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Abstract

Track detectorsin high enegy physicsexperimentsrequire an accuratede-
terminationof a large numberof alignmentparameters.A generalmethod
hasbeendevelopedwhich allows the determinatiorof up to severalthousand
alignmentparametersn a simultaneoudinearleastsquaredit of anarbitrary
numberof tracks.Thesensitvity of themethodis demonstrateth anexample
of the simultaneouslignmentof a 56-planedrift chamberanda 2-planesili-
contracker. About 1400alignmentparameteraredeterminedn afit of about
fifty thousandracks.

1 ALIGNMENT PROBLEMS OF TRACK DETECTORS

Alignment problemsfor large detectorsespeciallytrack detectorsijn particle physicsoftenrequirethe
determinatiorof alarge numberof alignmentparameterstypically of the orderof 100 to 1000. Align-
ment parameterdgor example definethe accuratespacecoordinatesand orientationof detectorcom-
ponents. In addition drift chambersequirethe determinationof the drift velocity vqyix and of local
variationsof the drift velocity, andof the Lorentzangle. Figure 1 shavs an exampleof residualsn a
siliconvertex track detectobeforeandafteranalignment.

In thealignmentusuallyspecialalignmentmeasurementgrecombinedwith dataof particlereac-
tion, typically tracksfrom physicsinteractionsandfrom cosmics.In this paperthealignmentparameters
arecalledglobal parametersthey contritute to all the data. Usuallytheseparametersre corrections to
default valuesand arethusrelatively small, andthe value zerois theinitial approximation.Parameter
setsvalid for asingletrack arecalledlocal parametersexamplesaretrack slopesandcunatures.

An approximatealignmentmethodis to performleastsquaredits on the dataignoring initially
the alignmentparametersThe deviations betweerthe fitted and measurediata,the residuals, arethen
usedto determinethe alignmentparametersfterwards. Singlefits dependonly on the smallnumberof
local parameter$ik e slopeor cunatureof thetrack,andareeasyto perform. This approximatemethod
however is not a statisticallycorrectmethod becauséehe (local) fits dependon awrongmodel(namely:
ignoring the global parameters)andthe resultare biased. In additionthe resultsmay be unstabledue
to detectorinefficiencies. The adjustmenbf parameterdasedon the obsered (biased)residualswill
thenresultin biasedalignmentparameterslf thesealignmentparametersreappliedascorrectionsn
repeatedits, theremainingresidualswill bereducedasdesired.However, thefitted parametersyill still
be biased,evenmore,if this approximateprocedurds appliediteratively. The simpleresidualmethod
is alsounableto determinecorrelatecharametersior examplea geometricakhift of a detectorposition
andashiftin drift velocity in adrift chamber

A bettermethodis anoverallfit, with all the (global) alignmentparametersindlocal parameters,
perhapsrom thousand®r millions of events,determinedsimultaneously The mostimportantgeneral
methodfor the determinatiorof parameterérom measurediatais the linear leastsquaresnodel. It is
usuallystable fastandaccuraterequiresno initial valuesof parametersandis ableto take into account
all the correlationshetweendifferentparametersgvenif therearemary parametersThereis of course
apracticallimit in the numberof parameterin simultaneousits, becaus@f spaceandtime limitations.
In analignmentfit the size of the vectorsandmatricesin the leastsquaresolutionwill belarge, of the
orderof 10* or 10°. With standardnethodssucha solutionis impossible.
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Fig. 1: Residualshetweentracksand hits of a silicon tracker are shavn asa function of the
azimuthalangle(vertical axis, in degrees)beforeandafteran alignment. The residualon the
horizontalaxisis givenin unitsof 10 pgm.

In this papera specialmethodof solutionfor this kind of problemss derived. Dueto the special
structureof thematriceswith onesetof globalparameterandmary setsof local parametertheproblem
canin factbereducedo asolvablesize,without makingary approximationsTherathergeneraimethod
is realizedin a programcalledMillepede [2].

2 STANDARD LEAST SQUARES

Linear models. In alinear modelthe measuredjuantity z;, hasan expectationvaluewhich is a linear
combinatiorof theparameters with fixedfactors(e.g.from geometrywhicharecombinedo avectore
d;. Thedifferencebetweerthe measuredialueandthe expectatiorvalueis the residuunry:

Zk-:aT-dk+’l"k. Q)

The measuredlataareassumedo be independent; the resultof a measurement, doesnot dependon
ary othermeasurementThusthe covariancematrix of the measuredlatais a diagonalmatrix, which
simplifiesthetreatmentTheaccurag of themeasurement;, is givenby thevarianceo,% or thestandard
deviation oy. It is assumedthatthe precisionis atleastapproximatelyjknown.

Thesolutionof the methodof leastsquaress determinedyy the minimumof theweightedsumof
the squareof theresiduals

(Zk - aT - dk)2

S(a)=> “——, )

Ty

wherethesum(index k) is over all measurementd his sumis aquadratidunctionof the parameters,
andthesolutionis obtainedfrom a setof linearequationgso-callednormalequationf leastsquares),
which canbewritten in matrix form

and b= Z Wy 2 d (3)

Ca=b with C=) wy(dy df)
k k
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with a symmetricn-by-n matrix C andaright-hand-side:-vectorb; the elementof C andb aresums
with independent contritutions from eachmeasurementbecausehe measurediataareindependent).
Thereis no limitation on the numberof measurediata; it is not necessaryo keepall input datain
memory becausehe completeinformationfrom a singlemeasuremeris containedn the contritutions
to C andb, which have a fixedsize. The solutionvectoris a = C~'b with theinverseof the matrix C,
which, by error propagationis equalto the covariancematrix of theparameters.

Whatarethelimits for the numbern of parametersif the matrix equationis solved by standard
methods 7T he symmetrypropertyof thematrix C maybeusedto storeonly the (n? +n)/2 elementson
andabove thediagonal andalsoto reducehecomputetime to almosthalf thetime for anon-symmetric
matrix. Matrix inversionis anexplicit processandrequiresa CPU time proportionatto n? for an-by-n
matrix. Fora1000-by-1000 symmetricmatrixin doubleprecision(about4 Mbyte)the CPUtimeis afew
minuteson a standardPC. Thetime (x n3) andspaceg(x n?) requirementsmply at presenta practical
limit of thesizeof the matrix (andnumberof parametershetween, = 1 000andn = 10000.

The accurag of the computationof the inversematrix is a critical point, and often computation
in doubleprecisionis required,especiallyfor large matrices.The accurag is generallylow for alarge
conditionnumberof thematrix (the conditionnumberis definedastheratio of thelargestto thesmallest
eigervalue of the matrix). Fromthe interpretatiornof the inversematrix ascovariancematrix it is clear
that the condition numberwill be large if the correlationbetweenparameterss high. The matrix is
singular(one or more eigevaluesare zero)in caseof a completecorrelationbetweenparametersin
this caseandalsoin casesof missingdata(e.g. deadchanneldn analignmentfit) a standardmatrix
inversionprogramwill fail. A singularvaluedecompositior(SVD) would allow to recognizethe cases
of zeroor smalleigemwvalues,which would destroy thefull solution. The standardnethodin caseof zero
or very small eigemvaluesis to settheir inverseto zero;this meansessentiallyto remove parametersr
linearcombinationof parameterérom the solution(i.e. theresultingparametewvaluesarezero);if the
parametersirein factcorrections thisis clearly acceptableln the programMillepede [2] a similar, but
simplerandfasterstratgy is usedto avoid the effects of a bad conditionnumber This stratgy also
worksin casesywheredueto missinginput datd oneor moreparametersreundefinedthe parameters
will becomezeroin this case.Thestratgy allows in additionto remove certainparameterfrom theleast
squaredit without the necessityto reolganizethe numbering.

Solution by partitioning . The specialstructureof the matrix C' to be invertedmay allow to move the
limit of solvableproblemdurther(seealso[1]). Below thematrix C' is partitionedinto submatricesand
thevectorsa andb arepartitionedinto two sulvectors;ithenthe matrix equationbecomes

Ci Ci2 ap | _| b (@)

Co ‘ Co as b2

wherethe submatrixC'; is a p-by-p squarematrix andthe submatrixCy, is a ¢-by-g squarematrix,
with p + ¢ = n. If thesub-\ectora; would notexist, thesolutionfor thesub-\vectora, would bedefined
by the matrix equation

Cy a} =b,y with solution a} = C5, b, , (5)

wherethe starindicatesthe specialcharacteof this solution. Only the g-by-¢ sub-matrixCs, hasto be
inverted. Thesolutiona’ of coursediffersfrom thefinal solutiona, andis calledthelocal solution.

Now, having invertedthe sub-matrixCss, the submatrixof the completeinversematrix C corre-
pondingto theupperleft partC;, called B, is obtainedby the formula

B=(Cy - 01202_210{2)_1 , (6)

!Largedetectorsnay have deadchannelsywhich meansmissingdata.
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which requiresn additionto somematrix productsthe calculationof theinverseof ap-by-p sub-matrix.
With this matrix B the solutionof the whole matrix equationcanwritten in theform

al _ B —301202_21 b1 (7)
a2 _(:'2_21 ClTQB ‘ 02_21 - 0'2_21 C1TQB 01202_21 25

which canbe usedto obtainthe completeresult(a; andas). Notethatto solve the matrix equationtwo
smallermatricesasymmetricp-by-p andasymmetricg-by-¢ matrix, have to beinverted. Thesub-wector
a; is obtainedby theproduct

a| = Bb1 — 30120521b2 =B (bl - Cl2a;) ) (8)

whichis simplifiedby usingthespecialocal solutionas = 02_21b2. If theinterestis thedeterminatiorof

thissub-wectora, only, while thesub-\ectora, is notneededthenonly theequation(8) hasto besolved.

Somecomputertime canbe sared by this method,especiallyif the matrix 0521 is easilycalculatedor

alreadyknown before. In specialcaseshe methodcanbe appliedrepeatedlyandthereforeproblems
with a hugenumberof parameterbecomesolhable. The methodis not an approximationput is exact
andit takesinto accountall the correlations.This type of applicationis discussedn moredetailin the

next chapter

It seemsthat this possibility of removing unnecessarparametersput still getting the correct
solutionfor theremainingparameteri leastsquareproblemswasalreadyknowvn andhasbeenusedin
the nineteenttcentury;oneexampleis [3].

Constraints. If thereareexplicit relationsbetweerthe parametersf aleastsquaredit, thenthey should
beexplicitly takeninto accounin the solution. The caseof asinglelinearconstrainbetweerparameters
of theform f7 - a = fo is assumedere. The Lagrangemultiplier methodis the standardnethodto
include constraintan aleastsquaressolution; oneadditionalvector A is introduced,with oneelement
perconstraint.The equation(3) is modifiedby the additionalparameterso the form

C bi a | _ b ’ )

f 0 By fo
wherethe matrix on theleft handsideis still symmetric.Linear leastsquaregproblemswith linear con-
straintscanbesolveddirecly, withoutiterationsandwithoutthe needfor initial valuesof the parameters.

3 LEAST SQUARESWITH GLOBAL AND LOCAL PARAMETERS

Local parameters. Local parameteraredenotedoy «;, 7 = 1, 2,...v. A setof measurements is
consideredA singlevaluez from the setis ideally givenby alinearexpressionz = ay - 61 + as - 62 +
...y - 6,, dependingon the parametersy; andon (known) constantfactorsd;. More complete the
dependenceanbewritten as

v
zk:a1-51k+a2-62k+...04,,-5,,k:Zaj-éjk, (10)
j=1

with anadditionalindex k indicatingthe k-th measuredalue.

As an examplethe measurementf a straightparticle track is consideredwhereeachz; is a
coordinateneasuremerdtplanek. Thelocal parameterareintercept(a; ) andslope(as) of theparticle
track. If thedistanceof the planeis denotedoy Sy, thelineartrackmodelcanbewritten as

Zr=a1-1+ay-Sk.
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From a leastsquaredit of the modelto the setof measured:-valuesthe local parametersntercept
andslopecanbe determined.The formalism of leastsquaresallows to take into accountthe different
precisionof the differentmeasurementsy assigninga weightto eachmeasuremerdf wy, = l/a,%. The
leastsquaressolution, minimizing the weightedsum of squaredesiduals,is definedby the so-called
normalequationsyhich canbewritten in termsof matrices

Fra=24, sohedby a=TI"!3. (11)

The elementof thematrix I andthevector3 areformedby sums
Tij =Y wg - gk Bi=> w2kl - (12)
k k

Theseformulasarevalid in the caseof uncorrelated z-measurement@incorrelatedneasurementare
assumedhoughouthis paper).TheinversematrixI' ! is the covariancematrix of the parametewector
.

Global parameters. Now global parameterare consideredyhich contritute to all the measurements.
They areassumedo be alignment parameters here,althoughthe formalismis generalandcanalsobe
appliedto otherproblems. Aligment parametersre definedto representorrections to ideal (design)
values;this parametrizatiomddsfurthertermsto the equationg10)

n v
z:gl-dl-|—a2-d2—|—...an-dnl+g1-51+a2-52+...a,,-<5,£:Zaj-dj+2aj-5j. (13)
a7 1 j=1

i=

~
globalparameters local parameters

Usually only few termscontainingglobal parametergsre nonzerofor a single z measurementin the
following it is assumedhat, aswritten in equation(13), the dependencen the global parameterss lin-
ear. A non-linearelationshigfor theglobalparametersvould requireiterations startingwith reasonable
initial valuesfor the parametersandassuminga linearizedexpressionn eachiteration.

The simultaneousfit of global and local parameters. In thefollowing it is assumedhatthereis a set
of N partialmeasurementsEachpartial measurementyith index ¢, dependon local parametersy;,
andall of themdependntheglobalparametersln asimultaneoudit of all globalparameterpluslocal
parameterfrom N subset®f thedatatherearein total (n + N - v) parametersandthestandardsolution
requiresthe solutionof (n 4+ N - v) equationsvith acomputatiorproportionalto (n + N - v)3. Below it
is shavn, thatthe problemcanbereducedo n equationsvith acomputatiorproportionain?.

Generalizingthe formalismof equationg10) to the completemeasuremenstartingfrom equa-
tions of the type of (13), oneobtainsa systemof normalequationswith large dimensionsasis shavn
in equation(14). Thematrix on theleft sideof equation(14) has,from eachpartialmeasurementhree
typesof contritutions. Thefirst partis a contrikution of asymmetricmatrix C;, of dimensiorn (number
of globalparameters)All the matricesC; areaddedup in the upperleft cornerof the big matrix of the
normalequations.The secondcontritution is the symmetricmatrix T'; (comparesquation(12)), which
givesa contritution to the diagonalof the big matrix andis dependingonly on the i-th partialmeasure-
ment. Thethird contrikution is a rectangulamatrix G;, with arow numberof n (global)anda column
numberof v (local).

Therearetwo contritutionsto the vectorof the normalequationsp; for theglobalandg, for the
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local parametersThe completematrix equationis givenby

S C; e G, . a b
0 0 —. : (14)
GT 0 T; 0 a; Bi
0 0

In thismatrixequatiorthematricesC';, IT';, G; andthevectorsb; andg, containcontritutionsfrom thes:-
th partialmeasurementgnoringtheglobalparametersnecouldsolve thenormalequationd™; o} = 3,
for eachpartialmeasuremergeparatehby

af =T;'B;. (15)

The completesystemof normal equationshasa specialstructure,with mary vanishingsub-matrices.
The only connectionbetweenthe local parameterf different partial measurements given by the
sub-matrice€s; undC;,

Theaim of thefit is solelyto determinethe global parametersfinal bestparametersf the local
parametersre not needed. The matrix of equation(14) is written in a partitionedform. The general
solutioncanalsobewrittenin partitionedform. Many of thesub-matriceef thehugematrixin equation
(14) arezeroandthis hasthe effect, thatthe formulasfor the sub-matrice®f theinversematrix arevery
simple. By this procedurghe normalequations

c’ a |=| ¥ |, (16)

areobtainedwhich only containthe global parametersyith a modifiedmatrix C’ anda vectord/,
C'=) Ci-) GT;'G] v =>b-) Gi(;7'8) . (17)

Thissetof normalequationgontainsexplicitly only theglobalparametergmplicitly it containsthrough
the correctionmatrices,the completeinformationfrom the local parametersinfluencingthe fit of the
globalparametersThe parentheseim equation(17) representshe solutionfor thelocal parametersg-

noringtheglobalparametersThesolutiona = C’ ~y representthesolutionvectora with covariance
matrix C’~*. The solutionis direct, no iterationsare required. Iterationsmay be necessaryor other
reasonspamely

¢ theequationglependchon-linearly ontheglobal parametershe equationshave to belinearized,;

¢ the datacontainoutliers which have to be removed in a sequencef cuts, becomingnarraver
duringtheiteration;

e the accurag of the datais not knowvn before,andhasto be determinedrom the data(afterthe
alignment).
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Application. A veryimportantpointin problemsdiscussedbore is the definition of the setof global
parameterslt is essentiato definethemin away whichis sensitve to the datausedto determinghem.
Computingthe inverseof a huge(symmetric)matrix canbe a delicatenumericalproblem. The matrix
will be singularor closeto a singularmatrix, if one or more of the global parametersre not really
determined(and constrained)y the data,andthis could destry the whole determination. This will
happerin caseof a strongcorrelationbetweerdifferentglobal parameters.

It is wise to startwith a few global parametersandto obsere the correlationsbetweenthem,
beforeaddingmoreglobalparameterskor exampleif too mary globalparameterareusedin adetector
alignment,the whole detectormay shift androtate freely in thefit. In thosecasesne could eitherfix
certainglobal parameter®r one hasto introduceconstraintge.g. averagedisplacementnd rotation
equalto zero).

Experiencevith themethodshavsthatit is essentiato make asimultaneouslignmentof all track
detectorcomponentswhich are also usedfor the measuremendf tracks, while independeninternal
alignmentof the single track detectorcomponentsnay not lead to a good overall result. It is also
importantto use,if possibledifferentdatasetssimultaneouslyFor examplein atrackdetectorlignment
high-momentuntosmicmuonsmay be useful, which traversethe whole detectorand thusrelate (and
constraindifferentpartsof thedetector But this shouldbedonesimultaneouslyvith tracksfrom physics
events,becauseheseeventsfinally requirea goodalignment.

The methoddescribecherehasbeenrealizedin the programMillepede [2], writtenin Fortran77.
It providesa setof subroutinedor the mathematicamethodsandallows to adaptthe methodto a par
ticular problem. The programallows to adjustthe dimensionof vectorsandmatricesvia PARAMETER
statementandto introducelinearconstraintsThroughouthe programuseis madeof thesparsecharac-
ter of thevectorsandmatricesin orderto reducethe executiontime. The programincludesa methodfor
outlier rejection,which in practicemay be essentiain alignmentproblemsespeciallyif somedetector
componenthave a badinitial alignment. This featurerequiresto iterate,realizedwith anintermediate
datafile, whichis written duringthefirst iterationandreadduringthe otheriterations.

Sometimeshemodelunderlyingthealignments nonlinear andalsoconstraintsnaybenonlinear
Thestandardnethodto treattheseproblemss linearization:thenonlinearequatioris replacedy alinear
equationfor the correctionof a paramete(Taylor expansion)this requiresa goodapproximatevalue of
the parameter

4 ALIGNMENT OF THE CENTRAL TRACK DETECTORSIN THE H1 EXPERIMENT

The exampledescribeds the alignmentin the rp-planeperpendiculato the beamline of a 56-plane
drift chambelanda 2-planesilicon vertex detectorin the H1 detectorat HERA [4]. Both arecylindrical
detectorsthe drift chamberhasalength(z) of about2 m, andextendingfrom 20.3cmto 84.4cmin
radiusr. The silicon vertex detector[5] hastwo planesaroundthe beampipemadeof 0.15 mm Alu-
minium and0.9 mm carbonfiber. Thedrift chamberandthe silicon vertex detectothave ary resolution
of about150 um and 15 um, respectiely. Thesedetectorsareinterspersedby additionalchambergor
the z-measurement.

The centraljet chambersCJC1and CJC2([4]) with an actve lengthof 2200 mm and an outer
radiusof 844 mm have in total 2640anodesensewires parallelto the beamwith two adjacentcathode
planeqwires)shapinghedrift field. A jetchambecell extendsazimuthallyfrom the sensevire planeto
bothadjacentathodewire planesandradially extendsover thefull radialspanof CJClandCJC2with
nofurthersubdvision. Thejet cellsaretilted by about30° suchthatin the presencef themagnetidield
(1.1 Tesla)theionizationelectrondrift approximatelyperpendiculato high momentumvertex tracks.

Thessilicon vertex detectorCST consistsof two cylindrical layersof doublesided,doublemetal
siliconsensorseadoutby acustomdesignedanalogpipelinechip. Thetwo layersof theCSTareformed
from 12 and20 facesatradii of 5.75cm and9.75cm, respecirely. Onefaceor ’'ladder’ consistsof six
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row. | number| parameter o unit
1 2| Az 1 pupum
2 2 | Az/Az, 2 pm
3 2| Ay 1 pm
4 2 | Ay/Az, 2 pm
5 2| Ap 10 prad
6 2 | Ap/Az, 10 prad
7 2 | Aaror 100 prad
8 2 | Avdrit— [varit 10-°
9 2 | Avditt+ /varit 107°
10 2 | ATy X vdrit <1l pm
11 2 | wire staggeringn wire plane few pm Table 1: Alignment parametergleterminedn
12 2 | wire staggeringerpwire plane few pm | the Millepede fit. The Millepede accuray is
13 2 saggingn wire !olane few  pm given by onestandardeviation o. The differ-
14 2 | saggingperp.wire plane few pm i )
15 180 | Awentt/varin percell half few 104 | entparametersrediscussedh thetext.
16 112 | Avaritt /varin perlayerhalf few 107*
17 330 | ATy X wvarire pergroup 10 pm
18 56 | wire positionin driftdir. perlayer 10 pm
19 56 | ATy X wvarire perlayer 10 pm
20 56 | Azw perlayer few 10 pm
21 112 | Awdritt /varire for I /50 mA few 1074
22 90 | Awgrit /varine perlayer few 107
23 90 | Ayw perlayer few 10 pm
24 90 | (Ayw)? perlayer few10 pm
25 64 | A inladder few pm
26 64 | A perp.ladder few pm
27 64 | rel. A'in ladder(z,) few pm
28 64 | rel. A perp.ladder(z;) 10 pm
29 64 | rel. A perp.ladder(y) few pm

silicon sensorandaluminiumnitride hybridsat eachend. A doublelayer of carbonfiber stripswith a
total thicknessof 700 um anda heightof 4.4 mm s gluedto the edges.The positionof theladdersin a
layerareshiftedtangentiallyto ensureanoverlapin r¢ of adjacentactive areas.The active lengthin z
is 35.6cmfor bothlayers.

Datataken with the H1 detectorare reconstructecnline and the reconstructiormodulesalso
determineimportantparameterdike averagedrift velocities, Lorentz-angleand T, of the CJCland
CJC2.In additionbeamparametersike thery positionof the primaryinteractionpointarerecorded.

In the alignmentprocedureusingthe programMillepede, a large numberof parameterss deter
mined;theseparametearein generakorrectiondo detectoparameterandrepresensmall corrections.
It turnedout thata common alignmentof the drift chamberandthe silicon detectoris essentialafteran
internaldetectoralignmentwhich alreadydetermineseasonabletartingvaluesfor alignmentparame-
ters.For eachof thedrift chamber€CJC1andCJC214 globalparametersepresentingnoverall shift or
tilt areintroduced.Local variationsof thedrift velocity vqsis; for cellshalfsandlayershalfsareobsered,
which are parametrizedy 180+ 112 correctionswhich changewith the HV configuration. For each
wire group (8 wires) correctiongo 7, areintroduced(330 corrections).For the silicon vertex detector
CST aninternal alignmenthasalreadybeendone, using the sametechniqueswith in total 384 local
parametersln thecommonalignmentfit 5 parameterper half ladderrepresentinghiftsareintroduced
(320 parameters)Tablel containsall parametersA far aspossiblethe parameteraredefinedwith the
dimensionlength. For examplethe time-zeroparameterare multiplied by the meandrift time. Angles
areparametrizedsshiftsrelatve to anormalizedengthparameterFor examplez, is definedasz/ zimqaz
andhasarange-1to +1. Theshift Az with z is parametrize@sAz/z, andhasthedimensiorlength.

In additionto physicsevents(ep interactions)alsocosmictrackswith andwithout B-field were
simultaneouslyusedasinput to the alignment. With combinedfits to both halfs of cosmictracksparts
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of the detectorppositein ¢ anglearestronglycorrelated.This allows an accuratdnterpolationfrom
the drift chambetto the silicon tracker with anaccurag ¢ = 30 to 40 um, which is of the sameorder
of magnitudeasthesilicon tracker accurag. In total about50 000 eventsareusedasinput. Constraints
requiree.g. a zerooverall shift of the detector The CJC2is fixed (first five parametersys. the cryostat
onthebasisof externalsuney dataasreference.

An overviev aboutthe correctionsdeterminedn the alignmentfit is givenin Table1, which has
29 rows of differentcorrectionsin detailthesecorrectionsareasfollows.

Rows 1 -6 Theserowscontaingeometricaparametersn anexternalsuney thepositionsaremeasured
with anaccurag of afew 100 m andangleswith anaccurayg of afew 10 yrad. Thisaccurag is
increasedy alarge factorin thealignmentfit.

Row 6 This parameteis determinedrom B = 0 cosmicg(straightline trackmodel).

Rows 11— 14 Theparameteraredeterminednly asa check.Theiractualvaluesaredeterminedrom
hit tripletsasa function of angleg andz, (8 is theanglebetweerthetrackandthe normalto the
drift direction).

Row 15,16 Theparametershangewith the HV configuration.

Row 18,20 Correctionsfor the wire positionin and perpendiculato the drift direction. Thesecorrec-
tionsaredeterminedn acrosscheckwith B = 0 cosmictracks,otherwisethe datafrom a suney
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of flangesareused(< 10um).

Row 21 Thesecorrectionare usedto describethe changesof drift velocity vgrise by variationsof the
electronbeamcurrentl, dueto spacechage effects;they aredeterminednce.

Row 22— 24 Theseparametershangewith repair/breakden of HV cards. They are introducedin
orderto correctfor badcathodeHV.

Row 25— 29 Correctiondor thesilicon vertex detectorfive perhalf ladder determinedn andperpen-
dicularto ladder on averageandasfunctionof z andof ¢.

Thealignmentis donefor run rangesandrepeatedftere.g. a changeof the HV configuration.Run-to-

run variationsof parameterge.g.theaveragedrift velocity vqyirt) aretakeninto accounty the datafrom

theonlinereconstructiormasmentionedaborve.

trackfit o(dea) [cm] | o(1/py) [(GeVic) 1] | remark

only 1 trackwith Si hits 0.0209 5.58 -1073 drift chamberesolution
bothtrackswith atleastl Si hit 0.0032 2.26-1073 Sitrackerresolution
bothtrackswith atleast2 Si hits 0.0028 2.17-1073 Sitrackerresolution

Table2: Standardleviationsin the parameterd.., and1/p;, determinedrom the differencebetweerthe two partsof cosmic
tracks.

The alignmentprocedureallows to reachthe intrinsic resolutionnot only locally but also for
completetracks. For the drift chambersCJC1and CJC2the local hit resolutioncan be determined
from local hit triplets as a function of drift distance;the minimum is about120 ym for 1 cm drift
distance. The minimum value from track residualsis about125 ym. For the CST the intrinsic point
resolutionof 15 pum from hits overlapsis alsoreachedylobally Figure2 shaws the improvementfor
trackparametergjeterminedrom datain thecomparisorof parameterbetweerthetwo partsof cosmic
tracks.A significantimprovementis visible for largertrackmomentaln Table2 the standardieviations
in the parameterg,., and1/p;, determinedrom the differencebetweerthe two partsof cosmictracks,
aregivenfor threedifferenttrack classes.
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