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Abstract

E f fi cient and accurate track reconstruction req uires p rop er alig nment of the track ing dev ices used. H ere, w e describe the g eneral

alig nment strateg y env isag ed f or the C MS ex p eriment. T he hardw are alig nment dev ices of the C MS are p resented as w ell as the dif f erent

track - based alig nment ap p roaches.
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1 . I n tro d u cti o n

Indiv idual sensors of the C MS track ing dev ices hav e an

ex cellent intrinsic sp atial resolution. F or the �20 000

silicon sensors of the C MS track er, it is in the rang e of

10–50mm [ 1] , and f or the �14 00 muon chambers and drif t

tubes in the rang e of 7 5–100mm [ 2] . T he intrinsic resolution

is, how ev er, deg raded by alig nm ent uncertainties , the

imp erf ect k now ledg e of the p ositions and orientations of

the indiv idual sensors. T hese uncertainties are ex p ected to

be in the rang e of 100–500mm af ter installation [ 3] , and

they are one of the larg est p otential sources f or track ing

uncertainties. S p ecifi c alig nm ent p rocedures are needed to

decrease alig nment uncertainties.

It is req uired f or the C MS track er that the alig nment

p rocedure decreases alig nment uncertainties to a lev el

neg lig ible comp ared to the intrinsic sensor resolution [ 4 ] .

T hus, the alig nment accuracy has to be eq ual to, or

p ref erably better than, the intrinsic sensor resolution. A

similar req uirement is imp osed to the muon system [ 2] .

Additional alig nment req uirements arise f rom sp ecifi c

p hysics g oals. F or instance, to measure the mass of the W�

boson w ith the req uired p recision of sðMWÞo15–20MeV ,

the momentum scale has to be k now n w ith an accuracy of

0.020–0.025% . T his imp lies f or the track er that the

p ositions of indiv idual sensors hav e to be k now n w ith an

accuracy better than 10mm in the rf p lane [ 2] .

T he req uired lev el of alig nment p recision can only be

achiev ed w ith a track - based alig nment (T B A) p rocedure.

H ow ev er, other methods are also needed, since the p attern

recog nition of the fi rst track reconstruction req uires an

accuracy better than the p lacement p recision of the

assembly.

2 . G e n e ral al i g n m e n t strate g y

T he g eneral alig nment strateg y of the C MS utiliz es three

ap p roaches:

(1) p recise p osition measurements during the assembly of

track ing dev ices;

(2) measurements of relativ e p ositions of sub- detectors

w ith a dedicated hardw are alig nment system, and

(3) T B A.

T he fi rst tw o ap p roaches are used to reach a lev el of about

100mm f or the alig nment uncertainties in the v ery

beg inning of data tak ing . T his lev el is req uired by the

p attern recog nition. L ater on, T B A w ill be used to f urther

imp rov e the alig nment of indiv idual sensors. F or the

track er, it is f oreseen to imp rov e the alig nment below

10mm in the rf p lane.
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The general alignment strategy proceeds with TBA as

f ollows: fi rst, the track er will b e aligned stand- alone,

b eginning with the pix el detector, then cov ering the strip

detector. Thereaf ter, the mu on system will b e aligned with

the track er, and fi nally the calorimeter modu les will b e

adj u sted to the aligned track ing dev ices.

3. Assembly tolerances and misalignments

D u ring the assemb ly of the C M S Track er, positions and

orientations of track er detector components are measu red

and stored in datab ases. M easu rements are carried ou t

with e.g. coordinate measu rement machines or photo-

grammetry. I f measu rements are carried ou t f or all silicon

detectors, they are sav ed in a datab ase, and u sed as

corrections to the ideal track er geometry. I f only a sample

is measu red, the standard dev iation of the measu rements

can b e u sed as an estimate of the corresponding mou nting

u ncertainty, and this error is tak en into accou nt in the

initial track reconstru ction.

The estimated mou nting precisions are shown in Tab le 1 .

F or the mu on system, u ncertainties of sev eral mm are

ex pected du e to displacements cau sed b y the magnetic

f orces.

M isalignments hav e also b een introdu ced into the

reconstru ction sof tware to stu dy their impact on physics

v ariab les as well as to enab le alignment stu dies. The ef f ect

of misalignments on track and v ertex reconstru ction is

discu ssed f u rther in R ef . [ 5 ] .

4 . H ardw are alignment

The hardware alignment system of the C M S consists of

independent alignment systems f or the track er and the

mu on system and a link system connecting these together.

The track er is eq u ipped with a laser alignment system

( L AS ) , which u ses inf rared laser b eams to monitor the

positions of selected detector modu les. The mu on detector

alignment system consists of optical dev ices, which are u sed

to align the mu on b arrel and the endcaps ( some laser

dev ices are also u sed) . The link system relates the mu on

and track er alignment systems and allows a simu ltaneou s

monitoring of these dev ices.

H ardware alignment is especially important f or the

mu on system, which is mou nted on the iron rings and

disk s, su b j ected to displacements ranging f rom a f ew mm

to 1 – 2 cm when the magnetic fi eld is activ ated [ 6 ] . These

correlated displacements can b e corrected f or the most part

with the hardware alignment system. TBA is u sed to

f u rther improv e the alignment of indiv idu al mu on cham-

b ers. To ensu re an optimal perf ormance ov er the entire

momentu m range u p to 1 TeV , an accu racy of 1 0 0 – 5 0 0 mm,

internally and with respect to the central track ing system, is

necessary [ 7 ] .

The goal of the optical alignment system f or the mu on

system is to track large displacements du e to the magnetic

f orces af f ecting the retu rn yok e, and also to prov ide long-

term su perv ision of the detector positions and of the

changes du e to thermal ef f ects. I t is ex pected that the

thermal ex pansion of the chamb ers and their iron su pports

are in the su b - millimeter range [ 8 ] .

The mu on alignment system consists of three r2z

alignment planes. L ink ing of mu on b arrels, endcaps and

track er alignment system is also carried ou t in these planes.

The b arrel and endcap monitoring systems can work in

stand- alone mode. L E D s and laser b eams are u sed together

with precise distance and angle- measu ring dev ices. E ach of

the 2 5 0 drif t tu b e chamb ers in the b arrel is monitored,

while only 2 3 ou t of the 5 4 0 chamb ers in the f ou r endcap

stations are directly monitored. The alignment system

prov ides continu ou s monitoring of the detector geometry

with or withou t collisions. I t can b e operated in presence or

ab sence of the magnetic fi eld. A f u ll cycle of measu rements

can b e carried ou t sev eral times per hou r, which is also the

time scale of monitoring any mov ements.

I n the track er, the L AS can monitor most of the

composite stru ctu res, b u t the pix el detector as well as the

Track er I nner D isk s ( TI D s) are ou t of its reach. The L AS

system has two goals: ( 1 ) to prov ide the initial alignment at

the lev el of 1 0 0 mm to ensu re track ing, and ( 2 ) to monitor

the larger stru ctu res of the C M S on a continu ou s b asis at

the lev el of 1 0 mm. The L AS is f oreseen to operate b oth in

dedicated ru ns and du ring physics data tak ing.

The L AS consists of 1 6 laser b eams parallel to the

particle b eam and of eight perpendicu lar to it. The 1 6

b eams are distrib u ted eq u ally in f in the endcaps. These

b eams cross all nine disk s, and allow the internal alignment

of the track er endcap ( TE C ) . The other eight b eams are

u sed to align inner and ou ter b arrels ( TI B and TO B) and

b oth TE C s with respect to each other. A link to the mu on

system is estab lished b y another 1 2 b eams.

5 . T rack - based alignment

TBA carried ou t in sof tware is the most accu rate method

f or alignment of large track ing detectors. I t has b een u sed

and reported in sev eral particle physics ex periments, f or

ex ample, in C D F [ 9 ] . The maj or challenge in C M S is the

enormou s nu mb er of degrees of f reedom inv olv ed. F or the

track er alone, there are 2 0 0 0 0 indiv idu al sensors and thu s

ab ou t 1 0 0 0 0 0 alignment parameters ( three translations and

three rotations f or each sensor) . F or the mu on system, the

corresponding nu mb ers are 7 9 0 indiv idu al chamb ers and

ab ou t 5 0 0 0 alignment parameters.
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Tab le 1

M ou nting precisions ðmmÞ f or indiv idu al sensors as well as f or their

su pport stru ctu re f or pix el b arrel ( TP B) , inner b arrel ( TI B) , ou ter b arrel

( TO B) , pix el endcaps ( TP E ) , inner disk s ( TI D ) and endcaps ( TE C )

TP B TI B TO B TP E TI D TE C

M odu les 1 3 0 2 0 0 1 0 0 2 5 1 0 5 5 0

L adders/ rods/ rings/ petals 5 0 2 0 0 1 0 0 5 0 3 0 0 1 0 0
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Whereas the alignment of the muon chambers relies

most on the op tical alignment sy stem, for the track er, the

T B A is the most imp ortant p art of alignment.

S ev eral T B A algorithms are d ev elop ed for the C M S

reconstruction softw are. T hey use a common softw are

interface, and can utiliz e d ata summary tap es ( D S T ) w ith

track refi tting to sp eed up the p roced ure.

T he most p rominent d ata samp les for the T B A are

W� ! m�n and Z0 ! mþm� d ecay s. A t low luminosity ,

about 20 000 Z0 and 100 000 W� ev ents are selected p er

d ay by the H igh- L ev el T rigger ( H L T ) [ 4] . I t is estimated

that 1– 2 million track s are need ed to fully align the track er

[ 3 ] , w hich corresp ond s to 1– 2 w eek s of d ata tak ing at low

L H C luminosity ð10 3 3 cm�2 s�1Þ. A few d ay s of running

time is suffi cient for the muon sy stem alignment [ 7 ] . F or the

Z0 ev ents, one can use the Z0 mass constraint. A similar

p ossibility ex ists for J=c ! mþm� d ecay s, although the

resulting muons hav e a low er momentum and their

usefulness for alignment need s to be further stud ied .

T he p ossibility to use track s from minimum bias ev ents

is also being stud ied . E sp ecially d uring the fi rst d ata tak ing

p eriod w ith low L H C luminosity , these ev ents might be the

only source p rov id ing a suffi cient amount of track s for

track er alignment.

A s a comp lementary samp le to track s originating from the

collision region, other ev ent samp les lik e cosmic muons as

w ell as beam gas and beam halo muons might be v ery useful.

B eam halo muons are machine- ind uced second ary

p articles w hich cross the C M S horiz ontally . T hey can be

v ery useful for the end cap region as they connect the tw o

end s of the ap p aratus. H ow ev er, a sp ecifi c trigger, e.g. from

the T O T E M T 1 telescop es [ 10] , is need ed . M uon rates

ex ceed ing 1 k H z for the w hole C M S and 200 H z for the

track er ( w ith Em4100 G eV ) w ere estimated in an L H C

stud y [ 11] , w here ex act v alues d ep end strongly on the

op erational settings of the L H C .

B eam gas ev ents hav e a large rate alread y d uring single

beam op eration of the L H C . T heir ev ent top ology is

similar to collision ev ents, but they hav e a softer p t
sp ectrum and are usually almost p arallel to the beam ax is.

T hus, their use in the alignment is mostly restricted to the

innermost p art of the C M S ( to the track er) . T heir

triggering is also d iffi cult.

I t is also foreseen to use cosmic muons in the alignment

of the track er and the muon sy stem [ 8 ] . S ince the C M S

cav ern is 100m below ground , most cosmic muons enter

the cav ern through the maintenance shaft. T heir v ertical

track s are esp ecially useful for barrel region alignment. I t is

estimated in R ef. [ 12] that each hour 7 00 high- energy

cosmic muons cross the entire barrel p art of C M S ( T O B ,

T I B and the p ix el barrel) . D ed icated cosmic runs are

foreseen in betw een L H C machine op erations.

6. TBA algorithms

N ew T B A algorithms are need ed for the C M S , since the

straightforw ard w ay of solv ing the alignment p roblem w ith

100 000 alignment p arameters by inv erting the corresp ond -

ing cov ariance matrix of 100 0002 elements is p ractically

imp ossible. A comp rehensiv e rev iew of the d ifferent

alignment algorithms can be found in R ef. [ 13 ] .

T hree d ifferent alignment algorithms are imp lemented

and currently stud ied w ithin the C M S collaboration. T w o

of the algorithms calculate alignment corrections w ithout

solv ing the large matrix eq uation, and one algorithm solv es

it in an iterativ e w ay .

T he H its and I mp act P oints ( H I P ) method [ 14, 15 ] is a

straightforw ard and robust w ay to solv e the alignment

p roblem. I n this method , all d esired sensor mod ules are

aligned ind ep end ently w ith a samp le of track s. T he track

information is up d ated und er consid eration of the new

mod ule p ositions and the alignment step is rep eated until

the sy stem conv erges. T he method has a v ery low

comp utational cost: for each sensor w hich is aligned , a

max imum 6 � 6 matrix need s to be inv erted . T he method

has been successfully ap p lied to a test beam setup [ 3 ] , w hich

acts as a p roof of p rincip le for the alignment softw are in

C M S but d oes not allow strong conclusions concerning

alignment on the scale of the C M S .

T he K alman fi lter [ 16 , 17 ] algorithm is a method for

global alignment d eriv ed from the K alman fi lter. T he

method k eep s track of the correlations of alignment

p arameters of all sensor mod ules. I ts fund amental id ea is

to up d ate the correlation list as w ell as alignment

p arameters after each track for all mod ules. T he use of a

correlation list is comp utationally easier than the inv ersion

of a huge matrix , but req uires some book k eep ing.

T he M illep ed e ap p roach has been used in C D F [ 9 ] and

other ex p eriments. I t is a non- iterativ e linear least- sq uares

algorithm, in w hich the huge correlation matrix is solv ed

by inv ersion ( M illep ed e1) . I n its original form, it w as

limited to p roblems w ith about 104 p arameters, and

therefore a new v ersion, M illep ed e2, w as d ev elop ed for

the C M S . M illep ed e2 uses an iterativ e method to solv e the

matrix eq uation instead of matrix inv ersion [ 18 ] . T he

M illep ed e method fi ts both global and local p arameters

simultaneously and uses the max imum amount of informa-

tion for solv ing the alignment p roblem. A v ariant of the

method has been used for muon alignment stud ies of the

C M S .

T he three algorithms hav e been imp lemented into the

C M S reconstruction softw are through a common interface.

F irst results of their use can be found in R efs. [ 3 , 7 ] .

7 . P rosp e c ts

T est beam and cosmic d ata tak en w ith a d ed icated test

setup as w ell as simulations are being used to stud y the

p erformance of the three T B A algorithms. S ev eral d ifferent

alignment task s are foreseen: the stand - alone alignment of

the p ix el or strip d etectors in the early d ata tak ing, the

alignment d uring normal d ata tak ing and the monitoring

of time- d ep end ent effects, etc. T he muon alignment sy stem,

both softw are and hard w are alignment, w ill be stud ied w ith
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the data recorded in the so-called ‘‘Cosmic Challenge’’, in

w hich a slice of the ex p eriment is op erated w ith cosmics in

the CM S su rf ace assemb ly hall in 2 006 .

T he general alignment strategy w ill b e refi ned w hen

ex p erience concerning u sef u llness and req u ired statistics of

the dif f erent ev ent samp les and CP U needs is ob tained.

S tu dies of alignment w ith simu lated data are f oreseen f or

the w hole track er or w hole CM S as w ell as comp arisons of

the dif f erent algorithms.

T he alignment algorithm w ill also b e dev elop ed to tak e

some additional inf ormation into accou nt. F or ex amp le,

the ov erlap of sensors imp oses an additional constraint

esp ecially f or b arrel-lik e stru ctu res. T he v ertex constraint

help s esp ecially in the stand-alone alignment of the p ix el.

T he Z 0
! m

þ
m
� mass constraint and k inematic fi t help s to

correlate detector p arts w hich are not crossed b y a single

collision track ( e. g. tw o endcap s) , and also to constrain the

cu rv atu re of the mu on track s.

A lignment w ith the other ev ent samp les ( b eam gas, b eam

halo and cosmic mu ons) w ill b e stu died f u rther, since they

comp lement the collision ev ents originating f rom the v ertex

region. F or these ev ents, the q u estion of triggering has to

b e addressed. O ther imp ortant q u estions are the u ncertain-

ties in the magnetic fi eld and in the material b u dget.

O nce realistic alignment stu dies are comp leted, the

imp act of residu al alignment u ncertainties on p hy sics

analy ses can b e estimated in a reliab le w ay . A t the

moment, p hy sics analy ses are carried ou t either w ith ideal

geometry or w ith residu al alignment u ncertainties esti-

mated on the b asis of the assemb ly p recisions.

8. Summary

T he alignment of the CM S is b ased on three comp o-

nents: p recision measu rements b ef ore the installation, laser

and op tical alignment sy stems av ailab le b ef ore and du ring

the op eration, and T B A . W hereas most of the alignment of

the mu on sy stem relies on hardw are alignment sy stems, f or

the track er the track -b ased ap p roach is the most imp ortant

ingredient.

A t p resent, the CM S p ossesses the f u ll sof tw are

inf rastru ctu re to realistically misalign the track ing dev ices

and to ru n alignment algorithms. O ne alignment algorithm

has b een dev elop ed f or the mu on sy stem, and three

dif f erent alignment algorithms f or the track er. F irst stu dies

of these algorithms hav e b een carried ou t. Comp rehensiv e

stu dies of the algorithms are p lanned.

R e f e re n c e s

[ 1 ] CM S Collab oration, CM S T rack er P roj ect T echnical D esign R ep ort,

CE R N -L H CC 9 8 -6 CM S T D R 5 , 1 9 9 8 ( Chap ters 2 . 2 and 3 . 4 ) .

[ 2 ] CM S Collab oration, T he M u on P roj ect, T echnical D esign R ep ort,

CE R N / L H CC 9 7 -3 1 , CM S T D R 2 , 2 0 J u ne 1 9 9 7 ( Chap ter 1 . 5 ) .

[ 3 ] CM S Collab oration, CM S P hy sics T echnical D esign R ep ort v ol. 1 ,

CE R N -L H CC-2 006 -001 , 2 006 ( Chap ter 6 . 6 ) .

[ 4 ] CM S Collab oration, P . S p hicas, et al. , D ata acq u isition and high-

lev el trigger: T echnical D esign R ep ort, CE R N -L H CC 2 002 -2 6 , 2 002

( Chap ter 1 5 . 7 ) .

[ 5 ] N . de F ilip p is, et al. , I mp act of silicon track er misalignment on track

and v ertex reconstru ction, this conf erence p roceedings.

[ 6 ] CM S Collab oration, CM S M agnet T echnical D esign R ep ort, CE R N

L H CC 9 7 -1 0, 1 9 9 7 .

[ 7 ] CM S Collab oration, CM S P hy sics T echnical D esign R ep ort v ol. 1 ,

CE R N -L H CC-2 006 -001 , 2 006 ( Chap ter 3 ) .

[ 8 ] CM S Collab oration, T he M u on P roj ect, T echnical D esign R ep ort,

CE R N / L H CC 9 7 -3 1 , CM S T D R 2 , 2 0 J u ne 1 9 9 7 ( Chap ter 7 ) .

[ 9 ] R . M cnu lty , et al. , A p rocedu re f or sof tw are alignment of the CD F

silicon sy stem, CD F / D O C/ T rack ing/ 5 7 000, 2 001 .

[ 1 0] T O T E M Collab oration, K . E ggert, et al. , T O T E M T echnical D esign

R ep ort, CE R N -L H CC 2 004 -002 , 2 004 .

[ 1 1 ] I . A z hgirey , et al. , Cascade simu lations f or the machine indu ced

b ack grou nd stu dy in the I R 1 of the L H C, L H C P roj ect N ote 3 2 4 ,

2 003 .

[ 1 2 ] V . D rollinger, S imu lation of b eam halo and cosmic mu ons, CM S

N ote 2 005 / 01 2 , 2 005 .

[ 1 3 ] V . B lob el, S of tw are alignment f or track ing detectors, this conf erence

p roceedings.
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