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B Estimate 3 shifts + 3 rotation angles

per detector module y] Ayk&/
s Vector a_of alignment g/zx//
y = 4 .
parameters for N modules, N~10* >
B Precision to acheive: Az,
s << detector resolution s M=100,000; 10 points per track =

10° measurements
« 5M+6N~56.10* unknowns
s Measurement equation for track |

8 <<< assembly precision

»>Track- based alignment
B Principle of track- based alignmeni

in module k:
s Ft simultaneously parameters | mj,k:hk<pj/ak)
of M tracks, and 6xN alignmen mj,k:p}-l_p?(zk-}_AZk)-l_AYk
parameters (identical for all « Linearize, minimize 2, I' R'r

o J k .
tracks) Linear system of 56.10" eq.
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B Unconstrained parameters
s Global scale factors, rotations,
shearings
* In- situ survey of a few reference
modules (Laser alignment systems
etc.)
" Correlated displacements of modules
due to mechanical structure
s Added to sum of squared
residuals with Lagrange

multipliers

v Modu zyk $ @
k
g/{f/¥/>/ -
AZ

k
" Correlations bw. Alignment

parameters of different modules,
mediated by the tracks that cross
both
s Essentially 2 recent
developments
* Millepede algorithm [1,2]
* KF- based method [3]
3
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E Millepede algorithm [2] 6N M bIOClE\S of 5)(\\6N

V \\\\ C/

4

Hglobul-lacul
k -

s Takes advantage of special 6N~ /Y, ¢
structure of system of eq. - 0 0
s First fit each track separately (Hilﬂl‘ml-locul)l U C}f‘:‘" ; X
| . o\ f 0 0 -
equations accounting for track fit
. vlobal global
results (Schur complement matrix / Ap=*™ \ [ Y, b \
Of Z CiJOba]) .
k

* NB: here k is track index

s Then modify system of 6N

A qi?cul

s A system of 6N equations remains \ 5 / \ 5 /
to be solved

* Advanced iterative methods needed
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Vertex fitting
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- Com patbility defined by a distance F betw een the vertex
param eters X and the vertex “m easurem ents” ,ie.the track
param eters P, ¢n ore precisely,a functon f ofthem ).

+ “Mostcom patblk” im plies m inin ization ofthis distance.

E k: )
*amp Track 1
par ameters:

p_1

* f(p.) = X, pomtofchbsestapproach to vertex

C. covariance m atrix ofpointofclbsestapproach

e F= zile (X' Xi)T Ci-l (X' Xi) g P.c.a. + error 2D
sum ofsquared reduced residuals \ X i=x_ip_i)
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F = sum ofsquared reduced residuals
A orithm chosen:Kaln an vertex fitting

- vertex param eters X = state vector, n Kalm an parlance
* f = recpprocalofm easurem ent finction h ,non-lnear in
presence ofB-fied

- problem is linearized:
- h replaced by 15t onder Taybrexpansion
- m mmin um ofF is solution ofa lnear system ofequatons
- explicitexpression,no need ornum ericalm inin ization

- tracks added sequentially to the vertex (state vectorupdate)

- problkem is factorizablk:
- first fit vertex position ,then constrain track m om enta atvertex
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Residuals of track parameters at vertex
BS - J/lpq) - u+u.' K+K_
Full CMStracker simulation and reconstruction

¢ Reconstructed ¢ Refitted
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- needs mitialguess ofvertex position

- erations if fitted vertex too far rom mitial

guess

- ..Dbutconvergence is quxrk (1 or2 |

iterations for kastsquares vertex fits)
- track = helcalconstraint

- com puted fiom average ofpoints of
cbsestapproach oftrack pais
- fastnum errcalalgorithm to com pute
pca.softwo helces
- m ade robustby a Halft-Sam pk
M ode finder

hitihlguess
Pca.

Fist teraton | Straight line
constramnt
- Pergee param etrization fastand precise
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- track param eter reduced resxuals are N ©0,1)
- Gaussian ,unbiased ,covariance m atrix perfectly known

- alltracks orginate fiom fitted vertex

d, pull distribution
H (m, = 300 GeV/c?) - ZZ - e*e pp

CMS full simulation and reconstruction - ORCA 7 6 0

- detectorresolutions notG aussian
- distrbution ofdead m aterial

1777.
-0.1167E-01

( 09112

in perfectly known

- non-G aussian m ultiple scattering
- track finding problem s

- vertires notwellseparated...
difficultto getitallright!

—- Robustestin ators: msensitive to
m is-m easured orm is-associated
tracks

%1

4

(d,rec - d,sim)/ o(d,)

6 8

10
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In plem ented as re-wexghted lkastsquares fits:
F=2_"wr = (X-x)" Gt (X-%)

W eght\. = probability ofassociation oftrack | to vertex

Usually, tin e-consum g but fastapproached algorithm s exist (tried in
CMS,ATLAS,H1,D0)

Trinm ng:W, = 0 orl
- Hard assignm ent
- Fixed trin m ing fiaction : K outofN tracks are discarded

- FastLeastTrin m ed-Squares

* P.Rousseeuw et al., “Computing LTS regression for large data
sets’, Technical report, University of Antwerp, 1999.

- Fixed com patbility : tracks w ith probability o fcom patb ility to the
vertex below som e CUt discarded
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W, -
Adaptwe:wW; = {1+ exp[ (r?- r?,q)/ 2T ] }* ;8_ slope T
M.Ohlsson et al., Comput. Phys. Commun. 71 (1992) 77 |
R.Frahwirth and A.Strandlie, Comput. Phys. 08 .
Commun. 120 (1999) 197 04} r2 .. \ _
- Softassygnm ent: association probabilities oL 1. : : ! — =
are fractional r2

- algorithm converges to optin alweiht S
foreach track L

T= 16

- Annealing: 9
- avods ocalm in in a 4

- T starts high o

- decreases ateach iteration ' 5

- according to weltkchosen schedule
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Primary vertex z- residuals and pulls High multiplicity vertex (20 tracks, p%
H (m, = 300 GeV/c?) - ZZ - e*e ' with covariance underestimated by
Only primary tracks used - ORCA_7_6_0 UEELCT B
yp y — — = x- and y-residuals - VertexGun
25 3/ ndf 6578 / 65 | B[ ¥/ ndf 56.08 / 52 £ 60 Frosdg oo d T e
[ Constant 1520 | | Congtant 22.75 = f_N_ioandl %ol0, =3 E
[ »f:;;:{f -0.6889E-04 | 30 | M;ﬁ. 0.4772E-01 X F ?:: ?HF:_I'::’ e .3
20 - ' 0.2053E-02 3 ; ) 50 F T =
| z-2ES i f zpull S'H" “E 8 B Linear (LS) /, E
- @0+ 1)um - 14%01
F& j 20 } 15 %_ ............. _;
[ b 30 [ e e ;
i - i T ]
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B Detector design studies needed in order to meet physics requirements
s Cost-driven optimization, compromises...

s Detailed detector simulations needed

B Track fitting; vertex fitting; alignment

s \Well- defined statistical problems

B Lot of recent developments and creativity in:
s Handling of combinatorics
s Handling of ambiguities, robustness
s Application of known mathematical algorithms to high- energy physics

@ Sometimes in extreme cases like alignment of 10,000 modules
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