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Tra c k - B a s e d A lig n m e n t o f C o m p o s ite
D e te c to r S tr u c tu r e s

V e ik k o K a r im ä k i, Ta p io L a m p é n , a n d F r a n k - P e te r S c h illin g

Abstract—An iterative algorithm for track based alignment is
p resented. T he algorithm can be ap p lied to rigid comp osite de-
tector stru ctu res or to individu al modu les. T he iterative p rocess
involves track reconstru ction and alignment, in w hich the fu nc-
tion of the hit residu als of each alignable object is minimiz ed. S ix
alignment p arameters p er stru ctu re or p er modu le, three for lo-
cation and three for orientation, can be comp u ted. T he method is
comp u tationally light and easily p aralleliz able. T he p erformance
of the method is demonstrated w ith simu lated tracks in the C MS
p ix el detector and tracks reconstru cted from ex p erimental data
recorded w ith a test beam setu p .

I n d e x T e rm s—Alignment, calibration, H I P , p article tracking,
p osition measu rement, p osition sensitive p article detectors.

I . I N TR O D U C TIO N

M
O D E R N s ilic o n tr a c k in g d e te c to r s s u c h a s th e C M S

tr a c k e r [ 1 ] , [ 1 2 ] a r e c o m p o s e d o f a la rg e n u m b e r o f

m o d u le s a s s e m b le d in a h ie r a r c h y o f s u p p o r t s tr u c tu r e s [ 2 ] . Th e

s e n s o r m o d u le s a r e a s s e m b le d in la d d e r s o r p e ta ls . L a d d e r s a n d

p e ta ls a r e in tu r n a s s e m b le d in c y lin d r ic a l o r d is c - lik e la y e r s

w h ic h f u r th e r c o n s titu te h ig h e r - le v e l s tr u c tu r e s .

S o p h is tic a te d g e o m e tr ic a l c a lib r a tio n is e s s e n tia l in s u c h

la rg e d e te c to r s y s te m s to f u lly b e n e fi t f r o m th e h ig h in tr in s ic

r e s o lu tio n o f th e s ilic o n s e n s o r s . F o r in s ta n c e th e C M S tr a c k e r

c o n s is ts o f a p p r o x im a te ly 1 6 000 in d iv id u a l s e n s o r s , w h ic h

h a v e to b e p o s itio n - c a lib r a te d w ith a n a c c u r a c y c o m p a r a b le

to th e ir in tr in s ic r e s o lu tio n s o f 1 0– 5 0 m [ 1 ] , [ 1 2 ] . Th e c o r-

r e s p o n d in g a s s e m b ly p r e c is io n s r a n g e f r o m 1 00 m to a f e w

h u n d r e d s o f m f o r in d iv id u a l s e n s o r s , a n d in a d d itio n th e

r o ta tio n a l m is a lig n m e n ts o f th e s u b - d e te c to r s a r e o f th e o r d e r

o f 1 0 ra d a r o u n d th e b e a m a x is [3]. Th e r e f o r e th e p o s itio n

in f o r m a tio n m u s t b e im p r o v e d b y a n o r d e r o f m a g n itu d e w ith

c a lib r a tio n p r o c e d u r e s .

A la s e r a lig n m e n t s y s te m a n d tr a c k b a s e d a lig n m e n t a lg o -

r ith m s w ill b e u s e d to a lig n th e C M S tr a c k e r [ 4 ] . I n f r a r e d la s e r

b e a m s m o n ito r p o s itio n s o f s e le c te d d e te c to r m o d u le s , a n d c a n

b e u s e d to a lig n th e c o r r e s p o n d in g s u p p o r t s tr u c tu r e s . Th e la s e r

a lig n m e n t s y s te m d o e s n o t, h o w e v e r, c o v e r a ll p a r ts o f th e C M S

tr a c k e r . I n a d d itio n , it c a n n o t b e u s e d to a lig n in d iv id u a l d e te c to r

m o d u le s in d e p e n d e n tly o f e a c h o th e r . Tra c k b a s e d a lig n m e n t is

n e e d e d to c o m p le m e n t th e la s e r a lig n m e n t s y s te m . I n p a r tic u la r,

M a n u s c r ip t r e c e iv e d J u n e 1 , 2 006 ; r e v is e d A u g u s t 2 6 , 2 006 .
V . K a r im ä k i a n d T. L a m p é n a r e w ith H e ls in k i I n s titu te o f P h y s ic s , F I N -

0001 4 , F in la n d .
F .- P . S c h illin g is w ith C E R N P h y s ic s D e p a r tm e n t, C H - 1 2 1 1 , G e n e v a 2 3,

S w itz e r la n d .
C o lo r v e r s io n s o f o n e o r m o r e o f th e fi g u r e s in th is p a p e r a r e a v a ila b le o n lin e

a t h ttp ://ie e e x p lo r e .ie e e .o rg .

D ig ita l O b je c t I d e n tifi e r 1 0.1 1 09 /TN S .2 006 .884 384

th e a lig n m e n t o f th e p ix e l d e te c to r is c a r r ie d o u t s o le ly w ith p a r-

tic le tr a c k s .

Tra je c to r ie s o f h ig h m o m e n tu m p a r tic le s a r e u s e f u l f o r tr a c k

b a s e d a lig n m e n t, s in c e th e y a r e c o n tin u o u s a n d s m o o th . Th e h it

r e s id u a ls , i.e ., th e s p a tia l d iff e r e n c e s b e tw e e n th e r e c o n s tr u c te d

tr a c k a n d th e r e c o r d e d h it p o s itio n s , p r o v id e c o n s tr a in ts s u c h

th a t th e p o s itio n a n d o r ie n ta tio n o f th e m o d u le s c a n b e o p tim iz e d

w ith a la rg e s a m p le o f tr a c k s .

Th is p a p e r p r e s e n ts a n e ff e c tiv e m e th o d b y w h ic h in d iv id u a l

s e n s o r s in a d e te c to r s e tu p c a n b e a lig n e d to a h ig h p r e c is io n

w ith r e s p e c t to e a c h o th e r [ 5 ] . Th is tr a c k b a s e d “ H its a n d I m -

p a c t P o in ts ” ( H I P ) m e th o d h a s a lo n g h is to r y [ 6 ] – [8], [ 1 3]. Th e

f o r m a lis m h a s b e e n r e c e n tly e x te n d e d in [ 9 ] to th e c a s e o f th e

a lig n m e n t o f c o m p o s e d h ie r a r c h ic a l tr a c k e r s tr u c tu r e s , f o r e x -

a m p le la d d e r s o r la y e r s .

Th e a lg o r ith m in v o lv e s ite r a tio n o v e r th e e v e n t s a m p le .

D u r in g e a c h ite r a tio n th e p a r tic le tr a je c to r ie s a r e k e p t s ta tic ,

w h ic h m a k e s th e c a lc u la tio n o f a lig n m e n t c o r r e c tio n s c o m -

p u ta tio n a lly e a s y . A f te r e a c h p a s s o v e r th e e v e n t s a m p le , th e

a lig n m e n t c o r r e c tio n s a r e c o m p u te d a n d u s e d in th e n e x t ite r a -

tio n o v e r th e e v e n t s a m p le a n d th e tr a c k s a r e r e fi tte d w ith th e

a lig n m e n t c o r r e c tio n s .

I I . A L I G N M E N T TR A N S F O R M A TIO N S

Th e f o llo w in g c o n v e n tio n s a r e u s e d in th e f o r m u la tio n s :

L o w e r c a s e , b o ld fa c e c h a r a c te r s , a n d d e n o te 3-D

v e c to r s in g lo b a l, c o m p o s ite a n d m o d u le ( ‘ lo c a l’ ) c o o r d in a te

s y s te m s , r e s p e c tiv e ly . Th e u p p e r c a s e , b o ld fa c e c h a r a c te r s

a n d d e n o te r o ta tio n s f r o m g lo b a l to lo c a l a n d f r o m g lo b a l to

c o m p o s ite c o o r d in a te s y s te m s , r e s p e c tiv e ly .

Th e lo c a l c o o r d in a te s a r e d e fi n e d s u c h th a t is

n o r m a l to th e s e n s o r a n d a n d a r e th e m e a s u r e d c o o r d in a te s

( f o r s in g le s id e d s tr ip m o d u le s o n ly is m e a s u r e d ) . Th e g lo b a l

c o o r d in a te s a r e d e n o te d a s . Th e tr a n s f o r m a tio n s

a r e th e n

( 1 )

( 2 )

A c o m p o s ite m is a lig n m e n t ( u n k n o w n s m a ll tr a n s la tio n a n d r o -

ta tio n ) w o u ld b e c o r r e c te d b y a r o ta tio n m a tr ix a n d a tr a n s -

la tio n v e c to r w h ic h w o u ld b e c o m m o n to a g r o u p o f s e n s o r s ,

e .g ., b e lo n g in g to th e s a m e s u p p o r t s tr u c tu r e . Th e c o r r e c tio n f o r

a lig n m e n t is : s o th a t th e c o r r e c te d tr a n s f o r-

m a tio n s a r e d e fi n e d b y

(3)

( 4 )
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T h e c o r r e c tio n o f is to b e e x p r e s s e d in te r m s o f th e tr a n s f o r-

m a tio n b e tw e e n th e lo c a l a n d g lo b a l s y s te m s . It f o llo w s th a t th e

c o r r e c te d r o ta tio n s a n d th e ir c e n tr e s a r e

( 5 )

( 6 )

N o tic e th a t th e c o r r e c tiv e r o ta tio n a n d tr a n s la tio n a r e

c o m m o n to a g r o u p o f s e n s o r s to b e a lig n e d c o lle c tiv e ly .

III. H IP AL IG N ME N T AL G O RIT H M

A b a s ic f e a tu r e o f th e H IP a lg o r ith m is th a t p a r tic le tr a je c to -

r ie s a r e k e p t s ta tic d u r in g a p a s s o v e r th e e v e n ts . T h e b e n e fit is

th a t th e f o r m a lis m o n ly r e q u ir e s s m a ll m a tr ic e s . T h e a lg o r ith m

in v o lv e s in v e r s io n o f o n ly u p to m a tr ic e s . A c o n s e q u e n c e

is th a t th e a lg o r ith m r e q u ir e s ite r a tio n o v e r th e e v e n t s a m p le —a t

e a c h p a s s th e tr a c k s a r e r e fitte d a n d n e w a lig n m e n t c o r r e c tio n s

c a lc u la te d . T h e ite r a tio n c o n tin u e s u n til n o s ta tis tic a lly s ig n ifi-

c a n t im p r o v e m e n t is o b ta in e d f o r th e a lig n m e n t. An o th e r b a s ic

f e a tu r e is th a t a p a r tic le tr a je c to r y is a p p r o x im a te d a s a s tr a ig h t

lin e in th e v ic in ity o f th e im p a c t p o in t.

It is n e c e s s a r y p r o v id e th e a lig n m e n t a lg o r ith m r e f e r e n c e

m e a s u r e m e n ts , w h ic h c o n s tr a in g lo b a l tr a n s la tio n s , r o ta tio n s a s

w e ll a s th e s c a le o f th e s p a c e . T h is c a n b e d o n e b y fix in g s o m e

s e n s o r s .

T h e a lg o r ith m c a n e a s ily b e r u n in a p a r a lle l e n v ir o n m e n t b y

p r o c e s s in g a f r a c tio n o f th e e v e n t s a m p le o n m a c h in e s

in p a r a lle l. T h e a lig n m e n t p a r a m e te r s a r e c a lc u la te d u s in g th e

c o m b in e d in f o r m a tio n b e f o r e th e n e x t ite r a tio n is s ta r te d .

A k e y f o r m u la o f th e a lg o r ith m is th e v a r ia tio n o f th e tr a je c -

to r y im p a c t p o in t a s a f u n c tio n o f th e c o r r e c tio n s a n d

. T h e d e r iv a tio n o f th e f o r m u la is a s m a ll lin e a r a lg e b r a e x -

e r c is e w ith th e f o llo w in g r e s u lt:

( 7 )

w h e r e is th e u n c o r r e c te d im p a c t p o in t, is th e tr a je c to r y

d ir e c tio n a t a n d th e s c a la r f u n c tio n is d e fin e d a s

( 8 )

F o r v e r ific a tio n o n e c a n r e a d ily s e e th a t th e th ir d c o m p o n e n t o f

( 7 ) is id e n tic a lly z e r o .

T h e d e te r m in a tio n o f th e tilt a n d tr a n s la tio n p a r a m e te r s

a n d ta k e s p la c e b y th e

m in im iz a tio n m e th o d . T h e te r m s o f th e s u m a r e o f th e

f o r m , w h e r e is th e s u m o f h it a n d im p a c t p o in t

c o v a r ia n c e m a tr ic e s . T h e f u n c tio n is n o n lin e a r in te r m s

o f th e p a r a m e te r s s o

th e lin e a r iz e d m in im iz a tio n m e th o d is u s e d f o r s o lu tio n .

T h is m e th o d e m p lo y s th e fir s t d e r iv a tiv e s o f th e r e s id u a ls

. T h e h it m e a s u r e m e n ts in th e lo c a l s y s te m

d o n o t d e p e n d o n th e a lig n m e n t p a r a m e te r s s o th a t th e

d e r iv a tiv e s o f r e v e r t to th e d e r iv a tiv e s o f ( 7 ) .

T h e d e r iv a tiv e s o f ( 7 ) w ith r e s p e c t to th e tr a n s la tio n p a r a m e -

te r s a r e

( 9 )

w h e r e a r e th e u n it v e c to r s ( 1 ,0 ,0 ) , ( 0 ,1 ,0 ) , a n d ( 0 ,0 ,1 ) .

T h e d e r iv a tiv e s w ith r e s p e c t to th e tilt a n g le s

a r e

( 1 0 )

w h e r e a r e th e d e r iv a tiv e s o f th e m a tr ix a n d th e v e c to r

is d e fin e d a s : .

It is in te r e s tin g to n o te th a t in c a s e th e “s tr u c tu r e s ” a r e

c o m p o s e d o f o n ly o n e m o d u le ( i.e ., ) , th e a b o v e f o r-

m a lis m r e d u c e s to th e m o d u le b y m o d u le a lig n m e n t f o r m a lis m

d e s c r ib e d in th e e a r lie r p a p e r [ 8 ] , [ 1 3 ] . An o th e r s p e c ia l c a s e

is w h e n th e c o m p o s ite c o o r d in a te s y s te m is th e s a m e a s th e

g lo b a l s y s te m ( i.e ., ) . T h is m a y b e th e c a s e , f o r

e x a m p le , f o r b a r r e l la y e r s .

IV . AL IG N ME N T ST U D IE S

A . S tan d - A lo n e A lig n m en t o f C M S P ix el B ar rel M o d u les W ith

S im u lated T r ac k s

T h e a lg o r ith m is a p p lie d to th e C MS p ix e l b a r r e l d e te c to r . It

h a s b e e n im p le m e n te d w ith in th e C MS re c o n s tr u c tio n s o f tw a r e

O RC A [1 0 ] u s in g a c o m m o n a lig n m e n t s o f tw a r e f r a m e w o r k .

Silic o n s e n s o r s a n d c o m p o s ite s tr u c tu r e s c a n b e m is a lig n e d a t

th e r e c o n s tr u c tio n le v e l w ith a d e d ic a te d s o f tw a r e to o l [ 3 ] .

T o m is a lig n th e p ix e l b a r r e l, in d e p e n d e n t r a n d o m s h if ts s a m -

p le d f r o m a u n if o r m d is tr ib u tio n b e tw e e n m w e r e a p -

p lie d to th e p ix e l b a r r e l m o d u le s in x , y , a n d z . D e ta ils o f th e

s tu d y a r e d e s c r ib e d in [ 9 ] .

H a lf a m illio n f u lly s im u la te d a n d r e c o n s tr u c te d

e v e n ts w e r e u s e d w ith 1 9 ite r a tio n s . T h e r e s u lt is s h o w n

in F ig s . 1 a n d 2 . T h e a lig n m e n t c o r r e c tio n s h a v e b e e n o b ta in e d

o n ly f o r 5 0 4 p ix e l b a r r e l m o d u le s ( 7 2 0 in to ta l) s in c e tr a c k s a r e

r e q u ir e d to h a v e h its in a ll th r e e p ix e l b a r r e l la y e r s . O n e p ix e l

b a r r e l m o d u le w a s k e p t fix e d to a v o id s h if ts a n d d e f o r m a tio n s

o f th e e n tir e p ix e l b a r r e l.

T o a v o id a b ia s o r ig in a tin g f r o m th e p o s s ib ly m is a lig n e d s tr ip

tr a c k e r, th e p r o c e d u r e r e fits th e tr a c k w ith p ix e l d e te c to r h its

o n ly . In a d d itio n , th e tw o m u o n tr a c k s f r o m th e

e v e n ts a r e fitte d to a c o m m o n v e r te x . T h e e s tim a te w a s o b -

ta in e d f r o m th e f u ll tr a c k fit. T h is im p r o v e d s ig n ific a n tly th e

c o n v e rg e n c e o f th e s ta n d a lo n e p ix e l a lig n m e n t.

A s p e c ia l d a ta f o r m a t c o n ta in in g o n ly tr a c k s u s e d in th e a lig n -

m e n t w a s u tiliz e d . In a d d itio n , th e r e fit o f a lr e a d y r e c o n s tr u c te d

tr a c k s w a s m a d e u s in g h its a lr e a d y f o u n d b y th e p a tte r n r e c o g -

n itio n . In th is c o n fig u r a tio n , th e C P U tim e n e e d e d is d o m in a te d

b y th e tim e n e e d e d to r e a d in th e e v e n ts a n d to r e fit th e tr a c k s

u s e d f o r a lig n m e n t. O n e ite r a tio n c o u ld b e p r o c e s s e d in a p p r o x -

im a te ly 2 0 m in in a p a r a lle l e n v ir o n m e n t o f 2 0 C P U s in In te l

X e o n 3 .0 6 G H z n o d e s .
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F ig . 1 . C o n v e rg e n c e o f a lig n m e n t o f 5 0 4 p ix e l b a r r e l m o d u le s . T h e r e s id u a ls
in g lo b a l c o o r d in a te s a r e s h o w n a s a f u n c tio n o f th e ite r a tio n n u m b e r f o r 1 0 0
r a n d o m ly c h o s e n m o d u le s .

A g o o d c o n v e rg e n c e is o b ta in e d f o r th e a lig n m e n t p a r a m e -

te r s . T h e r e s id u a l R M S v a lu e s a r e a r o u n d 25 m f o r a ll th r e e

c o o r d in a te s . A lth o u g h th is is n o t y e t a s u ffic ie n tly p r e c is e r e -

s u lt c o n s id e r in g th e in tr in s ic r e s o lu tio n o f th e p ix e l m o d u le s , it

d e m o n s tr a te s th a t th e m e th o d f o r th e s ta n d a lo n e a lig n m e n t o f

th e p ix e l d e te c to r w o r k s . T h e p r e c is io n o f th e a lig n m e n t c a n b e

im p r o v e d b y m a k in g u s e o f a la rg e r tr a c k s a m p le .

B. Alignment With Data From a Test Beam Setup

T h e a lg o r ith m w a s a p p lie d a ls o to te s t b e a m d a ta r e c o r d e d

w ith a te s t b e a m s e tu p c a lle d th e C o s m ic R a c k , w h ic h m im ic k s

th e o u te r b a r r e l o f th e C M S T r a c k e r . T h e C o s m ic R a c k c a n b e

e q u ip p e d w ith a m a x im u m o f 20 r o d s , th e c a r b o n fib e r s tr u c tu r e s

h o ld in g th e d e te c to r m o d u le s in th e C M S T r a c k e r . T w o k in d o f

d e te c to r m o d u le s w ith p itc h o f 1 22 a n d 1 83 m w e r e u s e d , c o r-

r e s p o n d in g to b in a r y r e s o lu tio n s o f 35 o r 5 3 m . A f u ll c h a in o f

g e n u in e C M S h a r d w a r e a n d r e c o n s tr u c tio n s o f tw a r e w a s u s e d .

T h e C o s m ic R a c k is illu s tr a te d in F ig . 3.

T h e C o s m ic R a c k w a s e q u ip p e d w ith s ix r o d s , e a c h h o ld in g

tw o d e te c to r m o d u le s . T h e s e tu p w a s tilte d a n d p la c e d to a b e a m

o f 1 20 G e V p io n s . T h e o u te r m o s t r o d s p r o v id e d r e f e r e n c e m e a -

s u r e m e n ts in tw o d im e n s io n s , w h e r e a s m o d u le s o f th e f o u r in -

n e r m o s t r o d s w e r e m e a s u r in g o n ly o n e d ir e c tio n in w h ic h th e y

w e r e a ls o a lig n e d . D e ta ils o f th e s e tu p c a n b e f o u n d in [ 1 1 ] .

F ig . 2. R e s id u a l d is tr ib u tio n s o f a lig n m e n t o f 5 0 4 p ix e l b a r r e l m o d u le s . T h e
r e s id u a ls in g lo b a l c o o r d in a te s a r e s h o w n f o r th e in itia l m is a lig n m e n t ( ite r a tio n
0 ) a n d a f te r 1 , 1 0 , a n d 1 9 ite r a tio n s . T h e s ta tis tic a l p a r a m e te r s r e f e r to th e ite r-
a tio n 1 9 .

F ig . 3. L e f t: P h o to g r a p h o f th e T O B C o s m ic R a c k ; R ig h t: S c h e m a tic v ie w o f
r o d s a n d s c in tilla to r s in th e f u lly e q u ip p e d C o s m ic R a c k . T h e w id th o f th e a p -
p a r a tu s is a p p r o x im a te ly 2 m .

T h e c o n v e rg e n c e o f th e m e a n v a lu e s f o r th e tr a c k s is

s h o w n in F ig . 4 . A ls o th e c o n v e rg e n c e o f th e a lig n m e n t c o r r e c -

tio n is s h o w n f o r o n e p a r tic u la r m o d u le . A s c a n b e e x p e c te d

in th is s im p le te s t s e tu p , th e a lg o r ith m c o n v e rg e s v e r y q u ic k ly ,

r e a c h in g a p p r o x im a te ly th e fin a l le v e l a lr e a d y a f te r tw o ite r a -

tio n s .

T h e R M S o f th e h it r e s id u a ls o f d iff e r e n t d e te c to r s w e r e in i-

tia lly in th e r a n g e o f 1 7 0 –31 0 m , a n d w ith a lig n m e n t im p r o v e d

to a r a n g e o f 6 4 –1 7 0 m , w h ic h is s o m e w h a t la rg e r th a n th e b i-

n a r y r e s o lu tio n s .
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F ig . 4 . L e f t: T h e c o nv e rg e nc e o f th e m e a n v a lu e o f th e te s t b e a m d a ta w h e n
o nly is a lig ne d . T h e initia l v a lu e o f 6 1 a t ite r a tio n z e r o is no t s h o w n. Rig h t:
T h e c o r r e s p o nd ing c o nv e rg e nc e o f o ne p a r tic u la r m o d u le ( initia l v a lu e 0 no t
s h o w n).

V . P RO S P E C T S

T h e r e s u lts o f th e s ta nd - a lo ne a lig nm e nt f o r C MS p ix e l d e -

te c to r a r e e nc o u r a g ing . Re s u lts o b ta ine d f r o m th e a lig nm e nt

o f th e C o s m ic Ra c k s e r v e a s a s m a ll- s c a le p r o o f - o f - p r inc ip le

f o r b o th s o f tw a r e a nd h a r d w a r e . Mo re d e ta ile d s tu d ie s o f r e a l-

is tic a lig nm e nt s c e na r io s a r e ne e d e d a s w e ll a s s tu d ie s o f h o w

to b e ne fit f r o m s p e c ia l e v e nts : m inim u m b ia s e v e nts , c o s m ic

m u o ns e tc ., w h ic h c a n b e v e r y b e ne fic ia l in th e e a r ly o p e r a -

tio n o f th e C MS e x p e r im e nt. T h e inv a r ia nt m a s s c o ns tr a int f r o m

m u o n p a ir s o f Z o r J / w o u ld a ls o b e b e ne fic ia l f o r th e a lig n-

m e nt.

AC KN O W L E D G ME N T

T h e a u th o r s w o u ld lik e to e x p r e s s th a nk s to E . Anttila ,

O . B u c h m ülle r, A. D ie r la m m , T . Mäe np ää, a nd M. W e b e r f o r

f r u itf u l d is c u s s io ns r e g a r d ing th is to p ic .
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