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Abstract

Productionof the muonbarreldrift chamberscalledMB3 for the CMS experimentat the LHC has
startedat LegnaroINFN Labs in 2001. The detectorsare fully equippedwith the final front-end
electronicsandhigh-voltageboards,andtestpulseandlow-voltagesystems.Beforebeingmovedto
CERN,all chambersaretestedandvalidated.After goodnoiselevel andproperhighvoltagebehavior
have beenensured,we collectcosmic-rayeventstriggeredby anexternalscintillatorsystem.We use
thosedatato infer the main parametersof the chambers,namely, detectionefficiency, uniformity in
behavior, timing properties(resolution,uniformity, dependenceon trackangle),andpossibleshiftsof
the wires andlayersinsidethe superlayers.The methodis particularlyefficient in finding patholo-
gies causedby trivial mistakes like, for example,an unconnectedelectrode,which canbe quickly
recovered.



1 Intr oduction
TheCMSbarrelmuondetectionsystem[1] consistsof 4 concentricshellsof wire drift chambers,calledMB1 (the
innermost),MB2, MB3, andMB4 (theoutermost).Eachchamber(excepttheMB4 type)is madeof 3 independent
units, called SuperLayers(SL), and a thick honeycomb plate glued together, as shown in fig. 1. EachSL is
composedof 4 layersof drift tubes,with all wires parallel. The wires of odd layersinsidea SL arestaggered
by a half-cell width with respectto the even layers. The two externalSLs,called

���
and

���
, have wires in the

samedirectionandmeasurethe muontrajectoryin the CMS bendingplane. The third SL, called � , haswires
perpendicularto the

�
SLs. The drift tube,with ���
	 � ���
��� crosssection,shown schematicallyin fig. 2, is

composedof threeelectrodes:a wire, wheretheelectronmultiplicationoccurs,two I-beams(cathodes),andtwo
strips,which definetheelectricdrift field andprovidesomeshapingto it, thusimproving its uniformity. For MB3
chambers,the wire length is

� ����� ����� and ��� � � � ��� for
�

and � SLs, respectively. Each
�

SL contains286
channels,each� SL 227channels,for a totalof 799channels/chamber.

Productionof MB3 chambers[1, 2, 3] for theCMSmuonbarrelbeganin 2001at theLegnaroINFN Laboratories.
Beforebeinggluedtogether, eachof the 3 SLs arechecked oneby oneto guaranteegastightness,a minimum
electronicnoiselevel andgoodhigh voltagebehavior. A detaileddescriptionof suchtestsandof their resultscan
befoundin ref. [4]. After beingassembledandbeforebeingmovedto CERN,all chambersarefurther testedto
checktheelectronicnoiserate,detectionefficiency, uniformity of behavior, timeresolution,andwire, layerandSL
position.Thechambersarebuilt usingthefinal design[1, 2, 3] andequippedwith thefinal front-endelectronics,
final high-voltageboards,andfinal high-voltageandlow-voltageinternallayoutandcables.Only theTDCsand
the dataacquisitionsystemarenot the onesforeseenfor CMS, but aretemporarysolutionsdevelopedfor local
testsandtestbeams.

All measurementsareperformedby usingcosmicrayscrossingthechamberandtriggeredby a systemof plastic
scintillators. After the cosmic-rayeventsarecollected(1 million eventsin a coupleof hours),dataanalysisis
performedandwe canquickly identify andlocalizewrongfeaturesof thechamber, asdiscussedbelow, andtry to
fix them.Thisfine-grainandfasttestingprocedureis repeateduntil a fully-efficientandwell-performingchamber
isobtained.Particularlyrelevantarethemeasurementsof thewire, layerandsuperlayerpositionsandthecheckthat
systematicshiftswerenot introducedin theconstructionphase.In fact,while correctionof thenominalposition
of the wires canbe appliedin the offline analysisto improve spatialresolution,the online first-level trigger [5]
requiresthat the tolerancesare fulfilled at the constructionlevel. Safevaluesof tolerancesare0.1 mm for the
wire positioninsidetheSL and1 mm for therelativepositionof theSLs.Shouldsystematicshiftsoccur, aproper
correctionto theassemblyprocedurehasto beapplied.

Thepurposeof this noteis to presentthetestingprocedureandtheanalysisin orderto demonstratethereliability
andefficiency of thediagnosticmethod.

Besidesthe routine analysisfor validating the chamber, other studieshave beenperformedto understandthe
effectof differentincidenceanglesof theincomingtracks,theafter-pulserateandits dependenceonwire gainand
detectionthreshold,andthedrift velocitydependenceontheabsolutegaspressure.Someof thesewill bepresented
here.All datapresentedherereferto thesamechamber(exceptwhenstatedotherwise),MB3-011,whichbehaved
typically.

2 Experimental setupand procedure
After thechamberis glued,it is placedhorizontallyona tableandfilled with anAr(85 � )-CO� (15� ) gasmixture.
Theoxygenconcentration[O� ] is measuredby anoxygenmonitor ��� placeddownstreamjust beforethe gasex-
haust.As soonas[O� ] �

� ������� � , thegasflow is reducedandregulatedin suchawaythattheabsolutepressureis
keptconstant.Typically !#" � � � ���%$'&'( andthegasflow is �)� �+*�, ��-�. , correspondingto aboutafull gasexchange
every3 days.Thestandard highvoltagevaluesof thecell electrodesare: /103254768"9���:���;/ , /=<?>@472BAC" �:D � �;/ , and
/1EGFIH�6?JLKM"ON �:� ����/ . At thesevoltages,thewire gainis on theorderof �QPSRQT � � U [6] which is aboutthesame
valueasin our previousrunsat CERN([7, 8, 9, 10]).

The front-endelectronics(FE) is composedof a fastchargepreamplifier(���V.XW integrationtime) followedby a
shaper(shapingtime of

� R8.XW ) anda discriminator[11]. Thestandard discriminatorthresholdis
� R+�Y/ , which

correspondsto achargeof about�)� RCZ3[ .

Signalsfrom thechamberfront-endelectronicsarefedinto 18TDCs �\� setin commonstopmode.TheTDCshave
]_^

Zirconiaoxygenanalyzerseries350,by Panametrics.
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Figure1: A crosssectionthroughanMB3 chamber.

a clock of 96 kHz. The DAQ system,which readsout the TDCsandstoresthe data,andthe onlinemonitor are
describedin detail in [12].

Underthe table,a systemof plasticscintillatorsdetectscosmicrayscrossingthe chamber, andgivesthe trigger
andthecommonstoptime to theTDCs. Thetriggerefficiency is about `:a�b andthetriggerrateis about c:d�e�fhg ,
allowing usto collect c:e�i eventsin two hours.For eachtrigger, thehits occurredwithin a time window of j kmlXn
arerecordedandstored.

Sincethenumberof availableTDC channelsis not enoughto read-outtheentirechamberin a singlerun,wehave
to collectthedatain two runs:i) theentireo plustheleft half of p�c and p�k , andii) theentire o plustheright half
of p�c and p�k .

2.1 Cosmic-ray trigger

8 plasticscintillators,arrangedin 4 pairsof overlappingelements,providethecosmic-raytrigger(fig. 3). Thetwo
pairscomposedof the longestscintillators(j e�ehqhk e�rtsvu area,k�r�s thick) areplacedparallel to the o wires
(thereforeperpendicularto the p wires),about90cmunderneaththetableplane.Theothertwo groups,composed
of k�a e
qvk�`Cr�svu area,k�rts thick scintillators,areplacedperpendicularto the o wires, a�e
rts underneaththe
tableplane.A blockschemeof thetriggerlogic is sketchedin fig. 4. Eachscintillatoris readoutat thetwo endsby
two photomultipliers(PMTs) w7x . After discrimination,the two signalsfrom thePMTsarefed into a mean-timer
module[14], which yields the meantime of the two signals. Thenthe two meantimesof eachpair areput in
coincidence.Thecosmic-raytriggeris givenby thelogical ORof theAND of eachpair.

The plasticscintillatorsarequite old andhave beenextensively exploited by otherexperiments.Consequently,
their intrinsic light-emissionpropertiesaredegraded,resultingin a poor time resolutionfor the trigger (several
ns). Therefore,this trigger is not adequateto study the time resolutionof the chamber(seealsofig. 19). The
synchronizationof the4 pairsof scintillatorshasbeenperformedby triggeringthemwith asmallplasticscintillator
with a time resolutionbetterthan czyXn which providesthereferencetime.

3 Testof Front-End electronics
Beforestartingto collectcosmic-raytracks,weperformacheckof theelectronicnoiserateandmeasurethedelay
timecausedby thecablelengths,channelby channel.
{t|

32-channelVME TDC board,developedat INFN Romafor theKLOE experiment[13].}?|
ThornEMI model9813KB.
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Figure2: A schematicview of adrift tube.Thedrift lineswhich reachthewire arealsoshown.

A testpulsesignalis providedto eachchannel’s front-endamplifierandthedelaytime ~���� 2 betweenthetestpulse
andthe outputsignal is measured,channelby channel(index - ). ~�� � 2 dependsnot only on the cablelength,but
alsoon thefront-enddiscriminatorthresholdlevel. To have an ideaof therisetimeof thefront-endoutputsignal,
we measuredthe variationof the delaytime with the thresholdby looking at signalsfrom cosmicrays(andnot
from testpulses).Figure5 shows themeasureddependenceof ~ ��� 2 on thethresholdvalue /1>@�G4 , wherethedelayat
/1>@�G4V" � ���Y/ hasbeenput arbitrarily to zero.Therisetimeis well below 10 ns.

For theanalysisof thedata,thehit drift times~72 arecorrectedfor thedelaytime ~ � � 2 .
With thechamberat thenominalHV value,randomtriggersareprovidedby a pulser. Thenumberof hits inside
the time window and the window width determinethe noiserate of a cell. As an example,fig. 6 shows the
noiserate,channelby channel,for all layersof chamberMB3-011. The averagenoiserateasa function of the
thresholdvalueis plottedin fig. 7. The � SL aresystematicallynoisierthanthe

�
SL becauseof thelongerwire

length. At the standardthresholdvalueof
� R;�%/ andstandardHV conditions,the averagenoiserateis around

���CN%R ���
� /channelfor the
�

SL andaround�����h� /channelfor the � SL, both ratescorrespondingto a linear
noisedensityof about0.2Hz/cmof wire.

At a thresholdof
� R8�Y/ , we alsomeasurethe averagenoiserateasa functionof /=032B4\6 . The resultis shown in

fig. 8.

4 Testwith cosmicrays: Efficiency
The measurementof the chamberefficiency is not performedusing the externalcosmic-raytrigger becauseof
varyinggeometricacceptance,but relieson thereconstructionof cosmic-raytracksegmentsin eachsuperlayer.

Eachrecordeddrift time,aftersubtractionof theindividualdelaytime, is convertedinto two positions(dueto the
left-right ambiguity)assumingaconstantdrift velocity ��� 4\2B�G> (R R��3� , .XW ) (see[8, 10] andsect.5).Thereconstruc-
tion of a tracksegmentrequireshits in at leastthreedifferentlayersinsidea SL. Thenall possiblecombinations
of pointsarefitted to a straightline andthebestfit is chosen.Thetrack is acceptedif thefit fulfills thecondition� ��� � ��� (usingin thefit a singlewire resolutionof � � ���3� ). We applysucha loosecut to avoid possiblebias
introducedby theeventselection.Weverifiedthatthetrackfindingefficiency is notaffectedby variationof ��� 4725�G>
within R�� .

We measurethe layerefficiency, thecell efficiency andtheefficiency dependenceon thepositioninsidethecell.
For all cases,we look for trackswith at leastthreehits in differentlayersandcheckif a fourth hit is presentin the
fourth layerwithin afixedwindow � (�I� � ��� ) aroundthetrackextrapolation.
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Figure3: A schematicof thescintillator layoutfor thecosmic-raytrigger. FE andHV label thefront-endandthe
high voltagesideof the SL, respectively. Thearrow directionsreflectthe numberingof the FE channels(origin
correspondsto channel1)

Figure4: A schematicof thetriggerlogic.
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Figure5: Dependenceof theaveragedelaytime on thefront-enddiscriminatorthresholdsettingmeasuredusing
cosmic-raysignals.Thedelayfor a 10 mV thresholdhasbeenput arbitraryto zero.

Figure6: Noiserateat /1>@�G4V" � R��Y/ versuschannelnumberfor all layersof thethreeSLsof chamberMB3-011
at thestandardHV setting.
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Figure7: Dependenceof theaveragenoiserateof a singlechannelon thefront-enddiscriminatorthresholdat the
standardHV setting.Notethatthenoiseratealsoincludesthecosmic-rayrate(on theorderof 10 Hz/channel).
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Figure8: Dependenceof theaveragenoiserateon thewire voltage / 032B4\6 at
� R��Y/ threshold( / <?>@472BA " �:D � ��/ ,

/ EGFIH�6?JLK "�N �:� ���V/ ) for the3 SLsof chamberMB3-003.
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Theefficiency  ?¡'¢¤£z¥ in layer ¦ is determinedasa functionof thetrackextrapolatedposition£

  ¡ ¢¤£z¥�"
§ ¡§ >@4\J'¨t©¡ ¢B£z¥ (1)

where
§ >@47JL¨t©¡ ¢B£�¥ is the numberof trackscrossinglayer ¦ at the position £ andhaving a hit in eachof the other

threelayersand
§ ¡ is thesubsetof

§ >@4\J'¨t©¡ ¢B£z¥ composedof trackswith a fourth hit in layer ¦ within ª8� from the
track. In ordernot to dependon thedetailsof thereconstruction,thefourthhit is not requiredto beincludedin the
definitionof thetrack.

We expect,aswehavealreadymeasuredin thepast(seefor example[8]), thattheefficiency doesnot reach
� � ���

becauseof the“shadow” causedby theI-beams,especiallyfor tracksalmostperpendicularto the layer. Figure9
shows an exampleof the efficiency computedcell by cell in the four layers. Due to the appliedalgorithm,we
expectto observe a lower efficiency for thefirst andlastchannelsof thereadoutmap,becausea trackcancrossa
neighborcell which is not readout. For our acquisitionscheme,this happensfor channelsat theborder(channel
1) andat thehalf chamber(channels36,37).

Plotsof the type shown in fig. 9 arecomputedfor every producedchamberandstoredin a database.They are
usedto quickly checkthe uniformity of the chamberandto crosscheckthe presenceof faulty channels.Faulty
connectionsoneithertheHV or FEsidehavevisibleeffectson theseplots.Theaverageefficiency is around����� .

Sometimesit is alsouseful to checkthe efficiency within a singlecell asa function of the track reconstructed
position. Figure10 shows this dependencefor a fully-efficient chamber. Theefficiency is always «¬� D � in the
centralregionandstartsto dropat adistanceof about

� �
� from thecenterof thecathodeI-beam.Thisconfirms
thattheinefficiency is totally dueto thegeometricacceptancegivenby thepresenceof theI-beams.

Hardwareanomalieshavevisibleeffectson theseplots.An exampleis givenin fig. 11whichshows thefirst result
obtainedon chamberMB3-008.Thefirst layerof superlayer

���
showeda reducedefficiency in thelast8 cells,as

seenin thetop plot. Themiddleplot shows, for comparison,theefficiency versusthedrift positionin a groupof
fully-efficientcells,while in thebottomplot onecanseethebehavior of not fully-efficientcells. It turnedout that
thebadcellshadtheir cathodesdisconnectedfrom HV. Thedifferentelectricfield geometrycausedtheobserved
dropof efficiency in thevicinity of theI-beams.Nevertheless,it is worth notingthatthecell efficiency remainsas
highas

D ��� .

Sincethedrop in efficiency correspondsexactly to thepositionof theI-beams,any shift of a layerof wireswith
respectto theotherscanalsobeobservedasanasymmetryin thecorrespondingplot of fig. 10.

In fig. 12theefficiency (1), averagedoverasinglelayer, is plottedasafunctionof thetrackinclinationwith respect
to thenormalto thewire layer, for trackspassingcloseor farawayfrom theI-beams.In thefirst case,theefficiency
is ���I� ��� andindependentof theinclinationangle.

For trackspassingcloseto an I-beam,the efficiency decreasesbecausea hit canbe missed,dependingon the
trackorientationandposition.For angles« � ��­ theefficiency (1) is still greaterthan � D � since,for geometrical
reasons,tracksproducehits in two contiguouscells of the samelayer. For trackswith inclination ® � ��­ , the
efficiency decreasesastracksapproachtheI-beam.At angles®¯��­ andin vicinity of anI-beam,thedefinition(1)
of efficiency is inappropriateandyieldspoorresultssincetheinefficiency dueto theI-beamin layer - is correlated
with the inefficiency of layer -�° �

. We remindthe readerthata track requiresat least3 hits and,therefore,no
tracksarereconstructedneartheI-beam,exceptperhapswhena ± -ray is produced.

A checkof the dependenceof the efficiency on the wire voltagewasperformedon a few chambersin orderto
validatetheworkingpoint. Theefficiency is known to depend,throughthegasgain,onthe“amplificationvoltage”
/1JLK�A³²�"´/=032B476µNS/1<?>@4725A . A scanin /=032B4\6 wasmade,keeping/1<?>@4725A fixedat

�:D � �V/ . Theresultis plotted,layerby
layerfor all threeSL’s, for chamberMB3-011in fig. 14.

Figure15 shows theefficiency at a standardHV settingasa functionof theFE threshold.Theefficiency changes
in anegligible waywhenincreasingthethresholdup to

� ���¶�%/ . The(small)efficiency lossat
� ���Y/ is probably

due to the higher noiserate, which can generatefake tracks. In this thresholdscan,the total numberof hits
decreasesby about��� , andis entirelydueto thedecreaseof thenumberof after-pulses(definedashits in thetime
window between· K�JL¸ and

� · K�JL¸ , where· K�JL¸ is themaximumdrift time). Thetrackreconstructionefficiency
(numberof reconstructedtracks/numberof scintillatortriggers)is about �:��� (mainly becauseof thegeometryof
thescintillatorsystem),independentof thethresholdfrom

� R to
� � ���%/ .
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Figure9: Efficiency versuscell numberin thefour layersof SL »�¼ .
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Figure10: Averageefficiency asa functionof thereconstructedtrackpositionin thecellsfor thefour layersof SL���
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� , thewire at
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Figure11: Top: efficiency versuscell number(early resultson MB3-008); middle: efficiency vs. reconstructed
track position, fully-efficient cells; bottom: efficiency vs. reconstructedposition,not fully-efficient cells. The
I-beamsareat ª ��� �
� , thewire at ���
� .
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Figure12: Averagelayerefficiency asa functionof thefitted trackinclinationanglefor trackspassingwithin four
differentrangesof distancefrom theI-beam.Thedistanceis computedfrom thecenterof theI-beam.
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For thefirst 11 chambers,15 channelshave beendisconnected(mainly becauseof HV problems),corresponding
to anaveragedeadchanneloccurrencebelow �I� � � .

5 Testwith cosmicrays: Mean Time and resolutionstudies
5.1 Definition

Resolutionstudies,a checkof behavior uniformity of theSL, anda first glanceat thegeometricalignmentof the
layersinsideaSL areperformedusingaMeanTimemethod.Assumingauniformelectrondrift velocity, theMean
Timeis thedrift timecorrespondingto thehalf-wirepitch (ªh«�¬�¬ ) andit is thereforeinverselyproportionalto the
drift velocity. Given3 semi-cellsin thesamecolumnin threesuccessive layers­ , ­¯®°« , ­±®?ª , for eachtrackthe
MeanTime ²´³�µ�¶ ·¹¸»ºh¼�¶ ½¾¸ ¿�¼ is definedas:

²´³�µ;¶ ·¹¸Àºh¼�¶ ÁÃÂ ³ µ�Ä ­ÆÅ¹®¡³ µ�Ä ­¯®?ªhÅ
ª ®¡³ µ Ä ­±®´«1Å (2)

whereÇ is thenumberof thecell in layer1 (takenasthereference),³ µ�Ä ­ÆÅ , ³ µ¾Ä ­È®É«1Å , and ³ µ�Ä ­D®�ªhÅ arethedrift
timesin thethreecells,andthe index Ê (Left) or Ë (Right) is givenaccordingto thehit positionwith respectto
thewire in cell Ç . Layer ­D®Ì« is staggeredby a half cell with respectto layers­ and ­D®Íª . Simplegeometrical
considerationsshow thatfor auniformdrift velocity ²´³ doesnotdependon thetrackangleor position.For each
semi-column(left or right), two possible²´³ s canbe obtained. The first, indexed with ­°ÂÎ« , is obtainedby
consideringlayers1, 2, and3, thesecond,indexedwith ­�ÂÏª , by consideringlayers2, 3, and4.

The ²´³ is calculatedfor all trackswith 4 hits whenall hits are in the samesemi-column(which thereforeis
identifiedby the indexes Ç and Ê or Ë ). This requirementautomaticallyselectstrackswith anangle ÐÒÑ1ÓhÔ with
respectto the vertical (seealsobelow) andcausesthe populationof trackspassingcloseto the wire (andto the
I-beams)to bedepletedwith respectto therestof thecell. No othercutsareapplied.

Thedrift time ³ µ is definedas ³ µ Â
Õ µ5Ö ³¹× , whereÕ µ is thehit time recordedby theTDC andcorrectedfor the
individualdelaytime Õ�× ¶ µ (seesect.3), and³¹× is thecommondelaytime. While anaccuratedeterminationof ³¹× is
notneededfor ²´³ resolutionstudiesandchecksof uniformity behavior, it is indeedcrucialfor thecalculationof
thedrift velocity andrelatedquantities.However, it is alsoworth usingthecorrect³¹× valuesto comparedifferent
chambersanddifferentrun conditions. ³ × is measuredfrom a Gaussianfit of the derivative of the global drift
time distribution (fig. 16): ³ × ÂÙØ Ö Ñ�Ú , where Ø is thepeakpositionand Ú thepeakstandarddeviation. The
reasonfor this procedureis the difficulty in finding the start time of the drift time distribution. For a constant
drift velocity oneshouldexpecta rectangulardistribution. Sincetheelectronavalanchedevelopsat a distanceon
the orderof several wire diameters(Û¥ÓÝÜ	¬ in our case),the region aroundthe wire is inefficient whenprimary
ionizationelectronsaregeneratedthere.This causesthedepletionof eventsnearthezerotime. However, thenext
primary electronarriving at the wire is detectedandthis generatesthe accumulationof eventsat a drift time of
about10 ns. This time is proportionalto theaveragedistancebetweenprimaryelectrons,which is about0.3 mm
for our gasmixture[15].

Herewe reportthe analysisresultsregardingthechamberFE sides,i.e. usingscintillatorgroup5 for the Þ SLs
andgroup4 for the ß SLs.TheresultsregardingtheHV sidearecompatiblewith theFEside,takinginto account
thepoorertime resolutionof thecorrespondingscintillators.

5.2 Corr ection for signalpropagationtime

Correctuseof the ²´³ requiresa correctionfor thepropagationtime of thesignalalongthecell. In fact,thecell
is a delay-linefor thesignal,andeventsoccurringat differentdistancesfrom thefront-endamplifier, althoughat
thesamedistancefrom thecell wire, reachtheamplifierat differenttimes. This time spreadaddsto the intrinsic
time resolutionif we do not take it into account.To measurethesignalpropagationtime,we plot themeanvalue
of the ²´³ (i.e. averagedover all cells,over all anglesandover all positionsinsidethecell) versusthe position
alongthe wire. If we are looking at a SL Þ , the positionalongthe wire is obtainedfrom the SL ß , andvice-
versa.The resultis shown in fig. 17. Theslopeof the linearfit is thesignalpropagationvelocity à/á µãâ�ä1å�æ , which
givesà/á µãâ�änå�æ ÂÉÓ�ç ª1è1èé¬ëê�ì�í , consistentwith thepreviousdeterminationreportedin [16, 10] andwith testbench
measurements[17]. Theeffectof thepropagationtime canbeclearlyseenin fig. 17,wherethedistribution of the
average²´³ is plottedbeforeandafterthecorrection.Thestandarddeviationof thedistributionimprovesby more
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Figure16: Distributionsat thestandardHV andthresholdsettingfor: (top) drift time,and(bottom)its derivative,
with a Gaussianfit of thepeakafterthe ³¹× subtraction.
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Figure17: ²´³ distributions(left) andthe ²´³ dependenceon thepositionalongthewire (right) before(top)and
after(bottom)thecorrectionfor signalpropagationtime.
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than Ñ¥Órq , decreasingfrom about «�Ó ì�í to about s�ì�í . Note that the local BTI trigger [5] cannotcompensatefor
thesignalpropagationtime,but will seeit asaphaseshift.

Fromhereon,we alwayscorrectthedrift time ³ µ for thesignalpropagationtime.

5.3 MT vs. High Voltage,track inclination, and reconstructedposition

For eachcell Ç themeantimedistributionsarecomputed.Dueto t -rayproduction,thedistributionis notsymmetric
with respectto thepeakbut hasa non-Gaussiantail on theleft sideof thepeak.Theright sideof thedistribution
behaveswell andcanbefitted to a Gaussianfunction(seefor examplefig. 17). Themeanvalueof theGaussianis
takenastheeffective ²´³ value,while thestandarddeviation is usedfor resolutionstudies.

Thedependenceof themeantime ²´³ andthe ²´³ resolutionÚvu&w on thecell numberÇ is plottedin fig. 18. We
have to rememberthat Ú�uxw is biasedby thescintillatortime resolution,which is ratherpoor, especiallyfor the ß
SL. Therefore,we look at the ²´³ resolutiononly to checktheuniformity in a chamberandtheconsistency from
chamberto chamber.

Figure19 shows thedependenceof theaverage²´³ ½�¶ · and ²´³ ¿1¶ · and ²´³ resolutionon thewire voltage y4z µ|{@}
for chamberMB3-011. Note that for the ß SL, the ²´³ resolutionis almostindependentof y4z µ|{@} , beingcom-
pletelydominatedby the trigger resolution.We checked that trackstriggeredby a small plasticscintillatorwith
a goodtime resolution( ~Î«Ãì�í ) have a ²´³ resolutionaroundèDì�í (at the standard��y setting),asexpected
from previous testbeamruns[7, 8, 9, 10]. Theobserveddependenceof the ²´³ on y4z µ|{@} agreeswell with our
previousmeasurementsreportedin [8]. Suchbehavior canbe attribuited to the variationof the averageelectron
drift velocity in thegas.Othercontributionsarepossible,asfor examplethe fact that y z µW{(} determinesthewire
gain,which influencesthesignalshape(risetime).This time variation,known astimewalk, hasbeenmeasuredto
be ªéì�í for a «�Ûé¬�y thresholdin thegainrangewe spanby changingy z µ|{@} [11], andreflectsinto a èéì�í change
of the ²´³ .

Figure20 shows thevariationof ²´³ ½ with thetrackinclinationanglein theplaneperpendicularto thewiresand
with respectto theverticaldirection.Theangleis obtainedby fitting thehits in thesameSL to a straightline. It’s
worth noting that theapparent²´³ and,therefore,thedrift velocity, is nearlyflat up to «�ÛhÔ andchangesby less
than Ñrq for anglesup to Ñ¥ÓhÔ . On the contrary, the ²´³ doesnot dependon the track anglewith respectto the
verticalplanecontainingthewire (fig. 21).

Fromthefit of thetrackwealsoobtaintheclosestdistanceof thetrackfrom thewire. Theplotof the ²´³ (averaged
overall angles)candiscloseanomalousbehavior insidethecells,analogouslywith whatshown in sect.4. In fig. 22
thebehavior of theaverage²´³ andthe ²´³ resolutionarereportedasafunctionof thereconstructeddrift distance
for almostperpendiculartracks(inclination Ð èhÔ ). Nearthewire andtheI-beamsthe ²´³ valueandresolutionare
notcalculatedbecauseof thepoorstatisticsavailablewith theappliedcuts.

5.4 Layer misalignment

Systematicdifferencesfor all semicolumnsin a SL between²´³ · and ²´³ º andbetween²´³ ½ and ²´³ ¿ are
causedby misalignmentsof the layers(seealso [18]). Recallingeq. (2) andthe relationshipbetween²´³ and
electrondrift velocity àv� {¾µW��� , thevariations��²´³ of themeantime dueto a globalmisalignment��� Á of layer ­
are:

àv� {�µW��� �A²´³ ·�¶ ½ Â Ö àv� {�µW��� �A²´³ º�¶ ½ Â ��� ½ ®������
ª Ö ��� ¿

à � {�µ|��� �A²´³ ·�¶ ¿ Â Ö à � {�µ|��� �A²´³ º�¶ ¿ Â Ö ��� ¿ ®������ª ®������
wherethe ²´³ sareaveragedoverall cells.Therefore,thequantities

�A²´³ Á ÂÉ²´³ ·�¶ Á Ö ²´³ º�¶ Á Ä ­�Â «��¾ªhÅ
�A²´³�·¹¸»ºh¼�ÂÉ²´³�·¹¸Àºh¼�¶ ½ Ö ²´³�·¹¸»ºh¼�¶ ¿

areproportionalto thelayermisalignments,namely

à � {¾µW��� ��²´³ ½ Â���� ½ ®������ Ö ª6��� ¿
àv� {¾µW��� ��²´³ ¿ Â Ö¯Ä ��� ¿ ®�������Å¹®?ª���� �
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Figure18: Dependenceof ²´³ ½ (both ²´³ ½�¶ · and ²´³ ½�¶ º ) andthe ²´³ ½ resolutionfor all SLsof chamberMB3-
011(at thestandardHV andthresholdsetting)on thesemicellnumber.
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Figure19: Dependenceof ²´³ ½�¶ · , ²´³ ¿n¶ · andthe ²´³ resolution(trigger resolutionnot subtracted)on thewire
voltage y z µW{@} for the3 SLsof chamberMB3-011.
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Figure20: Dependenceof the ÑÓÒ on theinclinationangleof thecosmic-raytracksin theplaneperpendicularto
the wires. Top plot: ÑÓÒ resolution(trigger resolutionnot subtracted);middle plot: averageÑÓÒ ; bottomplot:
numberof entries.Therangespanstracksup to ÔÖÕ�×rØ in inclinationangle.
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Figure21: Dependenceof the ²´³ on the inclination angleof the cosmic-raytrackswith respectto the plane
containingthe wires. Top plot: ²´³ resolution(trigger resolutionnot subtracted);middle plot: average²´³ ;
bottomplot: numberof entries.Therangespanstracksup to "Íª$#�Ô in inclinationangle.

24



%'&�(*),+�)-&/.0),.
+21436573$8984:;5=<?>

@'A�B*C,D�C-A/E0C,E
D2F4G6H7G$I9I4J;H=K?L

M'N�O*P,Q�P-N/R0P,R
Q2S4T6UVS4W=X
Y�ZV[]\;^=_a`

bced
fg
heij
k

lnmo
p
qr
sutv
w

xnyz
{
|}
~u��
�

Figure22: Dependenceof the ²´³ resolution(top)andtheaverage²´³ value(center)on thepositionof thetrack
in thecell (theI-beamsareat Ó and Ö èÆç ª��;¬ , thewire is at Ö ª�ç@«���¬ ). Thebottomplot shows thedependenceof
the ²´³ valueon theabsolutetrackpositionin thechamber.
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à � {�µ|��� �A²´³ · Â Ö à � {�µW��� �A²´³ º Â «
ª Ä ��� ½ Ö ��� ¿ Ö �����Ã®���� � Å�ç

Actually, the third equationis not independentof the other two, thereforethe systemdoesnot have a unique
solution.Nonetheless,valuesof �A²´³ ½ , �A²´³ ¿ or ��²´³�·¹¸Àºh¼ differentfrom zero(within theerrors)areevidence
that at leastone layer is not aligned,and give the order of magnitudeof the shift of the layers inside the SL
(seetable2). Theabsoluteshiftsof the layerscanbe obtainedby meansof a recursive procedurewhich will be
describedin a forthcomingpaper.

Table 2 summarizesthe ²´³ measurementsfor the first MB3 chambersproducedat Legnaro. The maximum
observedmisalignmentis about� ì�í , equivalentto a layershift on theorderof a few hundredmicrons.

5.5 MT vs. gaspressure

Thedrift velocityandwire gaindependonthegaspressureinsidethechamberfor fixedelectrodevoltages.There-
fore,we expectthatthe ²´³ valueswill alsochangeaccordingly. We took dataat differentvaluesof gaspressure
in the chamber, from «�Ó¥Ó1ÛÈ¬������ to «�Órs�ÛÈ¬��*��� . The variation �A²´³ of the ²´³ (with respectto the valueat
«�Ó1ª1Óð¬��*��� , which is ourstandardpressurecondition)with thegaspressureis shown in fig. 23. Theeffect is small
but measurable.Thedrift velocityvariesby lessthan «�q for �0� ~ s�Ó�¬��*��� .

It is interestingto comparethis graphwith fig. 19, which shows the variationof the ²´³ with the wire voltage
y z µ|{@} . Sincethedrift velocity(alongwith otherphysicalquantitiessuchasdiffusionandwire gain)is afunctionof
theratio �¯ê$� , where� is theelectricfield and � thegaspressure,weexpectthattherelativevariation�A²´³Ýê8²´³
will beproportionalto therelative variation � ¸e�4����¼�4��� . Apparentlythis is not thecase.At thestandardHV setting,
theaverageelectricfield is aroundª�ç Ñ�� y�ê7�;¬ andis proportionalto y4z µ|{@} Ö y�� å������ � } . Thechangeof y4z µ|{@} in
fig. 19 correspondsto a relative variation �0�¯ê$� Â ��y4z µ|{@} ê�y�z µW{(} Â ÛÆç è q (takingasreferencethepoint at the
standardHV settingandat � Â «�Ó¥ª1ÓÝ¬��*��� ). In fig. 23 the relative pressurevariationis �0� ê7� Â s�q . The
²´³ variations�A²´³ arerespectively � ì�í (thecontributionfrom theFEtimewalk hasbeensubtracted)andÑ�ì�í
andmissby abouta factorof 2 theproportionalitywith � ¸��4����¼����� . Thedataaresummarizedin table1. A possible
explanationis thata variationof y z µW{(} producesnot only a changein �¯ê7� but alsoa changein theelectricfield
linesandthereforein thepathof the ionizationelectrons.On theotherhand,a variationin thepressurechanges
theratio �¯ê7� withoutmodifying theelectronpath.

Figure23: Variationof the ²´³ asafunctionof thegaspressurewith respectto the ²´³ valueat � Â «�Ó¥ª1Ó,¬��*��� .
Thedatareferto chamberMB3-006at thestandardHV andthresholdconditions.
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Table1: Variationof the ²´³ with theratio �¯ê7� .

�0�¯ê7� Ä q ) �0� ê7� Ä q Å �A²´³ (ns) � ¸�������¼�4��� Ä q Å ��²´³Ýê8²´³ Ä q Å
5.4 0 –6 5.4 –1.6
0 6.9 3 –6.9 0.8

Table2: Summaryof ²´³ resultsfor the first 11 MB3 chambers.All dataare in ns. Trigger resolutionis not
subtracted.ChambersMB3-002andMB3-003wererun with a variablegaspressure.Thegascompositionof the
lasttwo chamberswasslightly differentfrom theCMSstandardmixture.

Chamber, SL ²´³ ½ Ú ½ ²´³ ½�¶ · ²´³ ½�¶ º ²´³ ¿ Ú ¿ ²´³ ¿1¶ · ²´³ ¿n¶ º �A²´³ ½ �A²´³ ¿
MB3-002, Þ « 385.1 8.63 383.4 386.8 385.6 8.53 385.7 385.5 –2.5 0.1
MB3-002, ß 388.9 9.67 386.9 390.7 388.4 9.88 385.2 391.2 –3.5 –6.1
MB3-002, Þ5ª 383.6 8.42 383.0 384.2 383.9 8.11 382.9 384.7 –1.2 -1.8
MB3-003, Þ « 373.6 7.9 373.2 374.0 374.1 8.0 373.6 374.6 -0.8 1.1
MB3-003, ß 375.2 9.6 373.0 377.1 378.0 9.6 374.7 380.8 –4.7 –4.1
MB3-003, Þ5ª 374.6 8.1 374.2 374.9 374.9 7.7 375.1 374.7 -0.7 0.3

MB3-004, Þ « 380.1 7.2 380.2 380.0 380.2 7.4 379.4 381.1 0.1 –1.7
MB3-004, ß 394.0 9.5 394.1 393.8 394.1 9.3 395.6 392.4 0.0 2.9
MB3-004, Þ5ª 380.3 7.5 378.0 382.8 380.5 8.0 377.7 383.6 –4.8 –5.7
MB3-005, Þ « 379.1 7.0 379.8 378.4 379.2 6.7 379.9 378.6 1.6 1.4
MB3-005, ß 376.8 10.2 376.2 377.4 377.4 10.0 378.1 376.8 –1.6 0.7
MB3-005, Þ5ª 377.7 7.5 375.1 380.3 377.6 7.1 375.8 379.5 –5.3 –3.7
MB3-006, Þ « 383.2 7.1 382.9 383.4 383.6 6.9 383.3 383.8 –0.6 –0.3
MB3-006, ß 382.4 9.9 382.2 382.5 382.9 9.5 383.3 382.5 –0.8 0.5
MB3-006, Þ5ª 382.3 7.4 379.5 385.1 382.4 7.4 379.8 385.0 –5.5 –5.2
MB3-007, Þ « 381.1 7.2 380.5 381.6 381.4 7.1 379.7 382.9 –1.0 –3.1
MB3-007, ß 381.5 10.2 381.0 381.9 382.0 10.1 381.9 382.0 –1.1 –1.0
MB3-007, Þ5ª 381.7 7.2 379.8 383.6 381.8 7.3 379.7 384.0 –3.8 –4.1
MB3-008, Þ « 381.5 7.0 380.7 382.2 381.7 6.9 381.1 382.3 –1.6 –1.4
MB3-008, ß 381.3 10.0 381.7 381.0 382.5 9.5 382.6 382.4 –0.4 0.5
MB3-008, Þ5ª 381.0 7.0 381.1 380.8 380.8 6.8 380.6 381.2 0.2 0.6
MB3-009, Þ « 380.4 7.1 380.6 380.1 380.5 7.0 379.9 381.1 0.5 –1.0
MB3-009, ß 378.9 10.0 377.9 379.7 379.8 10.0 379.6 380.1 –2.0 –0.7
MB3-009, Þ5ª 379.4 7.0 378.9 379.9 379.4 6.9 379.2 379.7 –0.9 –0.6

MB3-010, Þ « 386.0 6.9 385.5 386.6 386.0 7.2 387.2 384.9 –1.0 2.2
MB3-010, ß 382.6 10.0 382.8 382.3 383.2 10.2 382.8 383.7 0.3 –0.9
MB3-010, Þ5ª 384.0 7.0 382.9 385.0 384.1 6.7 383.6 384.6 –2.1 –1.1
MB3-011, Þ « 387.5 7.8 384.9 390.2 387.3 7.1 386.0 388.4 –5.4 –2.5
MB3-011, ß 384.5 10.5 384.3 384.6 385.0 9.5 384.9 385.1 –0.2 –0.2
MB3-011, Þ5ª 384.8 7.0 384.4 385.1 384.7 6.8 383.6 385.7 –0.7 –2.3
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Figure24: Distribution of theaverageÞ -wire (top) and ß -wire (bottom)noiserate,averagedovereachlayer, for
thefirst 11MB3 chambersbuilt at Legnaro.

6 Conclusions
In this notewe have presentedthe resultsof an analysisperformedon eachchamberbuilt at the LegnaroINFN
Laboratorieswhich were usedto disclosepossibledefectsin the constructionor in the electricalcabling. We
demonstratedthattheprocedureis veryeffectivein findingdisconnectedelectrodes,checkingtheglobaluniformity
andperformanceof thechambers,andidentifying misalignedlayers.Moreover, we have extensively studiedthe
main featuresof the detectorover its entiresizeandat thesametime usingall possibletrackorientations.Such
analysiswasneverdonebeforeonCMSMB chambersandis complementaryto testsusingcollimatedbeamsfrom
accelerators.

We find that the measuredperformanceis fully compatiblewith the previous test beammeasurements.This
demonstratesthat thechamberbehavior canbefully characterizedusingcosmicrays.Furthermore,we show that
cosmicraysareaseffectiveascollimatedbeamsin themeasurementof thewire misalignmentandthelayershifts.

Sofar, theoverallqualityof thechambersbuilt atLegnarois satisfactory, with all parameterswithin theestablished
tolerances.All the chamberfeaturesarewell reproducedfrom chamberto chamber, asshown by fig. 24 for the
electronicnoise,by fig. 25 for theaverageSL efficiency, andby table2 andfigs.26and27 for the ²´³ resolution.
TheSL efficiency is alwayslargerthan #$á q .
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Figure25: Distributionof theaverageSL efficiency for thefirst 11 MB3 chambersbuilt atLegnaro.
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Figure26: Distribution of the ��� resolution(trigger
resolutionnot subtracted)for all � SLs built at Leg-
naro. The resolutionsof ����� and ����� areplotted
together.

Figure27: Distribution of the ��� resolution(trigger
resolutionnot subtracted)for all � SLsbuilt at Leg-
naro. The resolutionsof ����� and ����� areplotted
together.
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