The high parti-
cle fluxesin the muonsystemaffect thein-
stantaneousfficiengy of RPCs,becausef
avoltagedrop on the electrodesMoreover,
the materialsfor the chambershouldhave
good ageingproperties,allowing 10 years
of operation.In the caseof wire chambers,
the accumulatecchage should not exceed
1C/cm, which in generalis consideredas
anupperlimit for safeoperation.

2. Time resolution: The muon system must
provide unambiguousunch crossingiden-
tification with high efficiengy. Therequire-
mentis atleast95%efficiengy within a20ns
window for eachof thetwo layersin thesta-
tion.

3. Spatial resolution: The spatial resolution
must allow the determinationof the pr of



triggeringmuonswith a resolutionof 20%.
This requiresa granularity in stationsM1
and M2, usedfor the measuremenof pr,
asgivenin Tablel. Sincetwo detectoray-
ers are emplo/ed in eachstation, inclined
trackstraversing the detectorcan hit more

thanonelogical pad. Thiseffectis described

as geometricalclustersize. Dependingon
the averagecrossingangle,the padsizeand
the layer separationthe geometricalclus-
ter sizevariesbetweenl.1 in the outerpart
and 1.3 the inner part of the muon system.
To minimiseary additionaldeteriorationof
the intrinsic detectorresolution, crosstalk
betweerreadoutchannelshouldbe limited
suchthatit doesnt addsignificantlyto the
geometricatlustersize.

Basedontheabove considerationdRPCshave
beenadoptedfor regions R3 and R4 of stations
M4 and M5, where the expectedrate is below
1kHz/cn?, andthe requirement®n crosstalk are
rathermodestdueto thelarge sizeof logical pads.
This type of detectothasan excellenttime resolu-
tion of < 2nsandis well adaptedor fasttrigger
ing.

MWPC have beenadoptedor all otherregions
excepttheinnerpartof M1. A time resolutionof
about3nsis achieved in a double gap by using
a fastgasand a wire spacingof 1.5mm. Space
chage effectsdueto the accumulatiorof ionsare
not expectedfor ratesof upto 10MHz /cn?.

The choiceof thesetwo technologiesandthe
locationof the boundarybetweerthem,alsotakes

Anode wires
Detector ground

Guard trace

Cathode pads

Figure4 Schematidiagramof onesensitve gapin a
MWPC.

Table3 Main MWPC parameters

| Parameter | Designvalue |

GasGap 5mm

Wire spacing 1.5mm

Wire Diameter 30pum

Operatingvoltage | 3.0-3.2kV

No. of gaps 4

Gasmixture Ar/COy/ CRy
(40:50:10)

Primaryionisation | ~ 100e /cm

GasGain ~10°

Threshold ~ 3fC

Chage/ 5mmtrack | ~ 0.8pC

2.2.1 MWPC detectors
2.2.1.1 Generaldescription

A schematicdiagramof an MWPC is given in

into accountthe robustnessof the demonstrated Figure 4, and the principal chamberparameters

performancediscussedn Section4, and consid-
erationsof resourceandschedule.The specifica-
tionsof MWPCsandRPCsaresummarisedn the
following sections.

For the inner part of stationM1 (~ 3 m?) a
technologystill hasto be selected.Varioustech-
nologies such as asymmetricMWPCs or triple-
GEM detectorsareunderinvestigation.The status
of theR&D for themis briefly described.

are summarisedn Table 3. The chambershave

a symmetriccell with an anode-cathodedistance
of 2.5mm andan anode-wirespacingof 1.5mm.

The MWPC gasis a non-flammablemixture of

Ar/CO,/CF4 (40:50:10). The fact that this gas
containsno hydrogenresultsin a low sensitvity

to neutronbackground.

A muon crossingthe 5mm MWPC gasgap
will leave an average50 electronghatdrift to the
wiresin the electricfield. The electronsandions
moving in the avalanchecloseto the wire induce
a negatie signalon the wire anda positive signal
with the sameshapeandabouthalf the magnitude



on eachof the cathodes.Eachchambercontains
four sensitve gapswhich are connectedas two

doublegapsto two front-endchannels.This pro-

videsredundang andensureshattheefficiency of

eachdoublegapis about99%.

Chambersare readoutdifferently depending
on their positionin the muon system. In region
R4 of stationsM1 — M3 thechamber$iave anode-
wire readout(throughdecouplingcapacitors).In
region R3 of stationsM1 — M3 and regions R1
and R2 of stationsM4 and M5 cathodepadsare
readout.In regionsR1 andR2 of stationsM2 and
M3 a combinedreadoutof wire andcathodepads
is usedasa consequencef the requiredgranular
ity. Anodewiresaregroupednto verticalstripsto
measurex whereaghey coordinatesareprovided
by the coarsergranularity of the horizontalcath-
odepads.Wiresaregroupedin padsof 4 to 42to
matchtherequiredgranularity varyingfrom 6 mm
in region R1 of stationM2 to 62mm in region R2
of stationM5. Thesegroupsof wires arereferred
to aswire-padsin this document. The muonsys-
tem requires864 four-gap chamberswith ~ 2.5
x 1P wiresandabout80,000front-endchannels.

2.2.1.2 Specialconditionsand requirements

Ageing: High rates of up to 70kHz/cn?
raise concerns about chamber ageing due
to gas polymerisation on wires or cathodes.
The chambersmust survive 10 years of op-
eration (10®s) at the nominal luminosity of
L = 2x 10 cm?s 1 with the operationalgas
gainof 10°. Theaccumulatecthage underthese
conditionswill be about0.5C/cm on the wires
and 1.7C/cn? on the cathodesn the regions of
highestparticleflux.

Crosstalk:  Two sourcef crosstalk canbe
distinguished:(1) directly inducedcrosstalk, if a
particlecrosseshe chambercloseto the edgeof a
pad,and(2) electricalcrosstalk, dueto capacitve
couplingbetweernpads.

The amountof directly inducedcrosstalk be-
tweencathodepadsis given by the wire pitch and
cathode-wiredistance.To keepthe cross-talkrate
from directinductionbelonv 20% the cathodepad
dimensionsshouldbe largerthan2.2cm [16], as-
suming a thresholdof six primary electrons. In

caseof wire-padreadout,crosstalk dueto direct
inductionis negligible, asit occursonly if a par
ticle crossesa gap at lessthan 200um from the
centrebetweerto neighbouringwvire pads.Onthe
otherhandtheaveragegeometricatlustersizein-
creasessthewire-padsizedecreasefor thesame
averagetrackinclination, giventhe4.6cm separa-
tion of the outergapswithin a chamber(seeFig-
ure 46). To keepthe averagegeometricalcluster
sizebelow 1.2,thewire-padsizeshouldbe atleast
6 mm.

Electrical cross talk betweenpads depends
on several factors, including the amplifier input
impedancethe pad capacitanceand mutual pad
to padcapacitanceBetweerwire padsit canonly
be limited by a low amplifier input impedance.
Electrical crosstalk betweencathodepadscanin
additionbe limited by guardtracesin betweerthe
pads.lt wasshavn [16] thatfor anamplifierinput
impedanceof < 50Q togetherwith the pad lay-
outdescribedn Section5.1.2.2theelectricalcross
talk doesnot add significantlyto the geometrical
clustersizedescribeckarlier

2.2.2 RPC detectors

RPCs[17] areparallel plate chamberswvith a gas
gap betweentwo resistive electrodes. They are
characterisedby excellenttiming properties.The
readoutoccursvia capacitve couplingto external
strip or pad electrodeswhich are fully indepen-
dentof the sensitve element. Furtheradvantages
comparedo othertechnologiesarethe robustness
andsimplicity of construction.They arealsowell
adaptedo inexpensve industrialproduction.

2.2.2.1 Generaldescription

The operatingprinciple of the RPCis shavn in
Figure 5. lonising particles create electron-ion
clustersn thegas,whereanintenseconstanelec-
tric field is presentbetweentwo parallel plates.
Multiplication in the gas, averagedover the gap,
is typically ~ 10’. Thelarge gasgainis necessary
in orderto have high efficiency evenfor thoseclus-
tersthatarecreatedcloseto the positive electrode.
Densegaseswith high Z are preferredsincethey
have alarge ionisationprobability The platesare



signal dg

pick-up electrodes(s)

Figure5 Principleof theRPC.Primaryelectronclus-
ters, moving in the gasover a distancex, createan
avalancheof total chage Q. A chage g is induced
onthereadoutlectrode(s).

Table4 Main RPCparameters

| Parameter | Designvalue \

Gasgap 2mm

Operatingvoltage 9-10kV

Gasmixture CoHoF4 1 C4H1o/ SKs
(95:4:1)

Gasgain ~ 10

Avalanchechage ~ 30pC

time resolution <2ns

No. of RPC/chamber 2

Threshold 40fC

Bakelite resistvity (842) x 10°Qcm

madeof bakelite, a phenolicresinwith high vol-
umeresistiity (typically 10° — 101 Qcm).

Giventhe characteristiexponentialgrowth of
the avalanche,the output signal induced on the
readoutelectrodeshasa very fastrise time (1 =
1ns), yielding the excellent time resolution of
thesedetectors.A thresholdof 40fC is adequate
to achiere full efficiency.

If the electricfield is too large, the avalanche
may be followed in time by a streamer Working
in streameregime stronglyreduceghe ratecapa-
bility of thesedetectors.Therefore,in LHCb the
RPCwill be operatedn avalanchemode, where
thechageis limited to tensof pC[18]. Themain
characteristicof the RPC detectorsof LHCb are
summarisedn Table4.

The gasmixture ensuresigh efficiency anda
wide operatingplateawabout500V) in avalanche
mode. The readoutelectrodesare strips with a

pitch of about6 cm, anda strip-to-stripdistanceof

2mm. To copewith therequestedpatialgranular

ity thestriplengthin region R3is half thelengthin

region R4 (respecirely 15 and30cm). The clus-
ter size(dueto particlescrossingthe boundarybe-
tweentwo stripsandto electro-magneticross-talk
from a strip to another)is lessthan2. To achiee

the requiredredundanefficiency of 99% per sta-
tion, eachchambemill consistof two RPCsin OR

with independenHV supplyandreadout.

2.2.2.2 Specificrequirements

In the RPC detectorspncethe avalanchehasde-
veloped,the balelite platesarelocally dischaged
andthe detectorremainsinsensitve in a smallre-
gion aroundthe hit spot. The time neededto

rechage the platesandrestorethe field limits the
rate performanceof the RPC. Sincethe time con-
stantfor rechage is directly proportionalto the
bulk resistvity p of the electrodeqbeing of the
orderof milliseconds),it is desirableto have low-

resistvity balelite for the electrodes. Bakelite
platesarenow availablein awide rangeof resistv-

ities. ATLAS andCMS,whichoperatetrelatively

low rate, usep = 10'° — 10" Qcm [10, 11]. In

LHCDb the specificationgequirea maximumrate
capabilityof 750 Hz/cmP(seeTable2). This can
be achived by usingbalelite with p in the range
(84 2) x 10° Qcm which hasgiven very satishc-
tory resultsin ourtestg[19, 3].

Detailedsimulationstudiesof RPCshave been
performed,in particularon crosstalk, which are
reportedn Ref.[20].

The relatively large ratein LHCb alsoraises
the question of possible ageing effects, which
could reducethe rate capability The relevant pa-
rameteiis thetotalintegratedchageper cn?. This
amountsto about1.1 C/cn? in 10 yearsof oper
ation,avaluewhichis 3 timeslarger comparedo
the valuesachieved in previous testsby ATLAS
andCMS. Thereforemeasurementatthe Gamma
IrradiationFacility (GIF) facility at CERNarecar
ried out at presento testthe operationof RPCde-
tectorsfor several LHCb years(seeSectiord.2 for
details).

The intrinsic noiseof the RPCsshouldbe low
enoughnot to spoil the performanceof the muon

10



trigger Simulationsof the effect of RPCnoiseon
triggerperformancéave beencarriedout[21] (see
alsosection3.2.2), which shav that noisecanbe
toleratedprovided its rate is limited to lessthan
1kHz/cm?. However, ageingconsiderationsas
discussedn Section5.2.2.1,leadto a morestrin-
gentrequirementandlimit the RPCnoiseto less
than100Hz/cn?.

2.2.3 Technologystudiesfor the inner part of
station M1

MWPCs with an anode-cathodedistance of
2.5mm have a limitation on the cathode-padli-
mensionof about2.2cm due to directly induced
crosstalk. With therequiredpadgranularityin re-
gion R1 of 1x2.5cn?, the clustersizewould be
aboutl.4. Moreover, theaccumulatec¢thage dur
ing 10 yearsof operationat nominal luminosity
in the MWPCswould be 2.9C/cm, which is well
above theupperlimit generallyconsideredafefor
operation.

With the new Aluminium-Beryllium beam
pipe, recently adoptedas the baselinefor the
LHCb experimentthebeforementionedproblems
with symmetricMWPCsarediminishedfor region
R2. Due to the reducedrate in this region the
physical channelgranularity has beenincreased
to 2x5 cn?, which leadsto a clustersize dueto
direct induction of 1.22. The total accumulated
chagewouldbe1.2C/cm.

Theclustersizedueto directinductioncanalso
bereducedo 1.2for regionR1if theanodes-wires
areplacedasymmetricallyin the gasgapat 1 mm
from the cathode-padsTheinducedchage onthe
cathodpadswould allow to operatehe chambeiat
a factortwo lower gasgain, which would reduce
the total accumulatecchage to 1.4C/cm. Such
chambersvereproposedn the TechnicalProposal
for this part of the muonsystemandremaina vi-
ableoption[22].

Another technology under considerationfor
this part of the systemare triple-GEM detectors
with padreadout.Concernsaboutthetime resolu-
tion of suchdeviceshave beenaddresseth recent
beamtests. An efficiengy of 96% (93%) within
a 25ns (20ns) time windowv has beenmeasured
with a chambermrototypeusinga CF, basedgas
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mixture and a fast pre-amplifiey which is an en-
couragingresult[23]. The measuredlustersize
ona18x16 mn? (6x16 mn?) padwas1.1 (1.5).
Studieson the ageingand high-rateperformance
of suchadetectorareongoing.

2.3 Electronics

Themuonsystemfront-end(FE) electronicdhasto
preparethe informationrequiredby the LO muon
triggerasquickly aspossibleandmustconformto
the overall LHCb readoutspecificationg24]. The
readoutelectronicschaincompriseghe following
elementgseeSection5.3for details):

e FE boads on the chamberswith ampli-
fier, shaperdiscriminator(ASD) chips,and
chipsto combinethe output signalsof the
ASD to form logical channels;

Intermediate(IM) boards on the sideof the
muon system,to generatdogical channels
for thoseregions where this has not been
possibleon the chambershecauséhe log-
ical channelsaremadeof physicalchannels
belongingto differentchambers;

Off-Detector Electronics (ODE) boards
also located on the side of the detector
where the data is synchronisedand dis-
patchedto the LO trigger It comprisesalso
the LO-pipelines, L1-buffers and the DAQ
interface.

Several stringentrequirementsmust be satis-
fiedby theFE electronicsin particularby the ASD
chip. The requirementdor the ASD chip in the
highestrateregionsaresummarizedn Table5. In
the following someimportantaspectsare pointed
out.

In the highestrate regions the maximal total
doseis about1 MRad, which requiresthe use of
radiationhardchipson the FE board. The layout
of thechipsis thereforedoneusing0.25um CMOS
technologyor similar processesyhich areknown
to beradiationhard.

High signal rateshave a large impact on the
detectorefficiengy dueto deadtimegeneratedy
the outputpulsewidth of the ASD chip. Figure6
shawvs how the pulsewidth affectsthe singlelayer



Table 5 Front-endchip requirementsor the muon
system.Someparameterapplyonly to thehighestrate
regions.

Parameter

Detectorcapacitance
Maximumsignalrate
Maximumtotal dose
Input resistance
Averagepulsewidth
Peakingtime

| Specification |
40-250pF

1MHz

1MRad

< 50Q

< 50ns(ASD output)
~ 10ns

PW=20ns

o
©
@

Efficiency

PW=40ns

\« PW=60ns

o
©
*

0.94f

0.92f

0.9 L L L L L
o 1000 1200
Rate (kHz)

200 400 600 800

Figure 6 Efficiengy as function of signal rate for
pulsesof differentwidth.

efficiengy, assuminghatthereadoutelectronicss
only sensitve to the trailing edgeof the signal.
Sinceanoutputpulsewidth belov 50nsis unreal-
istic, amaximalsignalrateof 1 MHz per physical
channelhasbeendefined,which keepsthe ineffi-
ciengy belov 5%. The maximalrate per channel
setsan upperboundon the size of the FE chan-
nels. In orderto minimisethe deadtime, unipolar
pulseshapinghasbeenchosen.A unipolarlinear
signal processingchain also requiresa BaseLine
Restorationcircuit (BLR) to avoid baselinefluc-
tuations.Moreover, the chambeisignalhasanion
tail whichrequiresadedicatedon tail cancellation
network to filter it.

The input resistanceof the pre-amplifierhas
to be smallerthan50Q in orderto limit the cross
talk dueto capacitve coupling. Performanceests
of pre-amplifierssummarisedn Section4, shav
thatinput capacitancesf up to ~ 250pF provide
a satishctory performance.This valuesetsanad-
ditional limitation on the size of thereadoutchan-
nels.

Finally, the power dissipationof the FE chip
should be low to keep thermal gradientson the
chamberdo a minimum.
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The particle ratesto which the electronicsof
themuonsystemareexposedaffect alsothesingle
eventupset(SEU)behaiour of thesystem Wher
everlogical operationsareforeseerin theelectron-
ics, specialproceduresik e triple voting will there-
fore beimplementedo ensurethe SEUimmunity
of thesystem.

2.4 Detectorlayout

Therequirementandspecificationslescribegre-
viously areanimportantingredientto the detector
layoutsummarisedhere. Detailsof the muonsys-
temconfigurationcanbefoundelsevhere[25].

An importantconstraintto the detectorlayout
comesrom the LO-muontriggerdesignwhichre-
quires projectvity at eachstationfor the correct
executionof thealgorithm.

From several view pointsthe situationof sta-
tion M1 is special.While M1 is not usedfor muon
trackidentification,it playsanimportantrolein the
trans\ersemomentummeasuremendf the muon
trackin the LO-trigger andis thereforepositioned
in front of the calorimeters.This position makes
it notonly subjectto the highestratesin the muon
systembut impliesalsothatspecialcarehasto be
taken in the detectordesignto minimise its radi-
ation length Xg. The performancestudiesfor the
calorimeter[26] have beendonewith a simplified
muonchambedescriptionincluding0.1 X, of ma-
terialandshaved goodperformanceTherequire-
mentin termsof radiationlengthfor M1 hasthere-
fore beensetto 0.1 Xy for the chambersensitve
area.

2.4.1 Overview

Theallocatedspacdor themuonstationss 40cm,
except for station M1, where the spaceis only
37cm. The thicknessof the four iron absorbers
is 80cm. The inner and outer acceptancef the
muon systemis 20mrad x306mradin the bend-
ing plane(x) and16mrad x 258mradin y. Theto-
tal detectorareais about435m?, of which 228 m?
will be equippedwith MWPCs and 207 m? with
RPCs. The inner part of stationM1 amountsto
2.9m?.  All basic muon systemdimensionsare
summarisedn Table6.
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Figure 7 Side view of the muon systemin they,z
plane

2.4.2 Chamber arrangement

Thechoserchambeiheightsof 20-30cm matches
the requiredy-granularity in region R4. In the
caseof MWPCs, this allows the useof theanode-
wire readout,which provides a factor two larger
pulseheightthanthe cathodesignal and thus al-
lows larger input capacitances.Moreover, con-
structingall chambersvith the sameheightin one
stationavoids complicationsin the boundaryarea
betweendifferent regions. The chamberlengths
area consequencef theaim to have the smallest
possiblenumberof differentchambetypeswithin
eachstation.For region R4, chamberconstruction
issuedimited thechambeiength.

The samechambedimensiondave beencho-
senfor MWPCsandRPCs. Although the bound-
arybetweerthetwo technologiefiasbeendefined,
having the samechamberdimensionsmales one
technologythe backupfor the otherin somere-
gionsof themuonsystem.

At the centreof eachstationwill be a 44mm
(42mmin M1) thick Aluminium chambeisupport
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structure.Thechamberarepositionedat four dif-

ferent z positionsrelative to this support,z; > in

front and zz 4 behind. All chambersn the same
horizontalrow areeitherin front of, or behindthe
support. The chamberswill be arrangedas indi-

catedin Figures7, 8 and9, wherethreeviews of

themuonsystemareshavn.

The positioningof the chamberdn the x —y
planewithin a stationis donein suchaway asto
presere asmuchaspossibleghefull projectvity of
thelogical layout. This is mandatoryfor a correct
executionof the LO-muontriggeralgorithmandto
minimisethe geometricaktlustersizeandgeomet-
rical inefficienciesat the boundaryof the cham-
bers. The logical layout is definedat the central
planeof the stationandthe sensitve areaof each
chamberis sizedasif it were at this plane. The
x- andy-positionsof the centresof eachchamber
within astationareobtainedsimply by positioning
eachchambercentreso that it projectsfrom the
interactionpoint (IP) to its positionin the logical
layout at the centralplaneof the station. In doing
so, the chambersat positionsz; > will overlapin
x with their neighbours. The overlap however is
alwayslessthanhalf of onelogical channel.Sim-
ilarly, the holesintroducedbetweenthe chambers
at positionszz 4 aresmall, andare further limited
by the thicknessof the chamberof <75mmin z
Viewed from theinteractionpoint the total lossin
angularacceptancés lessthan0.1%. The corre-
spondingy-overlapsarenggligible dueto thesmall
y-dimensionf the chambers.
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Table6 Summarytableof the Muon Systemparameters

| StationM1 | StationM2 | StationM3 | StationM4 | StationM5 | Sum |

Stationz-pos.(m) 12.10 15.20 16.40 17.60 18.80
Stationdimensionsm?) 7.7x6.4 9.6x8.0 10.4x8.6 | 11.1x9.3 11.9x9.9 435
SurfaceRegionR1 ( m?) 0.6 0.9 1.0 1.2 1.4 5.1
Technology t.b.d. MWPC MWPC MWPC MWPC

Readout t.b.d. Combined| Combined| Cathode Cathode

No. of chambers 12 12 12 12 12 60
Chambsens.are@cn?) 24x20 30x25 32.4x 27 34.8x29 | 37.1x30.9
Physicalchannels 4608 2688 2688 2304 2304 14592
Logical channels 2304 1536 1536 1152 1152 7296
Logical unit size( cn?) - 3.75x25 | 4.05x27 - -

Logical padsize( mnr) 10x 25 6.3x31.3 | 6.7x33.7 29x 36 31x39
SurfaceRegionR2 ( m?) 2.3 3.6 4.2 4.8 5.5 20.5
Technology t.b.d. MWPC MWPC MWPC MWPC

Readout t.b.d. Combined| Combined| Cathode Cathode

No. chambers 24 24 24 24 24 120
Cham.sens.argany) 48x20 60x25 64.8x27 69.5x29 | 74.3x30.9
Physicalchannels 9216 5376 3840 2304 2304 23040
No.logicalchannels 2304 1536 1536 672 672 6720
Logical unit size( cn?) - 15x25 16.02<27 | 17.4x29 | 18.6x30.9

Logical padsize( mn?) 20x 25 12.5x62.5| 13.5x67.5 58x72 62x77
SurfaceRegionR3 ( m?) 9.2 14.4 16.8 19.3 22.1 81.8
Technology MWPC MWPC MWPC RPC RPC

Readout Cathode Cathode Cathode | Electrode | Electrode
Numberof Chambers 48 48 48 48 48 240
Sensitve area( cnr) 96x 20 12025 | 129.6x27 | 139x29 | 148.5x30.9
Physicalchannels 9216 9216 9216 4608 4608 36864
No. logical channels 2304 1344 1344 480 480 5952
Logical unit size( cn?) - 60x50 | 65.54x27 | 70.4x58 74%62

Logical padsize( mn¥) 40x 100 25x125 27x135 116x145 124x 155
SurfaceRegionR4 ( m?) 36.9 57.7 67.2 77.4 88.3 327.3
Technology MWPC MWPC MWPC RPC RPC

Readout Anode Anode Anode Electrode | Electrode

No. chambers 192 192 192 192 192 960
sensitve area( cnP) 96x 20 120x25 129.6x27 139x29 | 148.5<30.9
Physicalchannels 9216 9216 9216 9216 9216 46080
No. logical channels 2304 1344 1344 480 480 5952
Logical unit size( cr?) - 120100 | 130x108 | 139x116 149x 124

Logical padsize( mn¥) 80x200 50x250 54x270 131x290 | 248x309
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3 PhysicsPerformance

The performanceof the muon detectoy for trig-

gering and for physicsanalysis,hasbeenevalu-

atedusingsimulatedevents. This sectioncontains
anoutline of the simulationprocedureanddetails
of the studiesundertakn. The efficiengy of the
muontriggerundemominalconditionsis reported,
andinformationis given on the trigger sensitvity

to changesn the detectorcharacteristics Offline

muon identificationis discussedooth in relation
to flavour taggingand in relationto channelsof

physicsinterestwith p™ i in thefinal state.

3.1 Simulation procedure

The eventsimulationconsistsof several basicop-
erations,performedin series: generation,track-
ing of particlesthroughthe experimentalappara-
tus,additionof backgroundanddigitisation.

3.1.1 Eventgeneration

Proton-protoninteractionsat the LHC centre-of-
massenepgy of 14TeV aregeneratedvith Pythia
6.1[27], usinga multiple-interactionmodelchar
acterisedby varying impactparameteanda run-
ning pr cut-of. The model parametershave
beentuned[12] to reproduceresultsfor proton-
antiprotoncollisionsat centre-of-masgnegiesin
therange50GeV to 1.8TeV, the highestenegies
for which dataare available. Parton distribution
functions are taken from the set CTEQA4L [28].
Eventgenerations performedtakinginto account
the angulardispersionof the beamparticlesand
the spatialdistribution of the primary-interaction
point.

3.1.2 Tracking of particles

The LHCb apparatuss describedn the contet of
Geant3.21[29], following thelayoutsgivenin the
relevant Technical Design Reportsfor calorime-
ters[26], RICH [30] andvertex locator[31], and
usingthe layout of the TechnicalProposal1l] for
thetrackingdetectorsThedescriptionf thefive
muon stationsand the iron shieldingclosely fol-
low the designspresentedn this report. Eachof

the 276 chambergorming a muonstationis simu-
latedin detail[32], takinginto accountthe differ-
ent materiallayers, the appropriategas mixtures,
and the aluminium frames. There are four gas
gapsfor an MWPC andtwo for an RPC.Cham-
bersare positionedas describedn Section2.4.2,
sothatthey areprojectie to theinteractionregion
and distributed over four planesper station. The
chambersaluminiumsupportsare not simulated,
but areexpectedo have ngjgligible effecton muon-
systemperformance.

Geant transport routines track particles
through the experimentalsetup, taking into ac-
count all secondaryprocessesand allowing for
the effect of themagneticfield in theregion of the
trackingdetectors.Particle decaysare handledby
the CLEO collaborations QQ packagd33], which
reliesasmuchaspossibleon measuredranching
fractions, and includes detailed information of
decaykinematics. Exceptin the muon shields,
electronsand photonsare tracked dovn to an
enegy of 1MeV, whereashadronsand muons
are tracled down to 10MeV. Inside the muon
shields,andto keepthe event-simulationtime at
an acceptablelevel, the tracking thresholdsare
10MeV for muonsand500MeV for otherparticle
types. A hit is recordedin a muon chamber
whene&er a gasgap is traversedby an ionising
particle. The coordinatedor the points at which
the particleentersandexits the gasgaparestored,
togethemwith the particles time of flight.

3.1.3 Background and spillover

In stationsM2 to M5, the relatvely high track-
ing thresholdsfor the muon shielding suppress
hits that would result from the generation of
lower-enegy shawver particles,or from the emis-
sionandcorversionof photongfollowing thermal-
neutroncapture. The lossis correctedby adding
backgroundaccordingto a set of parameterisa-
tions [8, 9]. Theseare obtainedby comparing
the minimum-biashit distributions from the stan-
dard programandthe correspondinglistributions
from a more completesimulation, basedon the
GCALOR packagd13].

Thetrackingcut-offs in GCALOR aresetev-
erywhereto 0.1MeV for electronsand photons,
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Figurell Particleflight timesatmuonstationsasgivenby low-thresholdsimulation(solidline), high-threshold
simulation (shadedhistogram)and high-thresholdsimulationwith parameterisedbackground(shadedcircles).
ParticlesproducedeforeM1 andparticlesfrom showversin the calorimeterandmuonshieldingarerecordedwith
amaximumflight time of aboutl00ns. Latertimes,peakingataroundl0® ns,aredueto particlesemittedfollowing

thermal-neutrorcapture.

10-%eV for neutronsand 1MeV for other parti-
cles. The GCALOR simulationalso includesin-
frastructureelementsnearthe muon systemand
relevantfor low-enegy processes.
Parameterisationareextractedbothfor theto-
tal multiplicities from GCALOR andfor the dif-
ferenceswith respectto the standardsimulation.
Theparameterisationgrovide descriptionf spa-
tial andtemporaldistributions,andcorrelationse-
tweenmultiplicities for high andlow thresholds.
With parameterisedbackgroundadded,the stan-
dardsimulationfor stationsM2 to M5 reproduces
the GCALOR resultsto better than 10% (Fig-
uresl0andl1l). No parameterisetbackgrounds
addedfor stationM1. Distributions for this sta-
tion from the standardsimulationdo not perfectly
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match thosefrom GCALOR, but disagreements
are small comparedwith the intrinsic GCALOR
uncertainties.

Possiblanaccuraciesn the simulationat high
andlow enegiesareaccommodatedyy usingthe
parameterisationsf total multiplicitiesto increase
the numbersof hits in all five muon stations,ac-
cordingto chosenscalefactors. Two setsof scale
factorsareconsideredn the performancestudies.
A scalefactorof 1 for eachstationis takento corre-
spondto a situationof nominalbackgroundScale
factorsof 2 for M1 and 5 for M2 to M5 define
maximalbackground.In this latter case the scale
factorfor M1 is lessthanfor the otherstationsbe-
causeof the smallercontritution from low-enegy
processes.



Low-enegy particlesassociatedvith a single
interactionarrive at the muon stationswith flight
times extendingto milliseconds(Figure 11), or-
dersof magnitudegreaterthanthe 25 ns intenal
betweenbunch crossings. This meansthat hits
recordedn areadoutwindow containingjust one
interaction can include contrikutions (spillover)
from interactionghatoccurredmary bunchcross-
ingspreviously. Thefractionof hits from spillover
in a20 nsreadoutwindow rangesfrom about2%
in M1 to around20%in M5. Sincespillover hits
in different stationsare essentiallyuncorrelated,
their effect on occupanciess more pronounced
thantheir effectontriggerrate.

Giventhatareadoutchannelis deadfor some
tensof nanosecondafterreceving a signal,parti-
clesarriving shortly beforethe startof thereadout
window cangive rise to inefficienciesfor detect-
ing particlesinsidethe window (dead-timeineffi-
cieng, seeSection2.3).

The effects of spillover and deadtime on the
hits detectedn themuonsystenduringeachread-
outinterval is allowedfor by explicitly generating
hitsfrom earlierinteractions This hit generations
basedon the parameterisationdefinedin relation
to thebackgroundsimulation.

3.1.4 Digitisation

Thedigitisationmodelcloselyfollows thebaseline
choicefor the muon-systemmeadout(Section5.3).
Designvaluesare usedfor the numbersof physi-
calchannelperchamberwith readoubf cathode
only, anodeonly, or both cathodeandanode- and
for the mappingsof physicalchannelsto logical
channels.Basicresponseharacteristicef cham-
bers(efficiengy, crosstalk, noise,time jitter) and
readoutelectronics(noise, timing) are taken into
account. All responseparametersan be freely
variedwithin the simulation.Nominalvalues(Ta-
ble 7) arebasentestbeanmeasurementsyhere
available,or on conserative estimates.

For eachhit recordedin a muon-chambegas
gap,all physicalchanneldying ontheline joining
theentryandexit pointsof thehit-generatingarti-
cle areinitially takenasfired atthefront end. The
numberof gasgapsgiving inputto a singlephysi-
cal channeis two for the MWPCsandonefor the

Table7 Nominalvaluesfor respons@arametersised
in the simulation. Cross-talkprobabilitieshave a de-
pendencen particle positionwithin a channel sothat
valuesshavn areindicative only.

Single-gagpitter
(root-mean-squarealue)

MWPC anode 5.7ns

MWPC cathode 6.6ns

RPC 1l.4ns
Single-gapefficiency 0.95
Cross-talkprobability

MWPC 0.08

RPC 0.15
Chambeinoise

MWPC None

RPC 100Hz/cn?
Electronicnoise 100Hz/channel
Synchronisationmprecision| 3ns
Channeldeadtime 50+ 10ns
Width of readoutgate 20ns

RPCs. In regionsR1 and R2 of stationsM2 and
M3 physicalchannelsarecalculatedor thetwo in-
dependenteadoutswhereagor otherregionsonly
asinglereadoutis present.Thenumberof physical
channeldired pergasgapperreadouis afunction
of the particles track angleand position, and ef-
fectively includesthe contritution of geometrical
clustersize.

A smallfraction of theinitially fired channels
is randomlysuppressetb simulatesingle-gapn-
efficiencies.

Physicalchannelsot crossedoy ary patrticle,
but adjacentto a fired channel,are taken to be
themselesfired with acertainprobability soasto
simulatedirectly inducedcrosstalk andcrosstalk
due to capacitve coupling The cross-talkmodel
usedis basedon the experimentalmeasurements
reportedin Sectionst.1and4.2.

Additional physicalchannelsarefired at ran-
dom to simulatethe effect of noise, two forms
of which are considered. Chambernoiseis ex-
pectedo bengjligible for the MWPCsbut present
atsomelevel in theRPCs.Thistypeof noiseis ex-
pressedn termsof acountrateperunit area.Elec-
tronic noise,associateavith thereadousystemjs
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Figure12 Trackfindingbythemuontrigger. For eachlogical-padhitin M3, hitsaresoughtin M2, M4 andM5,
in afield of interest(highlighted)aroundaline projectingto theinteractionregion. Whenhits arefoundin thefour
stations anextrapolationto M1 is madefrom thehitsin M2 andM3, andthe M1 hit closestheextrapolationpoint
is selected Thetrackdirectionindicatedby the hitsin M1 andM2 is usedin the pr measuremerfor thetrigger,
assuminga particlefrom the interactionpoint anda singlekick from the magnet.In the exampleshavn, ut and

W~ crossthe samepadin M3.

specifiedasacountrateperphysicalchannel.

At this stagein thedigitisation,a singlephysi-
cal channelmay have receved morethanonesig-
nal. This canoccurbecausawo or moreparticles
crossthe channel,becausef crosstalk or noise,
or becausea particle inducessignalsin two gas
gapsattachedo the samefront end. The arrival
time of eachsignalis evaluated,taking into ac-
countthe bunch crossingof origin, particle flight
times, chambetjitter, and synchronisationmpre-
cision. Signallossesat a channelbecausef the
deadtime associatedvith the arrival of an earlier
signalareintroducedthenafixed-lengthime gate
is applied. Datafor the physicalchannelsecord-
ing a signalinside the gateare transmittedto the
next stageof thereadout.

The two front endsof a stationsare ORedto-
gether Surviving physical channelsare mapped
to logical channelsjn the form of stripsor pads.
For the strip regions,padsaredefinedfrom thein-
tersectionsof horizontaland vertical strips. Pad
informationfrom all regionsis usedin thetrigger
simulationandin the muon-identificatiorstudies.

3.1.5 Futuredevelopments

The simulationandall resultsreportedbelon are
basedon softwaredevelopedin Fortran. In the fu-
ture, high priority will be given to the migration
to object-orientedC++ softwarewithin the frame-
work of Gaudi[34]. The object-orientedoftware
is expectedto be at a stagewhereit can com-
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pletelyreplacethe Fortransoftwareaboutmidway
through2002.

3.2 Level-Omuon trigger

The Level-0 (LO) muontrigger andits implemen-
tationaredescribedn detailin severalLHCb notes
[35, 36]. Thearchitecturas fully synchronousind
pipelined, and the algorithmrun is very closeto
theonereportedn the TechnicalProposa[1], and
usedin the performancestudiesdescribedelow.

The LO muon trigger looks for muon tracks
with alargetrans\ersemomentumpr. It searches
for hits defining a straightline through the five
muonstationsandpointingtowardstheinteraction
point (Figure 12). The position of a track in the
first two stationsallows determinatiorof pr.

This sectioncontainsa shortdescriptionof the
muon-triggerdesign,and a summaryof the ex-
pectedperformance.

3.2.1 Trigger design

TheLO muontriggeris implementedvith thefour
gquadrantsof the muon systemtreatedindepen-
dently Trackfindingin eachregion of a quadrant
is performedby 12 processingunits, arrangedon
processindpoardsin groupsof four for regionsR1,
R3andR4,andin pairsfor region R2 (Figure13).
A processingunit collectsdatafrom the five
muonstationsfor padsandstripsforming a tower
pointing towards the interaction point, and also
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Figure 13 Organisationof the muontrigger process-
ing boardsdelimitedby thick lines,andof the process-
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receves information from neighbouringtowers.
Track finding in a processingunit startsfrom the
informationfor the 96 logical padsdefinedby the
intersection®f the4 horizontalstripsand24 verti-
cal stripsrepresentinghe unit’s input from station
M3. Thetrack searchis performedin parallelfor
all pads.

For eachlogical-padhit in M3 (trackseed)the
straightline passinghroughthehit andtheinterac-
tion pointis extrapolatedo M2, M4 andM5. Hits
arelookedfor in thesestationsn searchwindows,
termedfieldsof interest(FOI), approximatelycen-
tred on the straight-lineextrapolation. The size of
thefield of interestis dependenbnthestationcon-
sidered the distancefrom the beamaxis, the level
of backgroundandtheminimum-biagetentiorre-
quired. Whenat leastonehit is found inside the
field of interestfor eachof the stationsM2, M4
andM5, amuontrackis flaggedandthe padhit in
M2 closesto theextrapolationfrom M3 is selected
for subsequentse.

Thetrackpositionin stationM1 is determined
by making a straight-lineextrapolationfrom M3
andM2, andidentifying in the M1 field of interest
the padhit closesto the extrapolationpoint.

Sincethe logical layout is projectve, thereis
a one-to-onemappingfrom padsin M3 to padsin
M2, M4 andM5. Thereis alsoa one-to-onamap-
ping from pairsof padsin M2 andM3 to padsin
M1. This allows thetrack-findingalgorithmto be
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implementedusingonly logical operations.

Once track finding is completed,an evalua-
tion of pr is performedfor a maximumof 2 muon
tracksper processingunit. The pr is determined
from the track hits in M1 and M2, usinglook-up
tables.

Thetwo muontracksof highestpt areselected
first for eachprocessoboard, and then for each
quadrantof the muon system. The information
for upto eightselectedracksis transmittedo the
Level-0 decisionunit.

3.2.2 Trigger performance

The performanceof the muon systemhas been
studiedand optimisedusing a simulation of the
trigger algorithm [35]. This algorithm is fully
specifiedby giving the horizontaland vertical di-
mensionsf the FOI for eachstation,andthe cut
on pr. The muon-systenperformancds quanti-
fied by evaluatingthetrigger efficiengy for select-
ing muonsfrom b-hadrondecaysasa function of
the minimum-bias(MB) retentionlevel. Possible
limitationsintroducedby the hardwareimplemen-
tationof thetriggeralgorithmarenot considered.

3.2.2.1 Trigger efficiency

Theb — p X acceptancés definedasthe number
of b — u X eventswherea promptmuon(y,) com-
ing directly from the semileptonido-hadrondecay
satisfieshe muontriggerselectiondivided by the
total numberof b — p X eventsin the full solid
angle. Theb — p X acceptancés the productof
two contrikutions: thegeometricahcceptancess,
of the detectoy definedas the fraction of events
wherethe promptyy, hits stationM3, andthetrig-
gerefficiency, g, .

The value of ¢g is fixed for a defineddetec-
tor layout, whereasthe value of g, dependson
the bandwidthassignedto the LO muon trigger
(the MB retention)and also on the assumptions
madeconcerningbackgroundevel and detector
responsearameters For the setupconsideredn
this report,a Monte-Carlocalculationgiveseg =
0.19+0.01.

The rate of the LO muontriggeris dominated
by the presenceof true muons, mainly from de-



Table8 Performancef the LO muontriggeralgorithm,with fields of interestasgivenin [37]. Statisticaluncer
taintiesfor the differentrunningconditionsarecorrelatedasthe sameeventsamplesvereusedin all studies.

Nominal Maximal
background background
MB b—uX pr cut b—puX pr cut
Retention| &, [%0] [GeV/c] €y, [20] [GeV/c]

1% 418+11 | 1.404+0.04 | 355+1.8 | 1.69+0.11

2% 552+09 | 1.02+0.02 | 49.7+1.4 | 1.174+0.07

3% 614+0.7 | 0.75+0.02 | 56.9+1.2 | 0.97+0.04
caysin flight of pions and kaons. The contri- R Pt
bution from accidentalcombinationsof particle :Eoﬁiﬂv (') Kg 2255
tracksand backgroundhits in stationsM2 to M5 - ! 7 o MB iﬁteractions g{% 200%
variesfrom 3%to 17%,dependingnbackground £ o/ *****reau,, TR
scalefactor S feeen,. T, {;f 1100

. T 065 e, e 4125 @
A procedurehasbeendevelopedto determine 5 Terl ot e, 1100
the trigger FOIs and pr thresholdso asto max- & g4t Teel el 8
- . . n oo e, 475 £
imiseg,,, for agivenlevel of MB retention[2, 37]. oo Tteee.. 50 E
If two setsof parametergive compatibleperfor 02¢ 000000 P =
mance, the set with highest pr thresholdis se- oE ey
0 0.5 1 1.5 2 2.5 3

lected.

3.2.2.2 Eventsamples

Performanceestimateshave beenaobtainedusing
10* b — u X eventsand10® non-difractive inelas-
tic interactions Eacheventin thetwo samplesor
respondgo a single proton-protoncollision, con-
sistentwith theuseof a pile-upvetoin theLO trig-
ger

In the b — p X events, the b hadronis re-
questedto be inside a 600mrad forward cone, a
conditionsatisfiedoy about40%of b hadrongyen-
eratedoverthefull solidangle,andis forcedto de-
caytoamuon.Theaccompaying b hadrondecays
accordingto branchingfraction.

Non-diffractive inelastic interactions (55mb
crosssection)are chosenas a good approxima-
tion of MB events contrituting to the trigger
rate. A separatestudy [38], using a pr cut of
1GeVc, shavs that the muon-triggeracceptance
for diffractive interactionsand elastic scatterings
(combinedcrosssectionof 47mb) is about2% of
the acceptancéor the non-difractive inelasticin-
teractions.Thecontrikbution of diffractive andelas-
tic eventsto thetriggerrateis suppressedvenfur-
ther if the muontrigger is placedin coincidence
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Cut on muon p (GeV/c)

Figure14 Minimum-biassuppressiomndtriggeref-

ficiengy for decaysindicated,for nominalbackground.
Efficiengy estimatesirerelatveto muonghatareinside
theacceptancef M3 andcomedirectly eitherfrom the

b-hadrondecay(b — p X events)or from the Jy de-

cay (B — Jy (utp~)K2 events). The FOIs usedare
optimisedfor a minimum-biasretentionof 2%.

with aninteractiontrigger, requiring,for example,
aminimumenegy in thecalorimeters.

3.2.2.3 Resultsontrigger performance

Several running conditionshave beenconsidered,
correspondingo differentlevels of MB retention
andbackground.

The performanceof the LO muon trigger for
nominal backgroundis illustrated in Figure 14,
wheretrigger efficieney and MB suppressiorare
plotted as function of the pr cut using FOI opti-
misedto give an MB retentionof 2%. Thetrigger
performancéor nominalandmaximalbackground
is summarisedn Table8, andis discussedn more
detailin [37].

Comparisonshave beenmade with previous
studiesperformedwith simplifiedsimulationsnot
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Figure 15 Trigger efficiengy for b — p X decays
within M3 acceptancasafunctionof backgroundate,

for threevaluesof MB retention.For eachsetup theup-

peredgeof abandcorrespondso nominalbackground
in M1, andthe lower edgeis obtainedwith the M1 hit

ratedoubled.Bandedgeshave a statisticaluncertainty
of about2%.

including detailsof the chambelgeometryandde-
tectorresponsd39], aswell aswith resultsfrom
simulationsperformedat variousstagesiuringthe
evolution of the detectorlayout [2]. Since the
TechnicalProposal,the numberof logical chan-
nelshasbeendecreasetly 40%,andarealisticde-
tector simulationhasbeenintroduced. Neverthe-
less, the improved detectoroptimisationensures
thattheb — p X trigger efficiengy is slightly bet-
ter thanthat quotedin the TechnicalProposal1]
(Figurel5).

Systematistudieshave beencarriedout of the
effect on the LO trigger of ary variation in the
muon-detectoefficiengy and noiselevels relative
to the designspecificationgFigure 16), andshawv
thatthe systemis robust[21]. In the studies,one
of therespons@arameterss varied,while the oth-
ersarekept constant. The decreaseén trigger ef-
ficiengy, with MB retentionfixed at 1%, 2% or
3%, remainslessthan 5% for a single-gapeffi-
cieng as poor as 80%, for RPC noise of up to
1kHz/cm?, andfor electronicnoisein excessof
1kHz/channel.

The effect of the signal time spreaddue to
chambeyjitter andsynchronisatiommprecisiorhas
beeninvestigated40], andthetriggerefficiengy is
foundto be stableunderary reasonablevariation
in themuon-systentiming characteristics.

Studiesusinginclusve b-hadrondecaysgen-
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Figure 16 Trigger efficiency for b — p X decays
within M3 acceptanceas a function of (a) single-gap
efficiency and (b) RPC noise, for threevaluesof MB
retention. Curvesarefits of second-ordepolynomials
to the pointscalculatedwith the simulation.

eratedoverthefull solidangle have alsobeenper
formed[38]. With pr cutandFOI optimisedat2%
MB retention thetriggeracceptancéor theinclu-
sive b-hadroneventsis (5.7 4+ 0.2)%. Thefraction
of casesn which thetriggeris satisfiedby a p, is
(34+2)%.

3.2.2.4 Machine-relatedbackground

Muons from the beamhalo have beensimulated
using distributions calculatedin studiesof beam-
gasinteractionsbeforethe detectorhall. The dis-
tributionsof enegy andradial positionfor muons
crossinga planelm upstreanfrom theinteraction
point, andtravelling in the directionof the muon
system,are shawvn in Figure 17. The beam-halo
muonsare concentratedat small radii, and have
a wide enegy spectrum. About 80% have a mo-
mentumof lessthan5GeV/c, andsowill be un-
ableto penetratehefull depthof themuonsystem.
Muons enteringthe experimentalhall behind M5
will notcausehitsin thesamebunch-crossingime
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Figure 17 Distributionsof (a) radial positionand(b)
enenpy, for muonsfrom the beamhalo enteringthe de-
tectorcaverntravelling in thedirectionof themuonsys-
tem.

window in the different muon stations. Prelimi-

nary studiesindicatethatbeam-halanuonswould

be presentin only 1.5% of the bunch crossings,
andthefractionof bunchcrossingsn whichahalo

muonwould causea triggeris lessthan0.1%. At

the presentievel of understandingf the machine
background halo muonsshould not significantly
affectthe LO muontrigger

3.3 Muon identification

Efficientmuonidentificationis importantin there-
constructiorof physicschannelsvith muonsin the
final state,aswell asfor taggingtheflavour of the
initial b quarkin decayselevantto studiesof CP
violation. For rare decays,suchas B — pu-
it is essentialto have high muon-identification
efficiency while keepingthe misidentificationof
other particles,mainly pions, aslow aspossible.
Theperformancef arealisticmuon-identification
algorithm has been tested using reconstructed
chagedtracksin 10000b — p X events,simulated
with nominal responseparameterdor the muon
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Figure 18 Muon-identificationefficiency as a func-

tion of momentum,for differentrequirementson the
numberof hits. At eachmomentumvalue,muonshave
beengeneratedvith uniformly distributedpolarangle.

system(Table7). Full detailsof thestudyaregiven
elsevhere[41].

Well-reconstructettacksthathave atleastone
hit in the vertex detector and are within the ge-
ometricalacceptancef stationsM2 andM3, are
extrapolatedrom trackingstationT10to themuon
system. The minimum momentumfor a muonto
penetrat¢o M3 is about3 GeV/c. A trackis iden-
tified asamuonif hitsarefoundinsiderectangular
searchwindows centredon thetrackextrapolation.
The numberof hits requiredis dependenbn track
momentum:

e M2+M3 forp<6GeV/c

e M2+M3+M4 or M5 for 6 < p < 10GeV/c
e M24+M3+M4+M5 for p > 10GeV/c

The search-winder dimensionsare parame-
terised as a function of momentumin the four
regions of each station. The parameterisation
is obtained using single muons, generatedat
the primary-interactiorpoint with momentunilat
overtherangel to 150GeV/c, andwith uniformly
distributed polar angle. The search-winda di-
mensiongake into accounthe multiple scattering
in the calorimetersand muonfilter, aswell asthe
finite granularityof themuonsystem.Themomen-
tum rangesindicatedabove were chosento avoid
decreasesn muon-identificationefficiengy when
a highernumberof stationsis required. For ex-
ample, as shawvn in Figure 18, requiring hits in
three stationsratherthantwo haslittle effect on



Table 9 Muon-identificationefficiengy (%), andpar
ticle-misidentificationprobabilities (%), for b — p X

events.
Nominal Maximal
background| background
e 94.0+0.3 94.3+0.3
Me | 0.78£0.09 | 35402
M™ | 1.50+£0.03 | 4.004+0.05
MK | 1.654+0.09 | 3.840.1
MP | 0.360.05| 23401
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Figure 19 Pion-misidentificationprobability as a
functionof momentumfor b — p X events.

efficiency for muonshaving a momentumgreater
than6GeV/c.

Table 9 shaws resultsobtainedwith b — p X
events for the muon-identificationefficiengy, €,
and for the misidentificationprobability 9/, for
electronspions,kaonsandprotons.Valuesguoted
arerelative to all trackssatisfyingthecriterialisted
above for being extrapolatedto the muon sys-
tem. Bothnominalandmaximalbackgroundsiave
beenconsidered.

It should be noted that the number of pi-
onspassedo the muon-identificatioralgorithmis
aboutafactorof 10 higherthanthenumberof par
ticles of othertypes,so pionsare by far the most
importantsourceof misidentification. As would
be expected, the misidentification probability is
highestat low momentum(Figure 19), wherethe
numberof hits requiredis smallestand,to accom-
modate multiple scattering,searchwindows are
largest. Also, pionsof lower momentumaremore
likely to decayin flight beforereachingthe muon
stations.
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Figure 20 Muon-identification efficiency, and
pion-misidentificatiorprobability, asa function of the
cutonAS;.

For nominal background, the muon-
identification efficiengy in b — g X events is
94% and the pion-misidentificationprobability is
1.5%. In 61% of casesthe pion is misidentified
becauset decaysn flight to amuon,andin 27%
of casesthe misidentification occurs becausea
muonfrom anotherhadrondecayis presentclose
to the pion. In both of thesecaseshe hits found
by the identificationalgorithm are dueto muons.
The remaining 12% of pion misidentifications
resultfrom somecombinationof backgroundits,
ghosthits, and hits generatedy punchthrough,
alignedby chancewith thepion track.

The numberof randomalignmentsincreases
with the backgroundhits, so thatfor the situation
of maximalbackgroundhemisidentificatiorprob-
abilities are significantly higher Improvementis
possibleby requiringthatthetrackslopemeasured
in the x-z plane by the muon systembe consis-
tent with the value measuredn the tracking sys-
tem. Figure 20 shavs the muon-identificatioref-
ficiengy and pion-misidentificationprobability as
a function of the difference AS,, in the two mea-
suredslopes. Under maximal backgroundcondi-
tions, requiring AS, to be lessthan 0.07 gives a
muon-identificationefficiengy of 90%, while the
pion-misidentificatiorprobabilityfalls from 4%to
about2%.

In the physicsanalysegresentedelav, only
about1% of the muonsrelevant for decayrecon-
structionor flavour tagginghave a momentumof
lessthan6GeV/c. As a result, misidentification
probabilitiescanbe reduced with nggligible loss



of usefulmuons,by introducingan explicit cuton

momentum.After this cutis applied,otheridenti-
fication criteria canbe re-optimised.For particles
with momentungreateithan6 GeV/c, andthesit-

uation of maximal background,requiring hits in

all of the stationsM2 to M5 andaskingfor AS,

lessthan0.05givesa pion-misidentificatiorprob-
ability of 1.2%,while the muon-identificatioreffi-

cieng/ remainsat 90%.

Information from the RICH systemand from
the calorimeterscanbe usedto decreasestill fur-
ther the misidentificationrates. A preliminary
study[42] indicateghat,evenin the caseof maxi-
mal backgroundmisidentificationprobabilitiesof
lessthan1%, anda muon-identificatiorefficiency
above 90%, arereadily attained.

3.4 Reconstructionof muonic final states

The analysis of b decays with muonic final
statesconstitutesa significantpart of the LHCb
physics program.  Of particular interest is
the well-establishedCP-violating decay Bg —
JW (pFp)KE, from which the anglep of the uni-
tarity trianglecanbe determinedThedecayB? —
Ui involvesa flavour-changingneutralcurrent,
andis stronglysuppresseth the Standardviodel.
New physics might be detectedas a significant
enhancemenof the branchingfraction. The de-
cay modesindicatedgive riseto muonswith quite
differentkinematics,and so have beenchosento
demonstrateghe physicspotential offered by the
muondetector The studiespresentedre prelimi-
nary

The two analysesdiscussedhave been per
formedconsideringonly single-interactiorevents,
95% of which areassumedo be accepteddy the
pile-up veto. The combinedefficiency of trigger
levelsL1, L2 andL3 for eventsthatcontainafully
reconstructediecay and are passedoy the pile-
up veto, the LO trigger and the offline selection,
is takento be 80%.

3.4.1 BY— Jy(putp)KY

Reconstruction of the decay BY —
JW (prur)KE(rr ) is  described in - detail
in [43]. Thefirst stepis to selectpairs of oppo-
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Figure21 Probabilityto identify bothmuonsof a Jy
decayas a function of (a) Jy transversemomentum
and(b) Jy totalmomentum Valuesarecalculatedel-
ative to eventsthat satisfythe LO trigger and analysis
selectioncriteria,andhave thetracksof thetwo muons
reconstructedn the spectrometerLossesfrom recon-
structedtracks outsidethe geometricalacceptancef
themuonsystemareincluded.

sitely chaged tracksoriginating from a common
vertex and identified as muons by the muon
system(seeSection3.3). To ensuregood vertex
resolution, each reconstructedmuon track is
requiredto have at least one hit in the vertex
detector A Jy candidateis obtainedwhen the
massof a di-muon pair is consistentwith that
of the JY. The resolutionon the Jy massis
10MeV/c?. Figure 21 shavs the probability to
identify bothmuonsof the J asafunctionof the
Jy transerseandtotal momentum.The di-muon
efficieng is almostflat as a function of the Jy
transersemomentum,and hasan averagevalue
of (79.7 £ 0.8)%. The geometricalacceptancef
the muon systemfor muonsreconstructedn the
spectrometerdecreasedor J momentabelon
30GeV/c, becausef theincreasedendingof the
muontracksin the magnetidield.

TheK¢{ candidatesirereconstructedrom two



oppositelychagedtracksforming a commonver-

tex andgiving amassconsistentith the Kg mass,
the resolution for which is 3.5MeV/c?. Both

tracksarerequiredto beidentifiedaspionsby the
RICH system. The Jy and Kg candidateshave
their momentarefittedwith massconstraintsand
arethencombinedto identify Bg decays.Themo-
mentumvectorof ary B} candidates requiredto

point to the reconstructednteractionvertex. The
resolutionon the B massis 7MeV/c?, andthe
propertime resolutionis 36fs.

In the sampleof signal events, a low-level
combinatoricbackgrounds found uniformly dis-
tributedin a masswindow of £60MeV /c around
the peak. All of the backgroundeventsare due
to the combinationof a true Jy from a b-hadron
decay and a true K2, either from fragmenta-
tion or from the decay of the other b hadron.
The total numberof backgroundeventscanthen
be obtainedby multiplying the numberof back-
groundeventsfound in the signal sampleby the
ratio BR(b — J/YX) x BR(J/W — prp)/(fp x
BR(B — J/@(ptp )KE(mrr 1)), wherefy, is the
probability that a b quark will fragmentinto a
Bg. The resultingbackgrounds assumedo re-
tain a flat distribution within the masswindow,
andto have the sametriggeracceptancasthesig-
nal. Any combinatorichackgroundarising from
the misidentification of pions as muonsin the
muon systemis negligible. The resultingsignal-
to-backgroundatio underthemasspeak(+3 stan-
darddeviations)is 3+ 1.

The LO-trigger efficiency for eventsthat have
a fully reconstructedlecayand satisfy the anal-
ysis selectioncriteriais (98.1+ 0.3)%. The LO-
muon trigger efficienyy is (952 + 0.5)%, and
(70+ 1)% of the fully reconstructeddlecaysare
selectedonly by the muontrigger With a Bg —
JW (ptpr)KE(rrh 1) visible branchingractionof
1.8 x 10~°, the presentanalysisshavs that LHCb
will fully reconstructmore than 10° decaysper
year

3.4.2 BY — ufu-

The BY — utpu~ decayis mediatedby a flavour-
changingneutralcurrent. In the Standardviodel,
it occursvia loop diagramsandthebranchingrac-
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Figure 22 Probabilityto identify bothmuonsof a BY
decayasafunctionof (a) B trans\ersemomenturmand
(b) B total momentum.Valuesare calculatedrelative
to eventsthat satisfy the LO trigger and analysisse-
lection criteria, and have the tracksof the two muons
reconstructedn the spectrometerLossesfrom recon-
structedtracks outsidethe geometricalacceptancef
themuonsystemareincluded.

tion is calculatedo beabout3.5 x 107° [44]. The
studyof LHCD sensitvity to B — ptp reported
below is preliminary andis currently limited by
the low statisticsavailablefor the backgroundes-
timate. Detailsof thereconstructiorprocedureare
reportedn [45].

The analysisusespairs of well-reconstructed
oppositelychagedtracksformingasecondaryer-
tex, andinconsistentith an origin at the interac-
tion point. Thecombinednomentunvectorof the
secondanytracksis requiredto point backto the
primary vertex. In the absenceof muonidentifi-
cation, the u"u~ massspectrumfor the pairs of
secondarytracksin simulatedB? — putp~ events
is dominatedby the combinatoriabackground A
B2 masspeak with awidth of 18 MeV/c?, emeges
when the criteria for muon identification (Sec-
tion 3.3)areapplied.

The geometricalacceptancef the muonsys-



tem for B — utpu~ decayswith both muonsre-

constructeds (9294 0.7)%. Theefficiengy of the
muon-identificationprocedurefor pairs of recon-
structedmuontracksinside the muon-systenac-
ceptances (88+ 1)%. Figure22 shavsthe proba-
bility of having bothmuonsinsidethegeometrical
acceptancef themuonsystemandcorrectlyiden-

tified, asa function of the BY trans\erseandtotal

momentum.The efficieng is essentiallyflat for a

B2 momentumabore 25GeV/c.

The LO-trigger acceptancefor decayswith
both muonsidentified is (97.7 + 0.5)%, the LO-
muonacceptances (97.3+0.5)%, and(74+1)%
of eventsare selectedonly by the muon trigger.
After oneyearof LHCb operation,the estimated
numbersof signal and backgroundeventsare 10
and3.3respeciiely.

3.5 Muon tagging

The ability to tag the flavour of the initial state
of B mesonsusing the muon systemhas been
studied. For this study fully reconstructecBg —
JW (ptp)KE events selectedby the LO trigger
have beenused. The B — J (1" )K$ recon-
structionis asdescribedabove (Section3.4.1).
Thefollowing pre-selectiortutsareappliedto
reconstructecthaged tracks not associatedvith
theBY — J (u*p~)K2 candidateto obtainasam-
ple of trackswith ahigh probability of beingdecay
productsof theaccompaying b hadron:

1. pr > 1.2GeVI/c;

2. numberof hitsin vertex detector> 1;
3. impact-parametesignificance> 3;
4. impactparametek 2mm.

Tracksarethenselectecasmuonsif they areiden-
tified assuchby the muon-identificatioralgorithm
(Section3.3). An averageof 0.053 tracks per
event passthis selection, of which 89+3% are
muons. Some81+4% of thesemuonsare from
semi-leptonid-hadrondecaysand15+4 arefrom

b — ¢ — W decaychains. If morethanonetrack
passesall cuts, the track with the highesttrans-
versemomentumis used. The chage of the se-
lectedtrackis usedto tagthe flavour of the initial
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stateof thereconstructe@® meson.Theoverall ef-

ficiengy, €, of the muontagis (5.3 +0.5)%, and
the mistagrate,w, is (274 5)%. For perfectmuon
identificationthe efficiengy is (5.1 4+ 0.5)%, and
the mistagrateis (25+ 5)%. Thesetwo quantities
canbe combinedinto a measureof the statistical
power, 2, of thetag:

P=e(1-2w).

For perfectmuonidentification,? = (0.11+0.02),
whereasn the presenstudy? = (0.10+0.02).



4 Prototype Studies

An intensve programmeof developmentwork has
beenundertakenfor the LHCb muonsystem.Pro-
totypesof MWPC and RPC detectorshave been
constructedallowing the studyof a numberof im-
portantpropertiesn testbeamsandin thelabora-
tory. A summaryof the work is describedn this
section.

4.1 MWPC studies

Generalfeaturesof the MWPC designand oper
ation are summarisedn section2.2.1. Prototype
chamber$ave beenevaluatedn severaltest-beam
studiesover the pasttwo years,and someof the
key resultsare reportedhere. A full presenta-
tion of resultscanbe found in Refs.[46, 47, 48,
49]. Beforediscussinghe chambemerformance,
the front-endspecificationsare describedandan
overviaw is given of the differentfront-endchips
tested.

4.1.1 Front-endelectronics
4.1.1.1 Front-end specifications

Parameterscharacterisinghe readoutelectronics
areshavn in Table10, andarediscussedn detail
in Refs.[16] and[50].

Since both cathodepadsand wire padsare
read, the front end must be able to handleboth
negative and positive polarities. For a double-gap
chambemvith agasgainof 10°, the averagesignal
chagein thefirst 10nsis 40fC ontheanode-wire
pads.andhalf this valueonthe cathodepads.Lan-
daufluctuationsresultin the signalhaving a large
dynamicrange sothata scaleextendingto 150fC
is requiredto guaranteeptimumtail cancellation
for morethen 95% of the signals. The optimum
amplifier peakingtime t, is 8ns, the time reso-
lution degradingfor both shorterandlonger val-
ues. Figure 23 shavs the simulateddependence
of the time resolutionon amplifier peakingtime
andthreshold.The noiserateperchannelrequires
a thresholdof at least6 primary electronsat the
working point.

In the regions of highestoccupang, signal
rates of up to 1MHz/channel are anticipated.

Table10 ElectronicsParameters.

| Parameter \ |
Av. chagein 10ns 40fC (doublegap)
Input polarity positve andnegative
Signaltail tp=1.5ns
Detectorcapacitance | 40-250pF (doublegap)
Maximumsignalrate | 1MHz
Maximumtotaldose | 1MRad
Decouplingcapacitors| 1nF (doublegap)
Loadingresistors 100kQ

Coupling AC for wire signals
DC for cathodesignals

Specifications

Peakingtimeatdisc. | ~10ns

Equiv. noisechage < 2fC (Cye=250pF)

Linearrange 150fC

Inputresistance < 50Q

Shapingcircuit
Averagepulsewidth
Baselinerestorer

unipolar2xpole/zero
< 50ns(ASD output)
~ lpsresponseime

=
o

-]

Time RMS (ns)

surement %=8n

10 15 20 25 30

Threshold (Primary Electrons)

Figure 23 Simulateddependencef the time resolu-
tion on amplifier peakingtime andthresholdfor a sin-
gle MWPC gap.At againof 10° the noiselevel allows
athresholdof ~ 6 primaryelectrons.

Unipolar pulse shapingis usedto minimise the
deadtime, which is the largest sourceof ineffi-

cieng. The signal hasan ion tail, with a con-
stantof tg ~ 1.5ns[50]. A dedicateccancellation
network is neededfor tail suppressionthe stan-
dard solution being a double pole/zerofilter net-
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Table 11 Parameterof front-endchipstested. The
peakingtimety, is givenfor smallvaluesof Cyet.

\ | to(ns) | ENC(e") | Rin(Q) |
PNPI 8 1250+50= /pF | 25
ASDQ++ 10 1740+37 /pF | 25
SONY++ | 10 1962+37e /pF | 25
CARIOCA | 10 750+30e~/pF | <10

work. The averagearrival time of the last elec-
tron is about30ns, sothe front endshouldnotin-
creasethe deadtime to morethan50ns. Thein-
put resistancanustbe smallerthan50Q, to limit
crosstalk from capacitve couplingbetweenadja-
centchannels.The noiselevel shouldbe assmall
aspossible. Sincethe detectorcapacitanceepre-
sentsa seriesnoisesource the noiselevel is com-
pletely determinedby the front-enddesign. The
ASDQ++ front end (seebelon) hasa good per
formanceacrossthe entire capacitanceange,so
that the 1740+37/pF noise of this front end is
specifiedas the maximum tolerated. The wire
signalsare AC coupledandthe HV loadingtime
is T = R .Cyec = 100us. This implies large base-
line fluctuationsat high ratesfor a unipolarlinear
signal-processinghain. The front end mustin-
cludeabaseline-restoratiocircuit (BLR) to avoid
this problem.

Variousfront-end chips have beenstudiedin
order to find the optimal solution for the muon
system. Their characteristiggarametersare sum-
marisedin Table11. The aim of the studieshas
beento find a single chip satisfyingthe require-
mentsfor all regions of the system. Resultsob-
tainedarediscussedbelow.

4.1.1.2 Comparison of front-end chips

ThePNPIelectronicq6], built from discretecom-
ponents,consistsof an on-chambempreamplifier
andanoff-chambemainamplifier Themainchar
acteristicsarea peakingtime of 8ns, aninputre-
sistanceof 25Q, and a tail-cancellationnetwork.
Theequivalentnoisechage (ENC) hasbeenmea-
suredto be 1250+50e/pFE This frontendwas de-
velopedespeciallyfor theMWPCsandsernesasa
referenceor all otherfront-endtests.

The SONY chip[51], originally developedfor
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the ATLAS TGCs, has beentestedon a proto-

type with readoutof both wire padsand cathode
pads[5]. The dravbacksof this chip area large

deadtime dueto the missingtail-cancellationcir-

cuit; a poor time resolution,due to the low sen-
sitivity; alarge peakingtime; andprovenradiation
hardnes®f upto only 50kRad.lIt is, therefore not

possibleto usethis chip without additionalcom-

ponents. With additional componentsthis chip

would be viable only for the chamberswith large

wire pads for whichtherequirement®n radiation
hardnessarelessstringent.For thelargewire pads,
theconnectiorof eightchannelgo onechipresults
in readouttraceswith a lengthof up to 25cm. It

is, therefore advantageouso have a preamplifier
closeto the pad,andto sendthe amplifiedsignals
to a multi-channelmain amplifier anddiscrimina-
tor. Sucha schemehasbeenimplementedwith a

discretecomponenpreamplifierand shaperclose
tothepad,andtheSONY chipservingasmainam-

plifier anddiscriminator(SONY++). This scheme
hasa performancevery similar to thatof the PNPI

electronicqd49].

The CMS electronicspriginally developedfor
the CMS cathode-strighambershasbeentested
onawire-padchamberbut gave unsatisactoryre-
sults, probablybecauseof the long peakingtime
of 30ns. Anotherdrawvbackof the chip is thelong
deadtime, in excessof 200ns. This chip is not
appropriatdor the LHCb muonsystem.

The ASDQ chip [47], developedfor the COT
chamberat Fermilab, is an offspring of the AS-
DBLR chip developedfor the ATLAS TRT. The
principle characteristicsare a peaking time of
8ns, a tail-cancellationnetwork, an input resis-
tanceof 280Q andan ENC of 1100+70Ce/pF. Ex-
cept for the large input resistanceand the noise
slope, this chip is well matchedwith require-
ments. The weak points have beenovercomeby
adding a common-basdransistorexternal to the
chip (ASDQ++). This lowers the impedanceto
about25Q (ASDQ++), andresultsin an ENC of
1740+37/pF[47]. Thisfront endis apossibleso-
lution for MWPCsin all regions.

The prefered solution, however, is the
CERN And RIO Current-modeAmplifier (CAR-
IOCA) [52], a0.25um CMOS chip, whichis atan
adwancedstateof development.Sampleguilt ac-
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Figure24 Dependencef equivalentnoisechaigeon
detectorcapacitancefor CARIOCA chip. The mea-
surednoiseslope(closedcircles)is 30e /pF, in good
agreementvith the calculation.

cordingto the final designshouldbe deliveredin
the secondhalf of 2002. The attractve featuresof
the technologychosenareradiationhardnessand
low cost. Moreover, the measurecENC is only
750+30e/pE Noise studiesfor a prototype chip
shav agreementwithin 10% betweensimulation
andmeasuremer(Figure24).

4.1.2 Resultsof MWPC prototypetests
4.1.2.1 Wire-padreadout

In region R4, only wire padswill be read, and
cathodeswill be grounded. Efficienciesof single
gapsand of a doublegapfor an 8 x 16 cn? wire
pad,with readouusingPNPIelectronicsis shavn
in Figure 25. The correspondinADC andTDC
spectrdor thedoublegap,at a voltageof 3.05kV,
areshavn in Figure26.

Eachlogical channelis to receve inputsfrom
two doublegapsperstation.Theefficiengy plateau
for a single double-gapchamberstarts at about
2.95kV (95%efficiengy) andendsat 3.35kV, giv-
ing a comfortableoperatingrangeof 400V. The
plateauendis definedby the voltageabove which
the dark countrate of a pad exceedsl kHz. The
intendedworking pointis 3.05kV, which is 100V
above the start of the plateau. This ensureghat
thereis goodredundang andthatthe muonsys-
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Figure 25 Efficiengy (20ns time window) andtime
resolutionmeasuredor two single gaps(shadedand
unshadedcirclues) and for one double gap (shaded
squares)for an8 x 16 cn? wire padreadusing PNPI
electronicq49].
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Figure 26 TDC spectrum(top) and ADC spectrum
(bottom)measuredor a doublegap,for an8 x 16 cm?

wire pad at an operatingpoint of 3.05kV [49]. The
tail in the TDC spectrumis dueto primary-ionization
statisticsandto electron-drifteffects.

tem has low sensitvity to ervironmental varia-
tions. The electrical crosstalk — the probability
thata particle crossingthe centreof onewire pad
causeghe firing of a neighbour— hasbeenmea-
suredto be 5% for 3.15kV and10%for 3.25kV.
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15, 20, 25ns) for a 4 x 16 cm? wire pad, read using
the ASDQ++front end[47].
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Figure 28 Double-gapefficiency (20ns time win-
dow) andtimeresolutionasafunctionof rate,for awire
pad. The fact that the time resolutionis unchanged,
andthe efficiency dropswith a slopeof 0.4%/10kHz,
shawsthattheinefficiengy is dueonly to pile-upof sig-
nalswith 50nsaveragepulsewidth [47].

The SONY++optionhasalsobeentestedwith
the wire-pad chamber and shavs a performance
very similar to that of the PNPI electronicswith
respecto efficiengy andcrosstalk.

The ASDQ++ performancefor a 4 x 16 cn?
wire pad(Cget~ 100pF)is shavn in Figure27,for
time windows of 15, 20 and25ns. Theefficiengy
in 20nsis 94%at2.9kV and99%at 3.15kV. The
plateauengthis 450V.
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Figure 29 Double-gapefficiengy (20ns time win-

dow) for a2 x 8 cm? cathodepad,readusingthe PNPI
electronicsaandusingASDQ++[47].

The electricalcrosstalk hasbeenmeasuredo
be2.5%at3.15kV and5% at 3.25kV.

Theresultof a high-ratetestis shavn in Fig-
ure 28. The efficiency loss dueto signal pile-up
is about0.4%/10kkHz for a 20ns time window,
compatiblewith themeasuredveragesignalpulse
width of 50ns. The fact that the measuredoot-
mean-squarevalue for the time resolutionis in-
dependenbf the rate indicatesthat, as expected,
thereareno detectoreffects.

4.1.2.2 Cathode-padreadout

In region R3, cathodepadswill beread,andwires
will be groundedat AC. The efficiengy for a 2 x
8 cn¥ cathodepad (Cqet = 40pF), readusing the
PNPIelectronicsaandusingASDQ++,is shavn in
Figure29.

The start of the plateauis shifted by about
100V relativeto thatfor thewire padsbecauséhe
signalon a cathodepadis only half the signalat a
wire pad. This still leaves a comfortableplateau
of 350V. The effect of theinput resistancen the
crosstalk is shavn in Figure 30. The pad-to-pad
crosstalk at the working point of 3.15kV is 22%
for ASDQ (Rp = 280Q) and 2.7% for ASDQ++
(Rin = 25Q). As expectedthecrosstalk is propor
tional to theinputresistance.

In the chambertested the cathodepadswere
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Figure 30 Cross talk betweentwo cathode pads
sharingan 8cm edge, for input resistance®f 25Q
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Figure31l Measuredandsimulatedcrosstalk for par
ticlescrossingthechambeicloseto the borderbetween
two cathodepads[47].

separatedby only 0.4mm, resultingin a crossca-
pacitanceof 1 pF/cm. In thefinal design,the pads
areseparatedby 1.3mm, with anadditionalguard
trace. This will reducecoupling, and therefore
crosstalk, by a factor4. The crosstalk dueto
directinduction (Figure31) is in goodagreement
with the simulation.
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4.1.2.3 Combinedreadout

In regions R1 and R2, cathodepadswill be read
following a chess-boargbattern. Wire padswill
alsobe readin stationsM2 and M3. The critical
issuesin theseregionsare, therefore,the readout
traceson the cathodeboards,and the combined
readoutof cathodesindwires. A prototypecham-
ber containingall of the cathodestructuresof R1
andR2 hasbeentestedwith the ASDQ++ chip. A
schematioview of this prototypeis shavn in Fig-
ure 32. The chambercontainstwo doublegaps:it
is afull-scaleprototypewith four sensitve gaps.

Small cathodepadswith an edgein common
(for example, 1s and 3s in Figure 32) shaved a
mutual capacitanceof 1pF The capacitancee-
tweenneighbouringsmall cathodepadswherethe
readoutraceof onepadrunsunderneatlthe other
pad(for example,1sand2sin Figure32) hasbeen
measuredo be 4pF. Both measuredtapacitances
matchthe simulationwell, shaving thatthesepa-
rametersarewell understood.

The efficiencies of small cathodepads and
large wire pads,for combinedreadout,areshovn
in Figure33. If thethresholdfor the cathodepads
hadbeenthe sameasfor the wire pads,the cath-
odeefficiengy plateauwould be shifted by 150V.
Theshiftis smallerin practicebecausehethresh-
old couldbesetlower for the cathodegpadsthanfor
thewire padstheformerhaving lessnoise.

Wire-padcrosstalk hasbeenstudiedby evalu-
ating the clustersizefor a chambeiinclination of
4° with respecto the beam. Clustersizesof 1.12
at3.15kV and1.23at 3.3kV have beenmeasured
for 1.2cmwire pads.

Electrical cross talk between cathode pads
throughwire pads,a crucialnumberfor the com-
binedreadouthasbeenmeasuredby focusingthe
beamon one cathodepadandcountingcross-talk
hits in its vertical neighbours. Only out-of-time
crosstalk hasbeenfound for this coupling,asex-
pected.The cross-talkprobabilities(padpositions
asshawvn in Figure32) are0.62%(5s)and0.57%
(3s)at 3.15kV, 1.9%(5s)and2.1%(3s)at 3.3kV,
well within designspecifications.Sincethe pads
testedcorrespondo the largestwire padsto be
usedwith combinedreadoutthiskind of crosstalk
will notposea problem.
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Figure 33 Efficienciesfor the two doublegapsof a
chambey for wire padsand cathodepads,with com-
bined readoutusing the ASDQ++ and an input resis-
tanceof 25Q. The thresholdfor the cathodepad is
lower thanthat for the wire pad,andsothe curvesare
very similar.

The electricalcrosstalk dueto direct capaci-
tive coupling hasbeenevaluatedby focusingthe
beamon pad 7s and countingthe hits on pad 8s.
The crosstalk is entirely in time, with probabili-
tiesof 1.9%at3.15kV and6.5%at3.3kV (mutual
capacitancef 4 pF). Sincethe mutualcapacitance
betweenpadswill be < 4pF in the entire muon
systemtheproblemof readoutraceds considered
solved.
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4.1.2.4 Conclusions

Test-beammeasurementfor prototypesindicate
that the MWPCs satisfy all requirementdor the

LHCb muon systemwith sufiicient redundang

All major potentialproblemshave beenshavn to

be solved. Theimportanttaskfor the nearfuture

is to testfull-size prototypeshaving all channels
equippedwith electronics,to evaluatethe perfor

manceof a completesystem.

4.1.3 Ageing

The performanceof chambersafterintenseirradi-
ation is a major concernof the experiment. Lo-
cal ageingtestshave beencarriedout at PNPI, us-
ing the samegasmixture and similar materialsto
thoseplannedfor the MWPCsof the muondetec-
tor. Thesetestsshav no ageingup to anaccumu-
latedchage of 13C/cm[53].

Globalageingtestsarebeingperformedat the
CERN Gammalrradiation Facility (GIF), which
provides a very intense(740GBq) 13’Cs source.
The CMS EMU group hasrecently conducteda
globalageingtestof this typewith achambef54]
similar to the LHCb chambers. This shavs no
seriousageingeffects up to collectedchages of
0.4C/cmonthewiresand0.5C/cn¥ onthecath-
odes.

A globalageingtestof a prototypeof a LHCb
MWPC, constructedvith thecomponentandma-
terials to be emplo/ed in the experimentis cur
rently in progress. Unlike the CMS chambers,
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Figure 34 Current(l) drawn in eachof four gapsin
the MWPC prototype asa functionof time. Theatmo-
sphericpressurg(P) during this periodis also shown.
Thegapsindicateperiodswherethe ageingtestwasin-
terruptedandthedip at 72 dayswasdueto alargedrop
in gastemperature.

this chamberhas gold-patedcathodes,as fore-
seenin the regions of highestirradiation, to im-
prove the ageingperformance.The chage accu-
mulatedso far is ~ 0.32C/cn? on the cathodes,
and about 0.1C/cm on the anodewires, corre-
spondingto abouttwo LHCDb years. The testwiill
continueuntil the endof 2001, whenan accumu-
lated chage of 0.5C/cm canbe expectedfor the
wires. This correspondto theirradiationof nearly
ten LHCb yearsin the regions of highestinten-
sity for which MWPCsare considered.Similarly,
theaccumulateadthage on the cathodeshouldbe
about1.7C/cn?. With the chage accumulatedo
date,no ageingeffectshave beenobsered. Cur-
rentsrecordedor eachsenstve gapduringthefirst
97 daysof testaredisplayedn Figure34,together
with thevariationin pressureTheincreasef cur-
rent after 23 daysand after 62 daysare dueto a
50V increasef highvoltage to accelerat¢éhetest.
The currentfluctuationsare mainly dueto varia-
tionsin temperatur@andatmospheri@ressure.

4.2 RPC studies

SeveralRPCprototypesave beenbuilt andtested,
to selectthe most appropriatesolution for the
LHCb muonsystem.Most of theresultsjn partic-
ularthoseon ratecapability have alreadybeenre-
portedelsavhere[3, 19]. In this section,previous
testsare briefly summarisedthenrecentdevelop-
ments,concerninghe front-endelectronicswider
readoutstripsandageingtests,arediscussed.

Chambersmeasuring50 x 50 cn¥?, and con-
sisting of one or two gasgaps, have beenbuilt.
A single gas gap has a depth of 2mm, and is
containedbetweenwo balelite plates,each2 mm
thick and characterisedby a resistvity of 9 x
10° Qcm. The basicstepsin the gap construction
are the following. First, a polycarbonatedrame,
7mm wide, is gluedto oneof the balelite plates.
Next, rows of disc-shapegbolycarbonatespacers,
(2.00+ 0.01) mm highand10mmin diameterare
gluedto the sameplate. The row separatiorand
the centre-to-centrelistancebetweenspacersare
both 10cm. The gasgapis closedby the second
bakelite plate,thenthe balelite’s internalsuriaces
aretreatedwith linseedoil. The externalsurfaces
of the balelite arecoatedwith a spray-onlayer of
graphite,which senesto distribute voltages,and
are covered with a PET insulating film, 200um
deep. Four gasinlets/outletsare positionedclose
to thestructures corners.

Thereadoutelectrodesare stripswith a width
of 3cm or 6¢cm, and lengths varying between
25cm and 50cm. Adjacent readoutstrips are
shieldedby 0.5mm guardstrips, to reducecross
talk.

The gasmixture usedis CoHzF4/CaH10/SFs
(95:4:1)[55]. The main constituent,CoHoF,, is
a non-flammable ervironmentally safe gas[55],
characterisedy high density and large primary
ionisation (> 60 primary ion pairspercm). The
percentagef isolutaneusedis below the flamma-
bility thresholdof 5.75%. The admixtureof Sk;
reducegheformationof streamers.

4.2.1 Front-end electronics

In Ref. [3], two possibilitiesfor the readoutchip
arepresentedthe GaAs-basedolutionadoptedy
ATLAS [10], andthe BICMOS-basedhip devel-
opedby the Bari group for CMS [56]. Unfortu-
nately theproductionproces®nwhichtheformer
solutionwasbaseds now obsoleteandsothe AT-
LAS chipmustberuledout.

Readouthas been performedusing two dif-
ferenttypesof front-endelectronics:(1) a “stan-
dard” chain consistingof hybrid fastvoltageam-
plifiers, with a gainof about300,followed by dis-
criminators; (2) the 8-channelintegrated chage
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Table 12 Nominal propertiesof the CMS readout

chip. _g ' q,,=81.6188fC
Technology 0.8um BiCMOS ® 0%|d=0.241154
Dimensions 2.9x2.6 mn¥ o8
Inputimpedance ~15Q %
Input polarity negatve 02 /
Dynamicrange 20fC-20pC . st
Thresholdrange 20fC —500fC P TN
Chagesensitvity ~1mV/fC go© R 01063
Preampbandwidth 116 MHz Beoo
EquialentNoiseChage 4fC 400
Outputpulsewidth 50ns—-300ns 30
Outputlevel LVDS 20
Pawver supply +5V, GND 100 I
Paver consumption ~45mW/channel R A A A

Figure37 Typicalresultsfor (top) responsasafunc-
tion of input chage and (bottom)time jitter, from chip

preamplifierdiscriminate chip usedby CMS.
calibrationat a nominalthresholdof 200mV.

TheASIC chipfor theCMSfrontendhasbeen
designedaindmanufcturedusing0.8um BiCMOS
technology The circuit comprisesightchannels, cludesan adjustablevoltagefor remotethreshold
each consistingof an amplifier a zero-crossing setting. The boardis poweredby a singlevoltage
discriminatoy a mono-stableand a differential supply
LVDS line driver. A block diagramfor a single The performancemeasuredfor the readout
channelis shawvn in Figure 35. The preamplifier chip is in agreementwith that seenby CMS,
hasan input impedanceof about15Q atthesig- with small variations among different channels
nal frequenciesThis valuehasbeenchosenn or- and chips. The threshold calibration is about
derto matchthelowestvaluefor the characteristic 1.1fC/mV. Figure 37 shawvs the responseas a
impedanceof the CMS strips,andis closeto the function of the signal chage, and the time jitter
characteristiampedancg13Q) of the 6cm wide  (root-mean-squarealueof lessthan0.11ns). The
stripsconsideredor the RPCsof the LHCb muon equialentnoisechage at the input is about4fC.
system. Thevariationin time delayamongthe eightchan-

The propertiesof the CMS readoutchip are nelsis lessthan 0.35ns, well belov the require-
summarisedn Tablel12. mentfor the applicationconsidered.

An 8-channefront-endboard(Figure 36) has
beenbuilt andtestedn thelaboratory This proto-
typeis designedo readeightstripsof 3cmwidth,
with the channelinputs directly solderedon the
strips,i.e. without intermediateconnectors.t in-
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Figure 39 Efficiengy curvesfor a single-gapRPCin
GIF, for theirradiationratesindicatedon theplot.

4.2.2 Resultsof RPC prototypetests
4.2.2.1 Rate capability

The maximumrate consideredn the RPC detec-
tor is 750Hz/cn?(seeTable2). The RPCperfor
mancefor sucha rate hasbeeninvestigatedusing
particlebeamsandthe CERN Gammalrradiation
Facility (GIF) [57]. The latteris designedo ex-
poselarge-areadetectorsto a continuousphoton
load, with fluxescomparabldo thoseexpectedat
LHC. The photonflux canbe attenuatedand ad-
justedusinga systemof filters. The setupfor the
GIF testsis shavn in Figure38.
Severalsingle-gapRPCshave beentested All
had the same design, with 3-cm-wide readout
strips. A double-gapRPC following the CMS
configuration (single central readoutplane) has
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Figure 40 Efficiengy andclustersizefor the logical
OR of two single-gapRPCswith readoutstrips 3cm
wide.

also beentested. The chambersvere readusing
the“standard”electronicyseeSection4.2.1).

All single-gapRPCs gave an efficiengy of
morethan95%for anirradiationrateof upto 1.8
kHz/cnm? over the entire detectorsurface. Fig-
ure 39 shavs an exampleof the measuredlepen-
denceof the efficiengy on the appliedvoltage,for
threedifferentirradiationrates.

To obtainthe efficiengy perstationrequiredin
themuonsystempairsof RPCswill beoperatedn
OR.Thisensuresnoverall efficiencgy greatetthan
99%, with a meanclustersizebelov 2, asshavn
in Figure40. Thedouble-gagRPCalsohada high
efficiengy, but is not consideredh valid option be-
causethe meanclustersizeis significantlygreater
than2 [3]. This is attributed to the fact that the
readoutplaneshave a different electricallayout,
favouring crosstalk.

4.2.2.2 Comparison of front-end electronics

The BiCMOS chip is usedby CMS for double-
gapRPCs which differ from the LHCb chambers
in terms of the layout of the readoutplane and
the compositionof the gasmixture (no Sks). A
checkthatthe chip performssatisactorily with the
LHCb setuphasthereforebeencarriedout. For
this check, a single-gapRPC was equippedwith
BiCMOS electronicsto readthe signalscollected
on 16stripsof 3x 25 cmP. Thesestripsweretermi-
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Figure 41 Comparisorof testresultsfor two identi-
cal chamberspne equippedwith “standard”electron-
ics, and onewith CMS electronics. Resultsare given
for (top) efficiency asafunctionof theappliedvoltage;
(centre)efficiency as a function of clustersize; (bot-
tom) clustersize asa function of positionin the strip.
Thereadoutstripshadawidth of 3cm.

natedwith their characteristiempedanceof about
27Q. The efficiency andclustersize of this RPC
werethenmeasuredn atestbeam.

A secondsingle-gapRPC equippedwith the
“standard’electronicshasbeentestedn the same
conditionsand sened as a reference. The strip
lengthfor this referenceRPCwas50cm. For tech-
nical reasonsthe effective thresholdsof the two
RPCswere different: about120fC for the refer
enceRPC,andabout180fC for theRPCwith BiC-
MOS electronics.

Theresultsof thetestareshavn in Figure4l.
Thetop plot shaws the efficiency asa function of
the appliedvoltage,the plateaustartingat higher
voltagesfor the BICMOS RPC becauseof the
higherthreshold. The centreplot shaws the rela-
tion betweencluster size and efficiengy, not ex-
pectedto dependon the thresholdvalue. Finally,
the bottom plot shavs the clustersize as a func-
tion of the positionat which a particlecrosseshe
strip. The peakscorrespondo particleshitting the
boundarybetweenwo strips. Therelative shift in
the peakpositionsfor the two detectorstestedis
dueto the differentalignmentswith respecto the
beam.The smalldifferencedetweerthetwo sets
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Figure 42 Time resolutionof a single-gapRPCwith
readoutstrips of 6cm width and BICMOS electronics
(triggerresolutionunfolded).

of resultscanbe understoodsbeingdueto differ-
encesdn the appliedthresholdsandtiming proper
ties of thetwo electronicchains.

The conclusionfrom thesetestsis that the
CMS BiICMOS electronicgperformssatistctorily
andcanbe chosenasthe baselinesolutionfor the
RPCreadout.

4.2.2.3 Performancewith large strips

The measurementdescribedabove have all been
obtainedusingreadoutstrips3cm wide. The pos-
sibility of reducingthenumberof readouthannels
by doublingthe strip width hasbeenput forward,
andis now the preferredsolution (seeTable 16).
First testsof the detectorperformancewith read-
outstripsof 6 cmwidth have beencarriedoutwith
cosmicrays, usingthe BICMOS electronics.The
readoutstripsusedwere30cm long andwereter
minatedwith their characteristiempedance.This
wasaboutl13Q, or half thevaluefor stripsof 3cm
width. Thetime resolutionmeasureds betterthan
1.2ns,asshawvn in Figure42, andthe noiserateis
lessthan0.5Hz/cn?.

Figure43 shavs theefficiengy asafunctionof
appliedvoltagefor thresholdvaluesof about70fC
and100fC. Theefficieng in theplateauvaslarger
than97% in both cases.A first measuremenin-
dicatesan averageclustersize of aboutl.2 up to
the highestvoltagesapplied. However, a precise
assessmertf the capacitve andgeometricatcon-
tributionsto the clustersizerequiresfurther mea-
surementsysingparticlebeams.
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Figure43 Efficiengy asafunctionof appliedvoltage
for asingle-gapgRPCwith 6 cm readoutstripsandBiC-
MOS electronics for two thresholdvalues. Measure-
mentswereperformedwith cosmicrays.

4.2.2.4 Conclusions

Theprototypetestsbriefly describedn this section
have shavn that:

1. single-gapRPCscanbe operatedat ratesof
1.8kHz/cmPwithout degradationof perfor
mance;

2. the BICMOS readoutelectronicsdeveloped
by the CMS collaborationcan be usedfor
theRPCreadout;

3. readoutstrips with a width of 6cm shawv
goodperformance.

4.2.3 Ageing

RPC detectorshave not previously beenoperated
undersuchheary backgrounatonditionsasareex-
pectedatthe LHC. Ageingtestsperformedby the
RPCgroupsof ATLAS andCMS have shawvn that
their detectorscan withstandthe radiation doses
expectedin thoseexperimentd58, 59]. However,
thebackgroundevels expectedat LHCb polaran-
gles are an order of magnitudemore severe [8].
An ageingtestis thereforebeingperformedwhich
shouldrealisticallyreproducehe conditionsof the
LHCb experiment.

It hasbeendemonstratethattheresistvity of
balelite is unafectedby radiationdosesseveralor-
dersof magnitudehigher than thoseexpectedin
LHCb [3]. The otherparameterelevantto char
acteriseageingis thechagetransportedcrosshe
RPC
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Figure 44 Summaryof the GIF ageingtest during
thefirst threemonthsof 2001,shaving (top) total inte-
gratedchage densityfor theirradiatedRPC and(bot-
tom) the GIF activity (time with source‘on”).

Assuminga maximum particle flux of ®y =
375Hz/cn? in region R3, and taking 30pC as
the averageavalanchechage in the RPC (seebe-
low), the currentdensityis foundto be aboutJ =
11nA/cn?, andthetotal chageaccumulatedh 10
LHCb years(1(s) is aboutQqoy = 1.1C/cn?. In
region R4 (®g ~ 100Hz/cn¥), the currentdensity
andthetotal chageareabout70%lower. For com-
parison,an accumulatechage of 0.3C/cn? has
beenreachedn the ATLAS test[58].

In the LHCDb test, startedin January2001, a
singlegapRPCwill beirradiatedatthe GIF facility
for at leastoneyear The chamberundertestis
positionedat a distanceof aboutone metrefrom
thesource.This givesacurrentdensityaboutthree
timeslargerthanin the experiment.

Theperformanceharacteristicef anRPCde-
pendon several parameterstherthanirradiation,
including, for example,temperatureandpressure.
To isolatethe effect of the irradiation, a second,
similar, chambeis operatedutsidetheirradiation
area,andis usedasa reference. The two cham-
berswerethoroughlytestedn the T7 beambefore
installationat the GIF. During irradiation,the cur
rent, temperaturepressureand countingratesof
thetwo chambersarecontinuouslymonitored.

The averagechage generatedy background
hits hasbeenmeasuredinderthe assumptiorthat
all currentdravn by theirradiatedchambelis due
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ated chamberand referencechamber The integrated
chage density collectedby the irradiatedchamberis
about0.2C/cn? (seetext).

to the obsered hits, taking into accountthe clus-
ter size. The value measuredn this way is about
30pC.

Figure44 summariseshe GIF testduringthe
first threemonthsof 2001. The upperplot shavs
the integratedchage per cnm?. The lower plot
shavstheduty cycle. Thishas,unfortunatelybeen
ratherpoor, sothatonly 0.2C/cn? have beenac-
cumulatedsofar. A first checkof the performance
after irradiation with this integrated chage has
beenperformedby measuringhechambercharac-
teristicsatthe CERN T11 beam.Figure45 shavs
the measureafficiency asa functionof rate?. No
differencein performancebetweenthe irradiated
andthereferencaletectothasbeenobseredupto
ratesof atleast3.5kHz/cnm?. Thetotal chage ac-
cumulateccorrespondso abouttwo yearsof oper
ationfor the detectorsn region R3 andfour years
in region R4. At the presentate,it shouldbe pos-
sibleto collectabout0.7—0.8C/cn?by the endof
2001, correspondingo abouteight LHCb years
with the conditionsof region R3.

2The differencebetweenthe radiation load of photons,
producedat the GIF, and pions, usedin the testbeammea-
surementsinducesa differentrateperformancg3, 7].
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5 TechnicalDesign

5.1 The MWPC detector

The LHCb muonsystenmwill useMulti-Wire Pro-
portional Chamber{MWPC) for the four regions
of stationsM2 andM3, for regionsR3 and R4 of

stationM1 andfor regionsR1 andR2 of stations
M4 andM5. Thefull systemcoveredby MWPCs
consistsof 864 chambersand about80,000 FE-

channels.An overvien of the MWPC detectoris

givenin Table13.

5.1.1 Detectoroverview and requirements

Therequiredgeometricatolerancegor the cham-
ber constructionhave beendeterminedbasedon

GARFIELD [60] simulations, practical consid-
erationsand prototyperesults. For the simula-
tions[50] amaximaltolerablevariationin gasgain
of +20% hasbeenassumedand only individual

parameterdiave beenvaried while the other pa-
rametershave the designvalue. The maximalde-
viationsof single parameter$rom the designval-

uesaregivenin Table14 togethemwith theaccept-
able geometricakolerances.The geometricatol-

erancegsombineall singleeffectsandaretherefore
morestringenthanthemaximaldeviationsfor sin-
gle parameters.

Table14 Geometricatolerancedor the MWPCs.

Parameter Maximal | Acceptable
Deviation | Tolerance
PanelThickness +200pm
Panelflatness + 75um + 50 um
Gasgapsize + 80um + 70 um
Wire planeoffset | &300um | £ 100um
Singlewire offset | + 250pum | + 100pum
Wire pitch 4+ 80um + 40 um

5.1.2 Chamber componentsand design

Thegenerabesignandconstructiors thesamefor
all chambersndis discussedh detailin Ref.[61].
They have four separatgasgapseachwith anan-
odewire planeand,in regionsR1 to R3, a plane
of cathodepads.In Figure46 onecanseea Cross
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Figure46 A crosssectionof thewire chambershaw-
ing thefour gapsandtheconnectiorto thereadoutlec-
tronics.

sectionof one chamberwherethe four gasgaps
areshavn, togethemwith the connectiorto the FE
electronics.

Themaincomponentgor the MWPCsarethe
following:

e Structuralpanelswith FR4 laminates(total
thicknessl0.2+ 0.2mm);

e Wire fixation bars with 2.40 &= 0.08mm
thickness;

e Gold-platedtungsterwiresof 30 um diame-
ter;

e Sidebarsof 4.9+ 0.08mmontheshortside
of the chamberwherethe gasinletsarelo-
cated;

e Gapbarsof 2.40+ 0.08mm thicknesson
top of the wire fixation barsto closethegas
gapoverthelong sideof thechamber;

e Spaceralongthe chambeiborderto ensure
precisionof thegasgapof 5.00+ 0.05mm.
5.1.2.1 Panels

The panelsare the basisof the chambemechan-
ical structure. The requiremenbn the flathessof
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Table13 Summarytableof the MWPC detector

\ | StationM1 | StationM2 | StationM3 | StationM4 | StationM5 | Sum |
ChambersRegionR1
Numberof Chambers 12 12 12 12 48
Sensitve area( cn?) 30x25 32.4x 27 34.8x29 | 37.1x30.9
Anodechannels 96 96 2304
Wire padsize( mnr) 6.3x250 | 6.7x270
Numberof wires 800 864 928 992 4.4x 10
Cathodechannels 128 128 192 192 7680
Cathodepadsize( mm?) 37.5x31.3 | 40.5x33.7 29x 36 31x39
ChambersRegionR2
Numberof Chambers 24 24 24 24 96
sensitve area( cnP) 60x25 64.8x27 69.5x29 | 74.3x30.9
Anodechannels 96 96 4608
Wire padsize( mnv) 12.5x250 | 13.5x270
Numberof wires 1600 1728 1856 1984 1.7x10°
Cathodechannels 128 64 96 96 9216
Cathodepadsize( mm?) 75.0x31.3 | 162x33.7 58x72 62x77
ChambersRegionR3
Numberof Chambers 48 48 48 144
Sensitve area( cnr) 96x 20 120x 25 129.6x27
Numberof wires 2560 3200 3456 4.4x10P
Cathodechannels 192 192 192 27648
Cathodepadsize(mn?) | 20x100 25x125 27x135
ChambersRegionR4
Numberof Chambers 192 192 192 576
sensitve area( cnr) 96x20 120x25 | 129.6x27
Anodechannels 48 48 48 27648
Wire padsize( mnr) 40x200 | 50x250 | 54x270
Numberof wires 2560 3200 3456 1.8x10°

+50um is of critical importancefor gasgainuni-
formity andconsequentlyor the width of the op-
erationalplateau.

A panel consistsof two copper clad FR4
(fire-resistantfibreglass epoxy) laminates, inter
leaved with a core. For the core various mate-
rials are underinvestigation. Besidesthe panels
basedon Nomex hong/comb, othermaterialslike
polyurethanicfoam and Chempir[62] are under
consideration.The choicefor the core materialis
still to bemade.

Honeycomb panels: It has been demon-
stratedin several prototypesthat Nomex honey-
comb panelswith the required specificationcan
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beproduced.Therefore FR4-laminate®f 1.6mm
(0.8mm) thicknesswith ~ 30um coppey inter
leaved with 7mm (8.6mm) hong/comb are the
baselingpanelfor thechambeiconstruction How-
ever, the productionof suchpanelsis rathertime
consumingand expensve. Thereforeother solu-
tionslike the onebasedon polyurethanidoam or
chempircoreareunderinvestigation.
Polyurethanic foam panels: The panelsare
composef two sheetf FR4filled with arigid
polyurethandoam, which is the resultof a chem-
ical reactionbetweertwo componentsthe polyol
and the isogyanate. A panelof 20x20x1 cm?
with arigid polyurethandoam(ESADUR120)has
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Figure47 Cathodestructureandchambercomponentsor an MWPC designedor region R3.

beenproducedisinganonprecisemould,shaving
a very high mechanicarigidity. Small andlarge
precisionmouldsof 30x30 cm? and40x 150cn?
are under preparationto test the requestedpla-
narity andto verify theconstructiorsequenceThe
mouldshave to sustaina pressuref 5kg/cn? due
to the expansionof thefoam.

Chempir panels: Similar to the other op-
tions, the panelsare composedof two sheetsof
FRA4,in this caseinterleaved with a polyisocianu-
rate core (ChempirCore 75 [62]), which canbe
rectifiedwith very high precision(+ 10um) atlow
cost. First testshave shavn that suchpanelspro-
videtherequiredrigidity. Thelongtermbehaiour
is underinvestigation.

5.1.2.2 Cathodeplanes

DetailedPSPICE[63] simulationshave beencar
ried out in orderto minimisethe capacitancend
thecrosgalkinducedby thereadoutracesunning
underthe cathodepads|[16] (seealsoSection4.1).
The studiesshaved that, in orderto minimisethe
cathodecapacitanceit is preferableto have two
panelswith cathodepadson both sides,insteadof
having four panelswith cathodepadson only one
side(seeFigure48). Moreover, sucha configura-
tion provides bettershieldingto the cathodesas
they arealwayssurroundedy detectorground.

In all regionsthe crosstalk canbe keptbelow
the 5% level, which is within the requirement$or
themuonsystem.

In region R3 the cathodegpadscanbeaccessed
from thetop andbottomof the chambergseeFig-
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Figure 48 Cross section of the chamberwith a
schematiof thereadoutchain.

ure 47). This avoids the use of a double layer
boardin PCBtechnologyfor the cathodestructure
in this regions, which are difficult to producein

therequireddimensionsof 140x 35 cn?. Firstin-

vestigationsof usinga milling machineto realise
the cathodestructureare promising,but a full test
hasstill to be carriedout. Guardtracesof 0.5mm

width betweenthe cathodepadsare foreseento

minimize the crosstalk. Thewidth of the insulat-
ing surfacebetweenthe padsandthe guardtrace
should not exceed0.4mm to avoid problemsof

chageup athighrates.

In regions R1 and R2 the cathodeshave a
chessboardstructure, as indicatedin Figure 49.
Only a fraction of the cathodepadsof region R1
and R2 can be accessedrom the border of the
chamber Most of the padshave to be read by
tracesrunningon the bottomof the cathodeboard
to the edgeof the chamber A doublesidedPCB
will be usedto implementthis structure. Spe-
cial carehasto be taken to minimize the capaci-
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tancebetweerthereadoutracesandthepads.The
readouttracesof 0.25mm width are separatedby
0.25mmgroundtraceswith agapof 0.25mm. The
padsareconnectedhroughmetallizedholesto the
readoutraces.

5.1.2.3 Wirefixation bars and gap bars

On the long sidesof the panelswire fixation bars
areglued. The barshave a thicknessof 2.4mm,
0.1mmlessthantheanode-cathoddistance They
will be madeaccordingto standardprinted cir-
cuit boardtechnology A patternof finger padsis
etchedon the barswhich will be usedfor solder
ing thewires. They areinterconnectedh groups.
Thegroupingof wiresis determinedn the caseof
anodewire readoutby the requiredgranularityin
the x-coordinate. In orderto minimize the cross
talk in the caseof cathodepadreadoutwires are
groupedtogetheraccordingto the x-dimensionof
the cathodepads.

The wire fixation bars and the other frames
will be correctly positionedon the panelsusing
a set of guide postswhich are insertedinto the
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frames. Cylindrical spacers,(5.00 + 0.05)mm
thick, guaranteehe exactgapalongthe perimeter
of the chamber In this casethe wire fixation bars
andtheotherframescanhave standardolerances.
The sidebarshave additionalholesfor the gasin-
lets/outlets. This solutionis both lessexpensie
anddoesnot requireaccurateglueingto maintain
therequiredtolerences.

5.1.2.4 Wire

The total number of wires in the chambersis
about2.5 x10°, with a total wire lengthof about
1200km. Therefore,a greatdeal of effort has
beenexpendedo developanefficientandreliable
schemeof winding and attachingwires, as dis-
cussedn section5.1.3.

Gold-platedtungstenwire of 30 um diameter
hasbeenchoserfor the chambers Measurements
have shavn alinear dependencef the elongation
on the appliedweight up to 140g. At the wire
spacingof 1.5mm, afreewire lengthof 30cmand
with nominal HV of 3.15kV, the wires become
electrostaticallyunstableif their tensionis belov
30g. The chosenwire tensionis (60 + 10)g,
controlledwith a standardwire tensionerduring
wiring.

5.1.3 Chamber construction and tooling

Two possiblewaysto build the chamberswvith the
above parameterdiave beenconsidered. Oneis
producingpanelswith wireson bothsides(double
gaps)theotherwith wiresononesideonly (mono-
gaps). The two optionscan be seenin the draw-
ing of Figure50. Both methodshave their merits.
The mainadwantageof monogapsis thatthe pan-
elscanbehandledmoreeasilyduringthe detector
constructionMoreover, in caseof incurableprob-
lemsduringthe glueingor solderingprocessonly
onegapwould belost. Doublegapwiring, onthe
otherhand,is betteradaptedo thecathodedesign,
which is basedon two doublegapsinsteadof four
singlegaps,aspointedout in section5.1.2.2. All
prototypesave beenbuild sofarwith adoublegap
structure.Hence this designis alsobacled up by
experienceand positive resultsfrom tests. The fi-
nal choiceof the constructionmethodhasstill to
bemade.
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Figure51 Schematidrawing of theframecrosssec-
tion.

Prior to thewiring a panelis assembledn the
following way:

¢ thesidebarsareinsertedin the guide posts
andgluedto thepanels;

o the wire fixation bars are also positioned
using the guide posts(theseare especially
neededf thebarsaremadeof severalpieces
dueto thechambeilength)andgluedto the
panels;

e thegapbarson top of thewire fixation bars
aregluedto thepanels.

Thefinal assemblycanbe seenin Figure50.

5.1.3.1 Wiring

Double sidedwiring is doneby winding directly
aroundthe hong/comb panels. In this way sym-
metrically loadedpanelswith wire planeson both
sidesare produced. The panelis fixed to a rigid

frame where the positioningcombsare mounted
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(seeFigures51 and52). To achieve the required
precision,the wire spacingis determinedby the
combswhile theanodeo cathodeadistances given
by theadjustmenbars.

e Grooved combs: The grooved combshave
a diameterof 15mm andaremachinedn a
precisewayto have apitchof 1.5mm,which
determinesthe wire spacing. The groove
depthis of about0.25mm, hencethe inner
diameterof the combsis smallerthan the
distancebetweerthetwo wire planes.

e Adjustmentbars: The wire heightwith re-
spectothecathode-planes adjustedy pre-
cision barsmountedto the frame. On one
side the bars are fixed, and on the other
they canbeadjusteddependingonthepanel
thicknesdo achiere awire to cathodeplane
distanceof 2.5mm.

Thewiring procedurevastestedior a700mm
long detectorpanel, and the averagepitch mea-
suredwas 1.5 mm with a root mean squareof
14um. This precisionis well within the specifi-
cationsof +40um. For biggerchambersthe panel
shouldbefixedto theframealongits long sideev-
ery500mmto avoid differencesn sagbetweerthe
panelandtheframe.

The productionof panelswith wireson a sin-
gle sidecouldbedoneusingthesamewinding ma-
chine,but with adifferentframe.Basednacalcu-
lation, no deflectionof the panelsis expecteddue
to theasymmetridoadof 60g perwire. Testsdone



Figure52 Wiring of apanelmountedo thealuminiumframe.

Figure53 Thelasersolderingandthe solderdispenser
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on both deflectionandtorsionof a panelwired in
this way confirmedthis. Thewiring guidelinesare
the sameasmentionedor doubledsidedwiring.

5.1.3.2 Glueing

Onceaframeis wired, it canberemovedfrom the
winding machineto have the wires gluedandsol-
dered. This separateshe threeimportantstepsof
thechamberconstructiorandallows aparallelpro-
duction.

The wires are gluedto the wire fixation bars
beforesoldering. This procedureguaranteeshat
thewiresarekeptin placewith afixedheightwith
respecto the cathodeplane. Thegluing alsokeeps
the wire tensionto its nominal value. Standard
epoxygluelike Adekit A145[61] polymerizingin
about24 hoursatroomtemperatures foreseerfor
thewire glueing.

5.1.3.3 Soldering

One of the cleanestsolderingmethodsis the use
of alaserbeam. Due to the large numberof sol-
dering pointsin the constructionof the MWPCs
(~ 5 x10°), the useof an automatedandreliable
methodis desirable.A testwasmadewith anau-
tomaticsolderingstation[61] (seefigure53).

The resultof the testwas very cleanandthe
controlof local heatwasvery good. The wire suf-
fers lessheat stresswith respectto corventional
techniques.

Usingaconserative valueof 3sfor thesolder
ing of onewire and assuminghatthe final setup
will be equippedwith two laserheads,the time
evaluatedfor the wire solderingof all MWPCs
would be 2100 hours. This numberdoesnot in-
clude the time spentfor the layer settingup and
for the requiredchecks,which is proportionalto
thenumberof chambers.

5.1.3.4 Final assembly

To proceedwith the final assemblyof the cham-
ber, five panelsshouldbeready:two doublesided
wired panelsandthreegroundpanels(or four sin-
gle sidedwired panelsandonegroundpanel).All

the panelsare already equippedwith side bars,
wire fixation barsand gap bars. The cylindrical
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precisionspacersareinsertedin the holesaround
thechamberandthe panelsareassemblednaking
useof the guide postsat the four corners,asin-

dicatedin Figure54. For thefinal closingof the

chambersthe five panelsare kept togetherwith

scravs. In the side bars, the gas inlets/outlets
for eachgap are mounted. The gastightnessis

obtainedby gluing the five panelstogetherwith

epoxyglue.

5.1.4 HV and FE interfaces

Several constraintsdeterminethe available space
for andthelocationof thethe HV-interfaceandthe
readoutelectronics:

¢ Densityof channelsn innerregions;

e Spaceproblemsdueto the proximity to the
beampipein regionRR1;

e Connectyity requirementsiueto logic ORs
on FE-electronicsards.

As a consequencethe border region of the
chambershave the spacerequirementssumma-
rized in Table 15. Theseparametergensuresuf-
ficient spacebetweerthe chamberdor therouting
of cabledor readouthighandlow voltage andgas
pipes. A detailedstudyof thesecombinationgor
thevariousstationsandregionsleadto thescheme
shawvn in Figure46.

Tablel5 Spacaequirementaroundthesenstvearea
to the borderof the chamber

| Spacerequirements \ \

Top with anode/cathodeeadout| 85mm
Bottomwith cathodereadout 70mm
Bottomwith noreadout 35mm
Sidewith noreadout 50mm
Sidewith cathodereadout 60 mm

5.1.4.1 HV interface

The HV connectionis realizedby interfacecards
which carry the loading resistorsand the decou-
pling capacitors.The HV boardswill alsocarrya
large amountof groundconnectionson the other
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Figure54 A sketchof theMWPC assembly

side to reducepickup noise. Samplesof these
cardswill betestedin real configurationswvith ex-

isting wire chambeiprototypeso checkthe valid-

ity of this solution. The value of the decoupling
capacitorshouldbe much larger thanthe capaci-
tanceof the group of wires connectedo it. This

ensuresa low impedanceo groundor to the am-
plifier. A valueof 0.5-1nF satisfiesthis condition
in all cases.

The upperlimit on the HV loadingresistoris
givenby the maximalallowed voltagedrop, while
the lower limit is set by the introducedparallel
noise.Thechoicefor theresistords thereforel00
kQ.

5.1.4.2 FE interface

The FE electronicswill be implementedin two
stagesithe first stageas a sparkprotectionboard
(SPB) and the secondas the Amplifier-Shaper
Discriminator(ASD) chipboard(ACB). The ACB
is mountedasshowvn in Figure46 onthe SPB.This
design keepsthe distancethe signals must pro-
pogatefrom thewire padsandcathodepadssmall.
The dimensiondor theseboardsare given by the
thicknessof the chamber(70mm) and the maxi-
mal allowed spacebetweeradjacenboardsonthe
chamber50mm). The 50mm are determinedoy
regionR1,wherethehighesigranularityof readout
channelsoccurs. Eachboardrecevesthe signals
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of 8 readoutchanneldrom eachdoublegap,thus
atotal of 16 channels.

The SPBwill be a 50 x 70 mn? two layer
boardthatcontainsasystenof resistoranddiodes
for eachchanneldesignedo limit the voltagein
the eventof a sparkor dischage. Thedesignuses
atwo stagedoublediodeschemeThisdesignfully
protectghereadoutchannels.

The ACB is a 50 x 70 mn? four layer PCB
containingtwo ASD chips,for which the prefered
solutionis the CARIOCA chip (seeSection 4.1),
andthechip, which providessomebasiclogic and
diagnosticfunctions(seeSection5.3.2).

5.1.5 Quality control and testing

Quality testsof the individual chambercompo-
nentsandfor theassembledhambeiareforeseen.
Thekey itemsto be checled duringchambercon-
structionarethefollowing:

e Panelplanarity, which canbe verified with
aproperapparatus;

¢ Wire quality, with optical inspectionand
testsof mechanicapropertieson samples;

¢ Wire trimming to checkthatthe wire is cut
sufficiently closeto thesolder;

e Soldering quality, to check the electrical
continuity after the semi-automaticsolder
ing andtrimming of thewires.



¢ Wiretensioncheks usinganautomatedes-
onanceamethod;

e Wire positioning to be verified on a small
setof pointson eachwire plane;

e Gastightnessto be verified usingstandard
proceduresuchasapplyinga small under
pressurego the chamberin an He-bagand
looking for possibleeaks;

e HV training andtests This testwill bethe
mostimportantas it will certify the qual-
ity of the productionfrom eachcentre. A
“good” chambershouldbe ableto sustaina
voltagewell into the operationaplateaufor
a minimum numberof hours, after training
with an automatedorocedurenasbeenper
formed.

Afterwardsthe chambermwill beinspectedor
uniformity in its responseA very efficientmethod
is to perform a scanof the wire planeswith a
source checkingthatthe meanvalueandthe stan-
dard deviation of the measurecturrentis within
specificationsover the chamber In addition, a
completetest with cosmicraysto determinethe
efficiengy plateauandtime resolutionwill be per
formed.As faraspossibletheseestswill bedone
with thefinal electronics.

Importantinformation aboutindividual com-
ponentsandthe final chambemwill be storedin a
databaseThis allowsto retrieve atary timethere-
sultsof all quality control measurementandwill
aid in understandingossibleproblems.

5.2 The RPC detector

The prototypetestsdemonstratehat the require-
ments of efficieng, redundany, rate capability
and cluster size are optimally met by a solution
basedon chamberanadeof two identical single-
gap RPCs,eachwith its own strip readoutplane
(Figure55). This allows two independentietector
layersperstation. Thetwo strip planesarereadout
independentlyandthe signalsfrom corresponding
stripsin the two layersarelogically OR-ed. The
two gapsof theRPCareconnectedo independent
HV supplies.Thisallowstheadjustmenof theHV
for slightly differentplateauvoltages.In addition
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Figure55 Schematidayoutof thechambemwith two
independensinglegapRPCs.

oneof thegapscouldbe switchedoff, if necessary
atthe price of a smallreductionof the overall effi-
cieng.

5.2.1 Detectoroverview and requirements

The main parametersf the RPCsystemaresum-
marisedin Table 16. The minimal number of
chamberttypesper stationis obtainedwith cham-
bersizeshaving anactive areaof 139x 29cn? and
148x 31 cn? in stationM4 andM5, respeciiely.
In region R4 the stripshave full length (about30
cm), with the readout at one end. In region R3
they aresplitin themiddleandarereadout atboth
ends. In both caseghe electronicsboardsarein-
stalledon the chambethorizontalsides. The strip
width in stationM4 (M5) is 5.6(6.0)cm, with a
pitch of 5.8(6.2) cm andinterleared with narrav
groundstripsof 0.5mm.

Maximum standardisatiotasbeenanimpor
tantgoalin the detectordesign:

¢ thedimension®ftheRPCgapsarethesame
everywhere;

e chambersf region R3 andR4 in the same
stationhave the samesensitve areabut dif-
fer in the vertical strip dimensionwhich in
region R3is half thatin region R4;

¢ the sensitve area(differentin station M4
andMb) is definedby the strip readoutand
by the graphitelayer(seelater);

Uniform operationwithin each chamberre-
quirescontrolling the planarity of the gasgapsat
thelevel of £10um.



Table 16 Main parameter®f the LHCb muonsystemin the regionsequippedwith RPCs. Whererelevantthe
horizontaldimensionj.e. the onein thebendingplane,is givenfirst.

Physical quantities: RegionR3 RegionR4

StationM4 | StationM5 || StationM4 | StationM5
Detectorsurface(m?) 19.3 22.1 77.4 88.3
Horizontaldimension(cm) 139 149 278 297
Verticaldimension(cm) 116 124 232 248
Chambeisensitve area(cn®) 139x29 | 148.5x30.9| 139x29 | 148.5<30.9
Channekize(cn?) 5.8x14.5 | 6.2x15.5 5.8x29.0 | 6.2x30.9
Maximal rate(Hz/cn¥) 750 650 250 190
Numberof chambers 48 48 192 192
Total 480
Physicalchannelperchamber| 48x2 | 48x2 | 24x2 | 24x2
Total 27648
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Figure56 Chambercrosssection:Al-polystyreneex-
ternalpanels(1); HV contacts(2); RPCdetector3);
multi-pin connectors(4); polycarbonatespacers(5);
strip planeg(6); aluminiumexternalprofiles(7).

5.2.2 Chamber design

A detailedcrosssectionof the basicchamberis
shavn in Figure 56. The chamberis made by
two independenRPCdetectorseachwith its own
readoutstrip plane. All componentsare sup-
ported and kept togetherby meansof two sup-
portpanelsvhichalsoprovide the necessaryigid-
ity to the chamber The panelsare madefrom
polystyrenefoam (density40 kg/m®) sandwiched
betweertwo aluminiumsheetg0.5mm thick) and
gluedwith epoxyadheste. The overall thickness
of eachpanelwill be aboutl0mm. Thesepanels
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arerigidly connectedn the sidesby shapedalu-
minium profiles,0.5mm thick. Sinceit is impor
tant that the panelsprovide an adequateand uni-
form pressureon the detectorassemblythe pos-
sibility to have them pre-loadeds underconsid-
eration. This could be obtained,for example, by
glueing them on a templatein sucha way asto
have a non-zerosagitta. Where possiblethe use
of standardcommercialmechanicaitemswill be
pursued.

The gas gap of eachRPC detectoris made
of two balelite plates,2mm thick, andlaminated
with athin melaminefoil onthesurfacein contact
with thegas.Thepurposeof themelamindayeris
toimprove thesurfacequality of thebakelite plates
overthatof purelyphenolicplateg11]. Thechoice
of the balelite volumeresistvity is drivenby con-
siderationsaboutrate capability As mentionedn
the previoussection satishctoryresultshave been
obtainedwith volumeresistvities slightly lessthan
10°Qcm. Hence bakelite plateswith volumere-
sistivitiesin therangeof (84 2) x 10° Qcmwill be
used.Ontheoutersurfaceof thegapsthebalelite
is paintedwith a conductve graphitelayer (resis-
tivity about100 kQ/square). The graphitelayer
distributesthe HV andgroundonthebalelite, and
is electricallyinsulatedoy meansof a200um thick
Polyethylene-&raphtalatg PET) film glued onto
the graphiteitself by a “hot melt” process.

To ensureapreciseandconstangapwidth, the



balelite platesare kept parallel by polycarbonate
spacers,10mm in diameter and 2.004+0.01mm
in height. Theseare positionedwithin eachgap
to form a squarearray with a 10x10cn? basic
repeatingcell. The topologyfor spacerposition-
ing is differentin the two RPCsof a chamberto
avoid correlatingthe insensitve areas.A polycar
bonaterectangularframe, 7mm wide and of the
sameheightandtolerancesasthe spacersis used
to closethegapattheedges.Thecirculationof the
gasis insuredby the four gasinlets/outletsplaced
at the four cornersof the detector They arealso
madeof polycarbonateandare3mm in diameter
All theseparts(balelite plates spacersframe,gas
connectionsaregluedtogetheusingepoxyadhe-
sives.

The two strip readout planes are located
on the inner part of the chamber(Figure 56).
Theseplanesare madeby a dielectric substrate
(polystyrenefoam 3.8mm thick, relatve permit-
tivity €, = 1.4), sandwichedand glued between
two copperfoils. Oneof the foils constituteghe
ground,the otheris milled on aspecialmachineto
form the strips. The 6 cm wide stripswill have a
characteristigmpedanceof about13Q. The sig-
nalswill be broughtoutsideto the front-endelec-
tronicsvia standardnulti-pin connectors.

An alternatve schemeis underinvestigation,
in which the strip readoutplaneis etchedona PC
boardmadeof a0.8mmthick FR4layer ThePCB
would thenbe gluedon the polystyrenfoam sub-
strate. The basicstrip modulewill be asshavn in
Figure57. This solutionwould additionally sim-
plify the constructiorby avoiding interconnecting
cablesfrom the stripsto the the externalconnec-
tor. Its feasibility, in termsof costand electrical
propertieshasto bechecled.

An exploded view of the RPC chamberis
shavn in Figure58.

5.2.2.1 Oil treatment

It is well known thatdepositinga thin layerof lin-
seedoil onthebalkelite suriacehastheeffect of re-
ducingthe noiseandthe dark currentof the RPC.
This occurspartly becausédinseedoil hasa larger
conductvity thanthebalelite.

The treatmentof the balelite plateswith lin-

50

Region 4 Region 3
| _GND plane - J/f;//ﬁ:ﬂ
[T9}
3
2 g
> (I
Q
Strip Strip
B =
GND plane GND plane
‘ 58/62 ‘ 58/62

Figure57 Printedcircuit for strip planes:basicmod-
ulesfor R3 andR4; dimensionsn mm (the first indi-
catedis for M4, thesecondor M5).

seedoil was recently much debatedin the RPC
community This was triggeredby the problems
facedby BABAR [64], which were attributed to
high-temperatureperationcoupledwith improper
oil polymerisation.In a “sticky” layerthe oil can
form “stalagmites”becausef electrostatiattrac-
tion, that can eventually short-circuitthe gapand
inhibit properoperationof the RPC.

Sincetheoil is appliedafterthe gapis assem-
bledandsealedguality controlof thelayeris very
difficult. Thereforet would be preferableo avoid
the oil treatment,which would also simplify the
constructionof the detectors. However, this will
unavoidablyincreasdbothdarkcurrentsandnoise.

Theincreasedark currentwill resultin extra
ageing.In orderto controlthis effect, thedarkcur-
rent should be kept belov the currentdueto the
flux of real particlestraversingthe detector(see
Section4.2.3). Consideringan increasedageing
of 25%for chambersn Region R3 asacceptable,
RPCswithout oil treatmentwill be a viable solu-
tion if the dark currentdensitycanbe kept belav
3nA/cn? (30pA /m?). Assumingthattheaverage
chage of the noisehits is 30pC, this corresponds
to a maximumnoiserateof 100Hz/cn? per RPC
gap,whichis well belov therateacceptabléy the
trigger(seeFigurel6).

Preliminary studies performedby the CMS
collaborationwith non-oiledchamberd65] have
shavn that with the melaminetreatmentof the
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balelite platesit is possibleto reachfull efficiency
keepingthe noiselevel belov 50Hz/c?.

A testof RPCswithout linseedoil treatment
is scheduledor the summerof 2001,in orderto
definitely assessf thesedetectorscanbe usedin
theexperiment.

5.2.3 Chamber construction

The industrial capabilitiesfor producingRPCde-

tectorsis by now well established. The total

amount of melaminelaminatedbalelite needed
for the LHCb RPCsis about1000m?and canbe

producedindustrially in a few weeks. Sincethe

commerciaplatescomein ratherlargedimensions
(about3.2 x 1.3 m?) they will have to becutto the

requiredsize. The possibility of having the shap-
ing performedby the firm producingthe balelite

is underinvestigation.

Oncethe balelite platesare ready the whole
numberof gapsrequiredoy LHCb canbeproduced
in a few months. The gapswill be producedfol-
lowing the LHCDb specifications,using the same
techniquedetailedin Refs.[10, 11]. The spec-
ificationsrefer to the size of the gapsand of the
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graphite paint defining the actve area,the posi-
tioning of the spacersindthelinseedoil treatment
(if applied).

5.2.4 Quality control and testing

The individual chambercomponentsas well as
the assembledhamberswill undego somebasic
quality controlandtests.

Quality control of the bakelite platesis per
formedatthefactoryby measuringhe volumere-
sistivity andthesurfaceroughnesatseveralplaces
ontheplates. Platesnot satisfyingthe specifica-
tions will be rejected,the otherswill be grouped
accordingto the measuredesistvity values. A
secondselectionstepwill be performedin Rome
I, looking in particularfor possiblesuriacedam-
age(scratchesthatcouldhave occurredn thestor
ageandshippingphase.Herethe matchingof the
two platesfor agivengapwill alsobemadewhich
could possiblyrequirea new measuremenf the

3TheCMS groupdevelopedaspeciakool for amulti-point
resistvity measurement$6]; we areinvestigatingthe possi-
bility to usethesametool or a similar onebetterspecifiedfor
ourcase.



resistvity.

The gapproductionwill be closelymonitored
atthefactoryby technician@ndphysicistselong-
ing to theresponsiblenstitutes.In the casethe oil
treatmentwill be necessarya procedurehasto be
definedto controlits quality. A possibility would
be to performa routine checkby openingup and
inspectinga fraction of the gasgaps(e.g. onein
ten)duringthe productionphase.

The producedyapshave to be checledfor gas
tightnessand their capability to standhigh volt-
ages.Thiswill bedoneby the producersusingAr
or No.

Pairs of gapssatisfyingthe basicquality con-
trols mentionedabove will be usedto produce
chambers.This assemblyphasewill take placein
Romell andFirenze.Thequality of thegapsdeliv-
eredby the producingfirm will be checled at first
by performingan automated-V measuremenin
parallelfor aboutten gaps. For this purpose the
gapswill beequippedwvith connectorso distribute
the highvoltageandmonitorthedarkcurrent.The
tengapswill beflushedwith gasatarateof about
3 I/h for about15 hours;sincethe gapvolumeis
aboutl litre, thiswill insurethatat leastfour vol-
umesare changedduring the flushing procedure.
Gapswith dark currentsthataretoo large will be
rejected. The tolerancego acceptor rejectgaps
will be definedwith the next prototypes. These
quality checkswill startassoonasthe first gaps
will beproducedn orderto assurea promptfeed-
backto thefactoryin caseof problems.

Chambers with two good gaps will be
equippedwith strip planesandcompletelyassem-
bled. At this point the chamberswill be ready
for the final testswith cosmicrays, using the fi-
nal electronics. The testshouldprovide the basic
performanceparameter®f the chamberssuchas
the plateaucurwe, efficiengy andclustersize,and
the degree of uniformity over the chamber For
thispurposeatrackingtriggertelescopevill bede-
signed,mostprobablyalsomadeof RPCs.

The successfullytestedchamberswill thenbe
shippedto CERN wherethey will be storedand
flushedwith nitrogenuntil installationin the ex-
periment.

Eachchamber/gapvill be identified by a bar
code which will allow to retrieve all the impor
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tant factsaboutthe chamber/gapthe history and
resultsof all the measurementdoneby the com-
paniesandin theinstitutelaboratories.

5.2.5 Front-end electronics

As discussedn Section4.2.2.2,the CMS BiC-
MOS electronicssatisfiesour basicrequirements
andhasbeenchosemasbaselingor the RPCread-
out. Dependingon the availability, we planto test
alsothe ASDQ [47] andCARIOCA[52] chipsde-
velopedfor the MWPC, which potentially have
some nice featurethat could allow operationof
RPCsatlower gain.

The Front-endboards(FEB) will be mounted
on the upperside of the chamber(in region R4)
or on the upperand lower sides(in region R3),
andwill readout 16 channelseight channelsin
the first layer of the RPC and eight in the sec-
ondlayer Threeboardswill be necessaryo com-
pletely readouta chamberin region R4, and six
in region R3. A first prototypewith eight chan-
nelsonly hasbeendevelopedfor thetestchambers
(Figure 36). The secondprototype,presentlyun-
derdevelopmentshouldbecloseto thefinal form,
housingtwo chipsandthe connectordo take the
signal out of the chambers. The operationalre-
quirementof the CMS readoutchip area LV sup-
ply of +5V and a variable voltageto adjustthe
threshold.The power andthresholdsettingshould
beprovidedvia ECS.

The structureof the FEBs has not yet been
frozen. The Front-Endarchitecturg67] requires
thatpartof thelogic gatesaremovedonthedetec-
tor. Thisis discussedn detailin section5.3.2.

5.3 Readoutelectronics
5.3.1 Overview

The maintaskof the electronicsis to preparethe
informationneededby the LO muontrigger [36].
This correspondso:

e Formation of around26,000logical chan-
nelsignals startingfrom thearound120,000
physicalchannelscorrespondingo the out-
putsfrom the ASD chips.



e Eachlogical-channelsignal is taggedwith
the numberof the bunch crossing(BX) to
whichit belonggBX identifier).

As far aspossible thefirst stepshouldbe per
formedon the chambersn orderto minimisethe
numberof LVDS links exiting the detector

The secondsteprequiresa time alignmentof
channels.This is necessarypecausesignalsfrom
different channelstake different pathsbefore be-
ing sentto the LO pipelinesandtaggedwith their
BX identifiers. Moreover, eachfront-end chan-
nel hasatime behaiour thatdepend®on theread-
out schemeandthe chambeioperatingconditions.

Signalshave a width, including tails, comparable

to the BX cycle (seeSection4.1). Correcttime
alignmentis thereforenecessaryto avoid ineffi-
ciencies.

On-chamberformation of logical channels
from physical channelsis achieved using a cus-
tom integratedcircuit for Dlagnosticstime Align-
mentandLOGics (DIALOG). The DIALOG chip
alsoallows programmingof a delayfor eachsin-
gle input channelandcontainsfeaturesusefulfor
systemset-up monitoringanddelugging(seesec-
tion 5.3.2). The detectorlayout and the logical
channeldistribution allow generationof logical
channeldn the front-endboards(FEB) in a large
part of the system. However, in regions R3 and
R4 of stationsM2 to M5 andregion R2 of sta-
tionsM4 andM5, physicalchanneldrom different
FE-boardsandchambersnustbe combinedanda
simplelocal solutionis not feasible[67]. In this
case logical channelformationrequiresa further
stepof logical operationsperformedin the inter
mediateboardg(IB), discussedh section5.3.3.

Oncegeneratedthe logical channelsare sent
to the Off-DetectorElectronic§ ODE), wherethey
are assignedhe corresponding@X identifier and
dispatchedo the LO trigger The ODE contains
alsotheLO pipelinesthe Ll buffersandthe DAQ
interface (Section5.3.6). Both the intermediate
boardsandthe ODE boardsarelocatedinsidethe
cavern,on eithersideof the detector

The ExperimentControl System(ECS)of the
muon detectoris a distributed systembasedon
CAN bus [68]. The ECS performsbasiccontrol
andmonitoringof the ODE boardsandcontrolsthe
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Table17 Totalnumberof unitsin thesystem

| Item | Numberrequired|
Front-endboards 7536
8-channeASD chips 15072
DIALOG chips 7536
Serviceboards 144
Serviceboardcrates 12
Intermediateboards 168
Intermediateboardcrates 12
SYNC chips 4032
ODE boards 168
ODE boardcrates 12
Data-concentratdvoards 12

Table 18 LO andL1 parameterdor LHCb FE elec-
tronics

| Lo |
Maximumrate 1.1Mhz
Lateny 4.0ps
Consecutie triggers Max. 16
Derandomisedepth 16 events
Derandomisereadoutime | 900ns

| L1 |
Rate 40-10kHz
Buffer size(lateny) 1927events
Derandomisebuffer Min. 15events

FEBs through specially designedServiceboards
(SB) (seesection5.3.5). Furthertechnicaldetails
of themuonarchitecturearefoundin Ref.[69] and
[67]. A simplifiedschemefthemuonarchitecture
is shawvn in Figure59.

Table 17 givesa summaryof the total number
of unitsin the system. The Level-0 and Level-1
parametergjefinedin [24], aresummarizedn Ta-
ble 18. Thesetableswill bereferredto in the fol-
lowing sections.

5.3.2 Front-endboards

The on-chamberelectronicsis basedon a two-
stagescheme. The main functionalitiesare per
formedby two chips.
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5.3.2.1 ASD chip

The first stageconsistsof the Amplifier-Shaper

Discriminator (ASD) chip. The characteristics

of these chips are describedin Sections4.1.1
and4.2.1. This stageoutputsdigital signalsusing
theLVDS standardThesignalshave a pulsewidth
of 50+10ns,dependingntheshapeof thesignals
beforethediscriminator Moreover, the ASDQand
CARIOCA chipsoptionallyprovide digital signals
with alengthproportionalto the pulseheightf the
chambersignal. This canbe usedfor testingand
monitoring purposes. Each ASD chip integrates
eightchannels.

5.3.2.2 DIALOG chip

The secondstageis the DIALOG chip, described
in detail in Ref. [70]. EachDIALOG chip deals
with sixteenphysical channels. It processeshe
digital outputsof the first stageas illustratedin

Figure60.

Signals enter the programmabledelays (one
per signal), wherethey canbe delayedfrom O to
25nsin stepsof 1.5ns. Physicalchannelscanbe
masled,in orderto make themindividually acces-
sible throughthe logical-channefeadout. Signal
arrival times are measuredn the ODE boardsat
theendof thechain.

Thesignalsin the DIALOG chipareshapedo
a fixed width lessthan 25ns. Dependingon the
specificpositionof physicalchannelsn the detec-
tor, the signalsare combinedwithin the samede-
tector layer accordingto the logical channelsize,
andwith the correspondingignalsin theotherde-
tectorlayer

Individual physicalchannelscanbe examined
andthe numberof accumulatechits canbe mon-
itored via a dedicatedcounter The circuit is ac-
cessedvia the ECS, which takes careof configu-
ration and programming. DIALOG alsocontains
two 10 bit DACsfor settingthe thresholdsof two
ASD chips.

A singlefront-endboard(FEB) dealswith 16
physicalchannels. It consistsof two ASD chips
andoneDIALOG chip. Eachboardcanoutputa
maximumof eightlogicalchannelsDependingon
the local topology eight, four or two outputsare
used. The digital outputsof variable pulsewidth

55

Table 19 Numberof IBs in eachof thefive half sta-
tions. The numberof Input/Outputsignalsper board
aregivenin brakets.

| [M1] M2-M3 | M4-M5 |
R1| - - -

R2| - - 12(96/28)
R3| — | 24(192/56)| 12(96/40)
R4 | — | 24(192/56)| 12(96/40)

canalsoexit theFEBsfor speciatestsof thecham-
bers,andof theFEBsthemseles. It is notforeseen
to usethis featureduringnormaldatataking. A to-
tal of 7536 FEBsis foreseen.

5.3.3 Intermediate boards

In region R2 of stationdvi4 andM5 andin regions
R3 and R4 of stationsM2 to M5, a further level
of logical combinationis required becauséogical
channelsareformedfrom signalswhich originate
from differentchambersThelogical combination
is carriedoutin theintermediatéoardswhichare
placedto the sidesof the detector EachIB allows
a maximumof 192 inputsanda maximumof 64
outputs. Both the inputs and the outputsusethe
LVDS standardThelBs only performtheresidual
logic (ORs)neededo completethe generatiorof
logical channelsn theregionsmentioned.

A total of 1681Bs is foreseenTable19 shavs
the numberson inputs and outputsper IB for the
differentdetectomregions.

5.3.4 ECSinterface

A distributed control systembasedon a specific
field-bus provides the basic control and monitor
ing functions of the muon detector The archi-
tectureof this systemis basedon ELMB (Em-
beddedLocal Monitor Box [71]) a special CAN
node board designedby the ATLAS collabora-
tion to operatein a moderaterate ervironment.
The ELMB is a general-purposesmall plug-on
module,comprisingtwo commercial8-bit micro-
controllersand one CAN-Controller chip. The
main processois a 4 MHz micro-controllerwith
128 kbytesflashmemoryto storethe program. It
handlescommunicationwith the CAN controller
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Figure61 TheECSsystemfor the Muon ChambersShowvn arethe ECSCAN interfacesto the ServiceBoards
(SBs)andthe fanoutsto the FrontEnd Boards(FEBs). The CAN branchedo the Off DetectorElectronicsboards
(ODEs)arealsoshavn andtheinternalconnectionsvithin the ODE boards.

and performsuserchosenlocal tasks. A second
smallermicro-controlleractsasdedicated'watch
dog”, prompting a refreshwhen the first micro-

controllerblocks, for examplein the caseof Sin-

gle EventUpset(SEU). The ELMBs aregrouped
in different CAN bus branchesgachbranchcon-
tainingupto 24 ELMB CAN nodes.Therearetwo

ECS subsystemssketchedin Figure 61, one ser

vicing the front-end boardsthroughthe SBs and
comprising24 CAN branches,the other servic-
ing the ODE boardsvia 10 CAN branches.The
CAN branchesrecontrolledby six PCsplacedin

the countingroom. The ECSstructureis givenin

Ref.[67].

5.3.5 Sewice boards

The Service Boards (SBs) are 9U size VME
boards.EachSB housedour ELMB CAN nodes.
EachELMB CAN nodecanhandletwo I1°C buses.
Thesebusesareextendedupto 10m (longdistance
branchesusing an LVDS driver. At the end of
the long distancebrancha LVDS recever placed
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onachambewill drivetenDIALOG chipsonthe
FEBswith thestandard_VTTL 12C bus(shortl>C
branch) [67]. At start-up,a remoteCAN com-
mandwill triggeralocal processn theELMB that
will write the registersinside the DIALOG chip.
The ELMB periodically checksthe consisteng
of the DIALOG registers. In caseof errors,the
ELMB senddiagnosticanformationto the CAN-
busPCinterfaceandcorrecttheerror In addition,
the ELMB regularly monitor the rate countersin-
sidethe DIALOG chip andreturnthevalueto the
CAN-busPCinterface. Therearetwo waysto ac-
cessandcontroltheregistersof the DIALOG chip:
thefirstrequiregheuseof speciatasksrunningin-
sidethe ELMB, which performsall theoperations,
the secondnvolves runningfrom the control PC,
usingl?C instructions.The useof the ELMB local
intelligencereducegheload of the PC processors
andof network communications.
Anotherfunction of the SBsis to provide the
power supply generationcircuitry for the FEBs.
Theappropriate/oltagelevelsaregeneratednthe
serviceboardsandtransmittedo the FEBs.As the



distancebetweenthe SBs and the FEBsis 10 to
15m, avoltageregulationfacility is ervisagedfor
the FEBs.

The SBsarealsousedto sendandreceve sig-
nals usefulfor front-endcalibrationandto moni-
tor the correctoperatingconditionsof the cham-

bersandfront-endelectronics(e.g. temperature).

A systemto pulsethe front-endchanneldor test
anddiagnosticss alsoervisaged.

The SBs are placedto either side of the de-
tector in the rackshousingboth the intermediate
boardsandthe ODE boards.In total 144 SBsare
foreseen.

5.3.6 Off-Detector Electronics boards

The ODE boardssynchronisesignalsanddispatch
themto the LO trigger They alsocontainthe LO
pipelinesthe L1 buffersandthe DAQ interface.

A schematicof the ODE boardsis shavn in
Figure 62. Eachboardreceves up to 192 logi-
cal channels(LVDS) and outputsdatato the LO
muon trigger and the DAQ system. The signals
to the LO muontrigger are sentdirectly via opti-
cal links. The datafor the DAQ are multiplexed
onto the Data Concentratoi(DC) board (one per
ODE crate),wherethey areformattedandsentto
the readoutunits (one S-link percrate). Up to 18
ODE boardsandoneDC are housedn one ODE
crate. The DC alsocontainsthe TTC-Rx chip and
managesghe distribution of the systemclock and
triggersignalto the ODE boardsin thecrate.

Incoming signalsare assignedhe appropriate
BX identifierandsentto the LO pipelines.In par
allel, the dataandthe four leastsignificantbits of
the associatedBX Id are sentto the LO trigger
DataresidesontheLO pipelinesfor 4us beforere-
ceving the LO yes/nosignal. Triggereddataare
thenmovedto the L1 buffer, wherethey wait for
the L1 decision. If this is positive, dataare zero-
suppressedndmultiplexedto the DC ontheback-
planebus.

The averagedatasizefor b — p X eventshas
beenestimatedo aboutl.6kbytes,assuminghat
full information for each hit would be a 32-bit
word. About 75% of the hits originatefrom sta-
tion M1.

The LVDS recevers,the LO pipelinesandthe
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LO derandomizeareintegratedin asinglecompo-
nent,the SYNC chip [72], presentlyunderdevel-

opment.A customchip hasbeenpreferredoveran
FPGAsolutionfor severalreasonsfully explained
in referencg72]. This solutionis more compact
andreliable,allowing greaterflexibility in theim-

plementatiorof functionscrucial for systemoper

ation:

e Systemtime alignment The relevance of
measuringthe phase of logical channels
within the BX periodhasbeendiscussedn
referencg40]. A low-resolution(3bit) TDC
is adequatdor this purpose.Thetime infor-
mation associatedo the hits is sendto the
LO pipelineandentersthe normaldatapath
to the DAQ.

e Systenremotecontol: It is of fundamental
importanceto equipthe systemwith anum-
ber of errordetectionfeaturesallowing re-
mote controlanddiagnosisof possiblemal-
functioningin theboards.

The othermain boardcomponentgL1 buffer,
trigger interface and bus interface) are basedon
FPGAs. Each ODE boardalso containsa CAN
node.

A total of 168 ODE boardsand12 DC boards
(onepercrate)is foreseen.

5.3.7 Systemsynchronisation

A systemsynchronisatioprocedurainderconsid-
erationinvolves two phasesbriefly describedin
thefollowing:

1. When the whole systemis powered-up,a
calibrationrun is performed. This consists
of a completescan of all physical chan-
nels. In orderto adjusta single channel,
other physical channelsnormally logically
ORedwith it are masled within the DIA-
LOG chips. The signals’BX identifier and
the phasensidethe BX cycle aremeasured
atthelevel of the LO pipelines. Time spec-
tra for eachchannelare acquiredinsidethe
SYNC chips.
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2. Thedetectionof the relatve phasebetween
therising edgeof the systemclock andthat
of thetime spectraallows the calculationof
the delay to be addedto eachchannelfor
correcttime alignment. This delayconsists
of two numbers. Thefirst is the phaserel-
ative to the clock rising edge(fine-time off-
set),the secondis the differencein BX cy-
cles(bunch-crossingffset). The delaycor
rectionis realizedby settingthe fine-time
correctionontheFEB (insideDIALOG) and
the BX correctioninside the ODE boards
(SYNCcchip).

Comparedo otherschemesot usingsignal-
phaseinformation of channelsthe procedurede-
scribed above is rather fast, although sufficient
statisitcsalsofor the lowerrate outerregions are
neccessary Moreover, it must be executedonly
once,whenthe systemis set-upbeforedatatak-
ing. The fine-time and bunch-crossingoffsets
constitutecalibration constantso be saved in a
databaseThedetectoralignmentis monitoredon-
line usingthe SYNC chip.

5.3.8 Radiation levels

Theradiationlevel estimateconsideredor thesys-
temdesignis givenin Ref.[73]. Thisgivesanac-
cumulateddosein 10 LHC yearsof aboutl MRad
in theinnerpartof stationM1. Thedosedecreases
radially andis reducedo aboutl kRadatthesides
of the detector This meansthat radiation-hard
electronicanustbe usedfor the FEBs,while com-
mercialdevicescanbe placedin the IBs andODE
boards. Both the CARIOCA and the DIALOG
chip are designedin radiation hard-technologies
(0.25um CMOS). It is alsoimportantto consider
particle rates,which affect the single event upset
(SEU) behaiour of the system.In this respecthe
use of FPGAs, containingimportantamountsof
SRAM, mustbe consideredcarefully Wheneer
possible comple logical functionswill beimple-
mentedusing anti-fusebasedFPGA technologies
(e.g. Actel family). The numberof SRAM-based
FPGAs(e.g. Xilinx andAltera families)is to be
minimised, even in the ODE boards. Wheneer
used, a specific procedureis ernvisagedto com-
pare the FPGA configurationwith a local copy.
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This functionis performedby the CAN-nodemi-

cro controller which alsotakes careof uploading
the FPGA configuratiorwhenmismatchesrede-

tected[74]. SEUimmunity of the DIALOG chip,

also placedin the higherrate regions, is ensured
throughthe useof triple voting for all internalreg-

isters and the implementedlogical functionality

Moreover, the contentof the registersis refreshed
regularly via the I?C interface.

5.3.9 Cooling of the FE-electronics

The inner regions of the Muon Systemare char
acterisedoy a large amountof electronicdocated
in asmallspacejn particularin region R1 of sta-
tions M2 and M3 where eachchambercontains
224 readoutchannels. An estimateof the dissi-
patedpower has beenperformedin thesecases,
assuminga Faradaycagecontainingthe chamber
andtheelectronicswith thermalcontactonly along
the outerperimeter while the front andrearfaces
areconsiderednsulating.A nominalconsumption
of 15mW/channelhas beenassumedor CAR-
IOCA. To this numbey the consumptionof the
DIALOG chip andthe presenceof someservice
elements(local regulators, contrals, etc.) must
be added. The amountto be addedhas not yet
beenquantified, and is thereforenot considered
in this evaluation. Using the approximatdormula
dT = 900x (P/SP8, wheredT is the internalther
malgradient(°C), Pis thetotaldissipategowerin
thebox (W) andS is the surfaceavailablefor heat
exchange(cn¥), the inner chambersare found to
be subjectto anincreasean temperaturef 10°C.
Althoughthisdoesnotrepresenasignificantprob-
lem, several possibilitiesare underinvestigation,
for example pumpingair throughthe box with a
simple pipe network. A betterunderstandingf
the situationwill comewhena morerealisticesti-
mateof thepowerconsumptiorbecomeswvailable.
In addtion,a testwith arealboxis plannedin the
nearfuture.

5.4 Sewice systems

5.4.1 Gassystem

The designof the gas systemunder considera-
tion for the muonsystemis describedn detail in
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Ref. [75]. As a consequencef the two detector
technologieemplo/ed, two independengassys-
tems have to be designedand constructed. The
gas volume of the MWPC amountsto 4.5mq.
Testresultshave shavn that this detectoris suit-
ably operatedwvith a gasmixture of Ar/CO,/CF4
(40:50:10).For the RPCdetectomwith a total vol-
umeof 0.83m® a mixture of C,HoF4/C4qH10/SFs
(95:4:1) non-flammablecompositionis foreseen.
A compilationof the basicparametersf bothde-
tectorsconcerningthe gassystemis listed in Ta-
ble 20.

Gas componentswill be mixed with the ap-
propriatecompositionin the mixer in the surface
gas building at the experiment. In addition the
RPC gasmixture will be monitoredcontinuously
with aninfrared analyser If the C4H1g ratio ex-
ceedgheflammabilitylimit thegassupplywill be
stoppedimmediately Both gassystemswill run
in a closedloop (Fig. 63). The expectedcircula-
tion flow ratewill be between6 to 12 hoursper
volume exchange. A pumpin the returnline al-
lows the gasto be compressetheforeenteringthe
gasbuilding at the surface. To stabilisethe pres-
surein the muondetectora back-pressureegula-
tor in parallelwith the pumpcontrolsthe pressure
to 0.5mbarbelonv atmospheripressurattheinlet
of thepump.Usinganinline purifier situatedn the
gashuilding at the surface, the regenerationrate
will be keptabore 90%. The purifier consistsof
two cleaningagents:a molecularsieve (3A) to re-
move watervapourandactivatedcopperasreduc-
ing agentfor oxygenremoval. A humidity andan
oxygenmeterwill measurehe impurity concen-
tration beforeandafterthe purifier. Eachhalf sta-
tion of themuonsystems connectedo onesupply
line andonly in stations4 and5, whereboth gas
mixturesareneedediwo inputlineswill beused.
Distribution racks, mountedon the detectorsup-
port, will distribute the gasto the muonchambers.
Onehalf stationis dividedin tengasregions,con-
trolled by gasflow metersattheinputandoutputof
eachseparatedasvolume.A safetyrelief bubbler
is incorporatednto every gaschannelto prevent
over pressureof the chambemodules.The exist-
ing DELPHI supplyandreturnpipesbetweerthe
SGXbuilding andtheUX cavernwill bereusedy
the LHCb experimentandhencefor the two muon
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gassystems.The gascontrolwill follow the gen-
eralrecommendationaf the Joint-Control-Project
of thefour LHC experimentgJCOP)[76].

5.4.2 High-Voltagesystem

The HV distribution systemof the chambersis
basedon the assumptiorthat for the safeandre-
liable operationof the detectorsthere should be
independenbperationof the gapsinsidea cham-
ber However, for the MWPCs(andpossiblyalso
for the RPCs)this leadsto a very large numberof
HV channelq3456for the MWPC) that could be
prohibitively expensve. Alternative solutionshave
alsobeenstudied.

5.4.2.1 MWPC detector

For the MWPC, assuminghat the variouscham-
bersexhibit similar gainresponse§.e. the’knee”
of the efficiengy plateauis within £50V) and
thereforewill be operatedvell insidetheregion of
full efficiengy, aschemas foreseerwhereseveral
gapsareseriallychained For the determinatiorof
the optimal configuration the following consider
ationsshouldbetakeninto account:

e Chainsshould comprisehomologousgaps
(i.e. gap1 of chamberl chainedwith gap
1 of chamber?, etc...),to minimise,in case
of HV problems,the effect on geometrical
efficiency of thetrigger;

e Due to high local rate, chains should
equalisethe amountof current dravn by
MWPC, alsothe characteristicof HV sys-
temscommerciallyavailableshouldbe con-
sidered.

In this scheméhe numberof channelsneeded
would be 1200. Assuminga currentof 3pA per
MHz of incomingradiation(atagainof 10°), each
HV channelwould draw lessthan0.5 mA at the
operatingvoltage.

The MWPC HV systemwill have amaincon-
trol unit, fully remotelyprogrammablein thecon-
trol room and detachedsulunits, built in radia-
tion toleranttechnologylocatedin the off-detector
electronicsracks, which will provide HV to the



Table20 Basicgasparametersf MWPC andRPC

| Detector | MWPC | RPC |
Gas AI’/COz/CF4 C2H2F4/C4H10/SF5
Volume(m?) 4.5 0.83
Flow Rate(m3/h) 0.375-0.75 | 0.07-0.14
Regeneratiomrate (%) >90 >90
Impurities: O, (ppm) 50 10
Impurities:H,O (ppm) 50 10
Pressurémbaraboreatm.) | 1 1
Pressurenax. (mbar) 5 3

chambersEachchannekhoulddeliver up to 4kV
and 1mA. Models with thesecharacteristicsare
commerciallyavailable.

A carefulschemeof HV-grounding,compati-
ble with thegroundingof thedetectorandFE elec-
tronicsis understudy

5.4.2.2 RPC detector

The RPC systemrequires960 HV channelseach
able to deliver up to 12kV and 1mA. The solu-
tion ervisagedat presenfollows thedevelopments
madein thisfield by the ATLAS andCMS collab-
orations. In sucha schemethe RPC power sup-
ply systemis madeof two main blocks: a main
board(GeneratoBoard,GB), locatedin thecount-
ing room, supplyingthe power at a mediumvolt-
ageand managingthe remotecontrolsand moni-
toring, andaremotesystem(Distributor Box, DB),
locatedin the electronicsracks, consistingof a
radiationtolerantboard hosting a transformation
stagegeneratingoththehighandthelow voltages
neededy the system.In this way the problemof
distributing the high voltageover long distancess
minimised,while keepingthe main powver supply
controllerswhich areradiationsensitve, in a safe
ervironment.

The GBs supply a mediumvoltage which is
easyto distribute over long distancesith corven-
tional cables(the foreseenvoltageis 48V), and
supportsa communicatiorink for remotecontrol
and monitoring purposes.The GBs would be in-
terfacedwith thegeneralLHCb controlsystemand
would be placedin the countingroomallowing an
easyandsafeaccesso the power supplysystem.
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In the DBs the input mediumvoltageis trans-
formed into two HV channels,which are float-
ing, allowing an optimal grounding configura-
tion. Moreover, the HV channelsare fully pro-
grammableremotely The voltagesand currents
canbe remotelymonitoredthroughthe communi-
cationlink drivenby the GBs. Thecommunication
line is optically decoupledo presere thefloating
groundof the voltagechannels.

Finally, the feasibility of a solutionwith a re-
ducednumberof HV channelgo beappliedin the
casethe costbecomegrohibitive is understudy
In this configurationtwo gapsin a singlechamber
would still be poweredby differentHV lineswhile
thetwo gv tdr.pscorrespondingapsbelongingto
two adjacenthambersn the bendingplaneshare
the sameHV. This configurationwould allow to
keepa high detectionefficiengy even in caseof
failure of a high voltage channel,while reducing
by a factorof two the numberof DBs neededby
thesystem.

5.5 Chamber support structures and
muon filter

Two independensupportstructuresareervisaged
for themuonsystem:

e A supportstructurefor the chambersand
electronic racks, suspendedrom a gen-
eral structure(gantry) on the top, which is
usedaswell by othersub-detectoriclud-
ing the scintillating pad detectoy and the
preshaver [26].

e A supportstructurefor the muon filter on
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movableplatforms.

The two support structureswill be briefly dis-
cussedin this section. Details can be found in
Ref.[77].

A common requirementfor all LHCb sub-
detectords that provision hasto be madefor ac-
cessto the LHC beampipe, for maintenancero-
cedures,in particularfor bake-out. For this rea-
son the muon systemwill be constructedn two
halves, so that one side canbe withdrawn, allow-
ing accesdo the beampipe. The completeretrac-
tion of eachhalf stationis alsoimportantfor instal-
lation and maintenancef the chambersandtheir
FE-electronics.

5.5.1 Chamber support structures

Eachmuonstationconsistof 276 muonchambers.

They arearrangedn four layersto provide full an-
gular coverage. Two layersarein front andtwo
behinda wall-like supportstructurehangingfrom
thetop. The muonstationsmustfit into the40cm
spaceavailablebetweertheabsorbewalls, except
for stationM1, for which the allocatedspaceis
only 37cm.

5.5.1.1 Requirementsand constraints

The muon stationswill be constructedin two
halves. The possibility to completelyretracteach
half station should be ensuredfor installation
and maintenanceof the chambersand their FE-
electronicsandto provide accesso thebeampipe.

The chambershave to be positionedwithin
eachmuonstationwith a precisionof aboutl mm
in the x andy directionsand5mm in the z coor
dinatealongthe beamaxis. Gaspipesandcables
to the chamberdor readoutand HV/LV have to
be supportedvithin theallowedthicknesdor each
station. Gaspipeswill be routedvertically from
thetopto thedistribution systemwhile signaland
HV/LV-cableswill be routed horizontally to the
sides,wherethe readoutelectronicrackswill be
placed.

Table 21 summariseshe overall dimensions
andweightsof the five muonstationsandthe sup-
porting structuredor thefive muonstations.
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5.5.1.2 Wall structure

Thesupportwalls aresuspendetly meanf rect-

angularlinking piecesfrom an iron beam. On

the bottom, the walls are guidedto prevent acci-

dental contactswith iron absorbersiuring open-
ing/closing operationsand to improve the stabil-

ity of the stationposition. Two racksfor the elec-
tronics are placedat half heighton both sidesof

eachmuonstation. The racksaresupportedy an

independentinking pieceandrigidly fixedto the

external side of the chambersupportingstructure
to preventary relative displacementA schematic
layoutis shavn in Figure64.

Each chambersupportwall consistsof two
1-2mm thick aluminium sheetsjnterleaved by a
layer of 0.7mm thick corrugatedaluminium. The
benefitsof this designare a high degreeof mod-
ularity andfull flexibility in chamberpositioning.
The total thicknessof the wall is 42mm for M1
and 44mm for M2—M5. Rivetsare usedto con-
nectthe threesheetstogether Eachhalf wall is
composedf several panelswhich are connected
togetherby rectangulamaluminiumtubes. Special



Table 21 Muon stationsupportstructuredimensionsand weight. The indicatedchamberweightis basedon

hongycombpanelsfor the MWPCs.

\ StationM1 \ StationM2 \ StationM3 \ StationM4 \ StationM5 \

Active area( m?) 49.0 76.6 89.2 102.7 117.2
7.7x6.4 9.6x80 | 104x8.6 | 11.1x9.3 | 11.9x9.9
Wall structurearea( m?) 52.1 80.4 94.3 108.3 121.0
7.9x6.6 9.8x8.2 | 10.6x8.9 | 11.4x9.5 | 12.1x10.0
Totalweightof chambergkg) 3700 5400 6100 4900 5500
Wall structureweight(kg) 471 1223 1369 1564 1742

carehasto betakenin designinghejunctionof the
two halves, avoiding any mechanicainterference
dueto theoverlappingof chambers.

5.5.1.3 Chamber positioning

The Chambersare attachedo horizontalrails on
the walls, which allow to move and position the
chamberdhorizontally The correctvertical posi-
tioning is fixed by the position rails. Reference
pinswill beaddedto fix the correcthorizontalpo-
sition of the chambersndto be ableto reproduce
it. Thesystemis sketchedn Figure65.

5.5.1.4 Maintenance

Accessto the chambersloseto the beampipeis
only possibleif a muon stationis completelyre-
tractedbetweenthe iron absorberdy about4m
for stationM1 andabout6 m for stationM5. In-
cluding about3 m spacefor electronicsracksand
accesdgo them,therequiredspacefrom the beam
line extendsto ~ 11 min stationM1 andto ~ 15m
for stationM5 (seeFigure66Y.

5.5.2 Muon filter

The muon filter is comprisedof the electromag-
netic and hadronic calorimetersand three iron
shieldsjnterlearedbetweerthemuonstations. An
additional shield immediatelybehind station M5

4The presentlayout of the LHC cryogenicsaccommo-
datedat the end of the LHCb experimentalareadoesnot
leave sufiicient spacefor the maintenancef the muonsys-
tem. Otheroptionsfor the positioningof the LHC cryogenics
arethereforeunderinvestigationin a collaboratve effort with
theacceleratogroupsconcerned.
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Table22 Muonfilter composition

DetectorElement Depth

Calorimetry 267cm | 6.8\
Muonfilters1-3 | 80cm | 4.4 A,
Total thickness 20 A

protectsthis station from machinerelated back-
groundand back splashfrom nearbyLHC beam
elements.

The total weight of the muon shield is about
2100tons. The compositionof the muonfilter is
summarisedn table22.

Themateriaffor themuonfilter will comefrom
theiron blocksof the WestAreaNeutrinoFacility
(WANF). The blockswill becomeavailable early
in 2002 and have a density of about 7.2kg/cn?
anda sizeof 80cm and160cm in length, 40cm
and80cmin width and20cm,40cmand80cmin
height. Thesedimensionsmatchthe requiredab-
sorberthicknessof 80cm. A detailediayoutof the
absorbemwalls with the existing blocks hasbeen
done[77]. The areaaroundthe beampipewill be
equippedvith specialblocks,which give alsosup-
portto the plugsbetweerthewalls.

The movable platforms for the muon filter
make use the existing rails in the experimental
area formerly usedfor the endcapof the DELPHI
detector It is not foreseerthatthe filters have to
be moved idependently Openingof the iron ab-
sorberamplies openingthe muonstationsof that
side, sincethe electronicsracks,which are 60cm
wide and permanentlyconnectedo the stations,
do notallow the openingof theiron walls alone.

In orderto ensurestaticstabiltyin caseof seis-
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mic actwity, theiron blocksforming onemuonfil-
ter areconnectedy weldedjoints. Following this
proceduremonoblocks of absorberaill be cre-
ated. In addition, the iron absorbersn the same
sideof thebeampipewill beconnectedo onean-
otherto enhancedurther the static stability The
mechanicatonnection$ave to beremoved every
time a stationwill be retractedfor accesdo the
chambersNo moving of theiron wall is foreseen
for maintenancef the muondetector

5.5.3 Beampipe shielding

Specialplugsareforeseercloseto thebeampipdo

protectthe chamberdgrom particleswhich emege

from thebeampipeAn optimizationof this shield-
ing hasbeenperformed[78], taking into account
the 1.5cm requiredspacefor bakeoutinstrumen-
tion of the beampipe. The plugs extend from

12mradoutto 18mradin x projections,andfrom

12mradto 15mradin y projection.

5.6 Safetyaspects

The Muon detectorsof LHCb will follow the
CERN safetyrulesand codes,CERN safetydoc-
umentSAPOCO42 and Europearand/orinterna-
tionalconstructiorcodedor structurakengineering
asdescribedn EUROCODES3.

In thefollowing the specificrisks,andactions,
aresummarisedasdiscussedn the Initial Safety
Discussion(ISD) with the CERN Technical In-
spectionandSafety(TIS) Commission.

1. The chamberdliffer in dimensionsaccord-
ing to theirpositionin themuonsystem.De-
pendingontheirsize,theweightof MWPCs
differs between~ 5kg in region R1 and~
30kg in region R4. Theweightof aRPCis
~ 20kg. The chamberscanbe handledby
1-2 persongduring the installation,follow-
ing the safetyinstructions.

2. The final choice of the chambermaterials
will bedoneaccordingto the safetyinstruc-
tiong, and the use comhustible materials

5SafetycodeA5
6safetyinstructions41
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will beminimised. Alternative materialsre-
placingthe polystyrenen the RPCsareun-
derinvestigation.

3. The gas mixtures used in the muon
chambersAr/CO,/CF, (40:50:10)for the
MWPC detector and C2H2F4/C4H10/SF5
(95:4:1) for the RPC detector are not
flammable Asthedetectorsill beoperated
with a maximumoverpressurg¢owardsthe
atmospheref 300 Pa setby high through-
putbubblersthechambersrenotclassified
aspressureressel$.

4. The RPC detectorswill be run at 10kV?&.
The total currentfor eachsupply line will
be < 1mA. Thelow voltagesupplyto the
detectoread-outs belov 15V°.

5. Thehigh pressurepartof the gassystemss
locatedin the surface buildings. The sys-
temswill bebuilt accordingto the appropri-
aterules.

6. The effectsof seismicactivity will be stud-
iedin collaboratiorwith TIS.

"SafetycodeD2 Rev.2
8H.V.A. asdefinedin Safetylnstructions33
9SafeExtraLow Voltage (S.E.L.V)) asdefinedin Safety
Instructions33
105afetylnstruction42 andSafetyCodeD2 Rev.2



6 Project Organisation

6.1 Scheduleand Milestones

Theoverallwork programmendschedulés sum-
marisedin Figure 67. It is split into threeparts,
the chambersthe electronicsand the infrastruc-
ture. The schedulecovers the period up to the
end of 2005 and ensuresthat the Muon system
is fully commissione@ndoperatingtogethemwith

the otherLHCb sub-detectorby thistime.

6.1.1 Chambers
6.1.1.1 MWPC detector

The engineeringdesign of the MWPC detector
shouldbefinalisedandfrozenby theendof 2001,
basedon the experienceacquiredwith the proto-
type chambers. Moreover, by the end of 2001
the MWPC ageingtestshouldhave provided sig-

nificant results, providing additionalinformation
aboutthelongtermbehaiour of thechambecom-
ponentsunderirradiation. In the year 2002 the
“module0” of eachof thechambersn thevarious
regionswill beconstructe@ndtestedwith thefinal

tools developedduring theyear2001. In parallel,
the productionlines will be setup. In casepan-
els basedon hongicomb will be used,the panel
preparationis rathertime consumingand should
thereforestart about1/2 yearin adwanceof the
chamberproduction. It is foreseento have four

centresfor chamberconstructionassemblingand
testing. Thetime estimatedor chamberconstruc-
tion is two years. Therefore,productionshould
have startedby January2003 at the latest. De-

pendingon the complity of a chambertype, a
fully testedchambeshouldbeproducedvithin 1—
5 working days. Chamberinstallationand com-
missioningof the muon systemshould start mid

2004 and take aboutoneyear The major mile-

stonedor the MWPC detectorsaresummarisedn

Table23.

6.1.1.2 RPC detector

Developmentson prototype chambersshould be
finished by the end of 2001, when the engineer
ing designshould be finalised and frozen. The
testsplannedin 2001 will allow a final decision
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on the oil treatmentof RPCsin LHCb. In addi-
tion, significantresultsfrom the RPC ageingtest
shouldbe available by thattime. A “module 0”
for eachchambertype will thenbe preparedand
testedwith atime scaleof ninemonths.In parallel,
theproductionlineswill be preparedconsistingof
the assemblytools andtestsetupsin the institute
laboratoriesA periodof threemonthsfor the pro-
ductionandselectionof the bakelite plates,anda
period of nine monthsfor the gap productionhas
beenestimated.Both productionswill be donein
industry receving promptfeedbackrom thequal-
ity checksperformedin the institutes. Chamber
assemblyshouldtake about100 working daysat
the rate of 5 chambers/day Measurementsvith
cosmicrayswill be performedin parallelin two
centresandshouldbe completedwith atime scale
of oneyear The chamberswill betransportedo
CERNI n thefirst half of 2004, followed by a pe-
riod of aboutoneyearfor installationandcommis-
sioning. The majormilestonedor the RPCdetec-
tor aresummarisedn Table23.

6.1.1.3 Chambersfor the inner part of M1

The detectortechnologyfor the inner part of sta-

tion M1 shouldnot be chosenlater than January
2003. This leavestwo yearsfor finalising the de-

tectordesignandtheconstructiorof thechambers.
Installationand commissioningshouldtake place

in thefirst half of 2005.

6.1.2 Electronics

The main tasks for the Muon System FE-
electronicaandthemajor milestonesarealsosum-
marisedin Figure67 andTable23. A few impor
tantaspectarepointedoutin thefollowing.

6.1.2.1 Front-endchip

A critical taskis the designof the CARIOCA FE-
chip. Besidesthe preamplifiey which shaws very
satisfyingresults,the designincludesalso a fast
shaper a baselinerestorer(BLR) and a discrim-
inator In particularthe latter two require more
work during the year2001. In orderto obtainfi-
nal productso be mountedonthe FE-boardsarly
in 2003,the designandtestsof CARIOCA should



Table23 Muon ProjectMilestones

Date Milestone
MWPC detectors
January2002 Engineeringdesigncompleted
January2003 Begin chamberconstructiorandtests
DecembeR004 | Chamberconstructionrcompleted
RPC detectors
DecembeP001 | Decisionon useof linseedoil
January2002 RPCengineeringlesigncompleted
May 2003 Begin RPCassemblyandtests
DecembeR004 | Chamberconstructionrcompleted
Chambersfor the inner part of M1
January2003 Technologychoice
DecembeR004 | Chambeiconstructionrcompleted
Electronics
March2002 CARIOCA designandtestcompleted
March2002 DIALOG designandtestcompleted
June2002 SYNC designandtestcompleted
October2002 Full chainelectronicgestcompleted
January2003 Begin FE-boardproduction
October2003 Begin IM- SBandODE-boardproduction
DecembeR004 | Electronicsassemblyandtestcompleted
Muon filter and support structur es
DecembeR003 | Iron filter installationcompleted
June2004 Chambesupportstructuresnstalled
July 2005 Muon Systemcommissioningcompleted

be completedby March 2002, whenthe FE-chip
statuswill bereviewed. Assumingthatthe testsof

the full CARIOCA prototypearesatisfying,about
ninemonthsareleft for theengineeringunandthe

productionof the chips. In casethe testsof CAR-

IOCA revealserereproblems enoughtime would

beleft to switchto thebackupsolution theadapted
ASDQ chip. Theviability of the backupsolution
will be maintaineduntil the final decisionon the
FE-chiphasbeentaken. The necessargtudiesfor

the ASDQ chipwill becarriedoutduringtheyear
2001.

6.1.2.2 Readoutelectronics

Thebasicdesignof the variouscomponent®f the
readoutelectronicschainshouldbe completedbe-
tweenmid 2001andmid 2002,asindicatedin Fig-
ure67. Thisincludesin particularthedesignof the
DIALOG andSYNC chips.In orderto avoid ade-
lay to thetestof the full readoutchain,scheduled
for autumn2002,a backupsolutionintegratingthe
essentiafunctionalitiesof the SYNC chip inside
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anFPGAIs ervisaged.In parallelto thetestof the
full electronicschain, radiationtestsfor the DIA-
LOG andSYNC chipswill becarriedoutto prove
their SEU immunity. The testsarefollowed by a
periodof two years,duringwhich the engineering
designof the variousboardswill be finalised,and
the tendering,production,assemblingand testing
takesplace.

6.1.2.3 Monitoring and control

Thepreferredsolutionfor the ECSinterfaceof the
muon systemis basedon the CAN-ELMB stan-
dard. In orderto prove the SEU immunity of this
interfaceandthe backupsolution (SPECS79]*Y)

extensve testsare in progressto allow a final

choiceof the ECSinterfacefor the muonsystem
in autumn2001. This will be followed by a pro-

totyping and test phasebefore productionof the
serviceboardsstartsbeginning of 2003.

11serial Protocol for ECS, based upon the ATLAS
CalorimeterserialprotocolSFAC



6.1.3 Infrastructur e

6.1.3.1 Muon Filter

The iron blocks for the muon filter will become
availableearlyin 2002.As themuonfiltersoccupy

a ratherlarge amountof space their construction
in the experimentalareawill be delayeduntil the
installationof the LHCC cryolineshasbeencom-
pletedin Septembe003. The installationof the
shieldsshouldtake aboutthreemonths.

6.1.3.2 Chamber support structure

The muon systemsupportstructuresare attached
to gantrieswhich limit the clearanceof the crane
in the experimentalarea.In orderto maximisethe
time duringwhich full useof thecraneis possible,
the installation of the gantriesshould only been
carriedoutatthebeginningof 2004,whenthecon-
structionof the muonfilters andtheinstallationof
otherheary equipmenis completed.Theinstalla-
tion of the supportstructureswill take aboutthree
months.The muondetectorinstallationcouldstart
in parallelwith the LHCC octanttest, scheduled
from April to Septembef004. Sincebeamtests
will be donemainly in the nights, only minimal
interferences foreseengexceptfor the hindrance
causedy thebeampipe.

6.1.4 Installation and commissioning

Both MWPC and RPC detectorswill undego in-

stallation and commissioningduring the second
half of 2004 andfirst half of 2005. Commission-
ing with other LHCb sub-detectorsusing com-
mon DAQ will begin in the summerof 2005. Six

monthsof operationin this modeare foreseeno

ensurethe muon detectorswill be readyto take

dataatnominalLHCb luminosityearlyin 2006.

6.2 Costs

The total costfor the Muon systemis estimated
to be 10,830kCHF. Table 24 shaws the cost es-

timate split accordingto the systemcomponents.

For thechambersndelectronichoardsabout10%
of spareshave beenincluded. Wherever possi-
ble, the costestimationof componentss basedon
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quotedrom industryor recentpurchasesf similar
items.

The iron for the muon filter is a specialin-
kind contritution from CERN, for which the cost
hasbeenestimatedo 4,000kCHF. Theremaining
costof 6,830kCHF for the muondetectorsystem
hasbeenestimatedunderthe assumptiorthat the
CARIOCA FE-chip can be usedfor the MWPC
detector Thetotal costwould be higherby about
600kCHF in casethe adaptedASDQ chip would
berequired.

6.3 Division of responsibilities

Institutescurrently working on the LHCb Muon
projectare: CentroBrasileiro de Pesquisas-isi-
cas CBPF, and UniversidadeFederaldo Rio de
JaneirdJFRJ,Rio deJaneirdBrazil), Universities
andINFN of Cagliari,FerraraFirenze Roma“La
Sapienza”PotenzaRoma“Tor Vergata”, Labora-
tori Nazionalidi FrascatiLNF (Italy), Petershrg
NuclearPhysicsnstitute PNPI, Gatchina(Russia)
and CERN. Work on the Level 0 Muon triggeris
carriedoutby CPPMMarseillein closecollabora-
tion with the Muon group.

The sharing of responsibilitiesfor the main
Muon Projecttasksis listed in Table25. It is not
exhaustve, nor exclusive. Detailsof the responsi-
bilities for the varioussystemcomponentsvill be
finalisedby thetime of the engineeringdesignre-
ports,andwhenpreciseinformationof all funding
agenciess available.

Softwareis a majortaskin the projectandnot
listedin Table25. It is understoodhatthe Muon
groupassuchis responsibleandwill have there-
sourcesof 6 FTE to provide all muonsystemspe-
cific software. This includesalgorithmsfor simu-
lation, reconstructiorand monitoringsoftware for
DAQ andcontrols.

The studiesrequiredto maintainthe viability
of the backupsolution for the FE-chip are car
ried out by the CERNandRomel groupsin close
collaboratiorwith the University of Pennsylania,
wherethe ASDQ chip hasbeendesigned.
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Table24 Muon projectcostin 2000prices(KCHF).

ltem Unit Number| sub-total
of units | (KCHF)
MWPC detector: 1220
Panels m? 1400
Specialcathodes m? 220
Wire Fixationbars 0.5m 15000
Frames 0.3m 6000
Spacers piece 25000
Wire km 1215
HV-boards board 13000
Tooling prod.lines 4
Assembly chamber 900
RPC detector: 260
Bakelite m? 1300
Gasgapproduction chamber 500
Strips m? 500
Foampanels m? 500
HV-Connectors piece 1000
Mechanics chamber 500
Assembly chamber 500
Electronics: 4040
CARIOCA-chip piece 12500
DIALOG-chip piece 8000
RPCFE-chip piece 3500
FE-boards board 8000
Spark-Protection-boards| board 8000
LVDS links link 1800
IM-boards board 180
Off-DetectorElec.-boards board 180
Service-board¢éECS) board 160
Data-Concentratdrsoards | board 12
Opticallinks to LO trigger | link 1250
Crates crate 36
LV-power supplies/cableg system
Seuwices: 1310
MWPC GasSystem system 1
RPCGasSystem system 1
MWPCHV System system 1
RPCHV System system 1
SupportStructures module 10
Muon filter: 4000
Muon SystemTOTAL 10830
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Table25 Muon project: Sharingof responsibilities.

Task

Institutes

MWPC detectors:
StationsM1 — M3, outerpart
(ConstructiomandTesting)
StationsM2 — M5, innerpart
(Constructiorandtesting)

FerraraLNF, PNPI,Romel / Potenza

CBPF, CERN, FerraraLNF, UFRJ

RPC detectors:
StationsM4 — M5, outerpart
(Constructiorandtesting)

Firenze Romell

Inner part of station M1.:

(Constructiorandtesting) Cagliari,LNF
Readoutelectronics:

CARIOCA chip design productionandtesting CERN,UFRJ

DIALOG chip design,productionandtesting Cagliari

SYNC chip/FPGAdesign productionandtesting Cagliari

MWPC FE-boardgproductionandtesting)
RPCFE-boardqproductionandtesting)

CBPF, PNPI,Romel / PotenzalUFRJ
Firenze,Romell

IM-boards,design productionandtesting LNF

Serviceboardsdesign productionandtesting Romel

ODE-boardsdesign productionandtesting Cagliari,LNF
Sevvices:

GassystemgDesign) CERN

Monitoring, Control (ECS) Romel
Experimental areainfrastructur e:

Chambemsupportstructures CERN,LNF

Muonfilter supportstructures CERN

Muonfilter installation CERN
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