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Abstract

The Alignment of the CMS tracker will require to determineoab1® alignment parameters. The
MILLEPEDE program, a linear least-squares algorithm, is a promisamgliciate for this task, having
been used successfully for alignment in several experisnéfawever, due to the inversion of a large
matrix of linear equations, NILEPEDE in its original form was limited to problems with about.0
parameters. A new version of the program/MePEDE Il, provides an iterative method to determine
the solution of the matrix, which should work for systemshwiitP parameters, if the matrix is sparse.
This method is tested within the CMS object oriented reqoietibn framework (ORCA). Its precision
and CPU needs are studied and compared to the inversion dpetsiog alignment scenarios of the
CMS tracker with currently up to 12000 parameters.

Preliminary version



1 Introduction

Due to the huge number of independent silicon sensors (é2@2Q0) and their excellent resolution (ranging
from about 1(um to about 5um ), the alignment of the CMS tracker is a complex and challeggask. It
seems reasonable to require that our knowledge of the atightmcertaintied) should not lead to a significant
degradation of the intrinsic tracker resolution. Therefdhe accuracy of the alignment has to be at least equal
to, but ideally significantly better than, the ideal spatédolution of fitted tracks. Certain physical requiremgents
such as th&V mass measurement, place even more stringent constraitite @ignment precision. In order to
achieve the desired systematic error of roughly 15 to 20 MeWig,, the momentum scale has to be known to
an accuracy of about 0.020% to 0.025%. This translates iildaraent requirements of e.g.uin uncertainty

in therg plane. It seems clear that this kind of accuracy can only behed with a track-based alignment
procedure. However, other alignment methods, such as ther lAdignment System (LAS) [1], exert an influence
on the overall tracker alignment, as do the engineering avad fissembly tolerances. The track-based alignment
procedure will significantly benefit from a good prior knoddge of the positions of the tracker substructures.
This knowledge should therefore be used as constraintsitréck based alignment procedure. Tab. 1 lists the
current estimates of important placement precisions feritidividual substructures and elements of the silicon
strip tracker that surround the pixel detector.

The CMS silicon strip tracker is composed of four mechahjcaldependent sub-systems: The Tracker Inner
Barrel (TIB), the Tracker Outer Barrel (TOB), and two Tracksnd Caps (TEC). The barrel part consists of ten
layers of silicon sensors. Each TEC comprises nine diskd) kaving silicon modules mounted on up to seven
concentric rings. Individual silicon sensors are groumegtther onto larger substructures. For the TIB and TOB,
these are called half-shells and rods, respectively. Eagholds six sensors, while the shells are much larger
units. For the TEC, the substructures are petals, holding8lSensors each.

Table 1: Current estimates of placement precisions forrtiekér substructures (without PIXEL). For ranges, the
highlighted number corresponds to the more probable mogptiecision that could eventually be achieved.

| Placement w.r.t. | TOB | TIB | TEC |
Sensor vs. module ~ 10um ~ 10um ~ 10um
Module vs. rod/shell/petal ~ 100um ~200um [50-100] um

Rod/shell/petal vs. disc/cylinder/disg| [100 - 500] um ~200um [100- 200]um
Disc/cylinder/disc vs. disc/cylinder/dis¢ [100 -500] um | [100-500] um | [100 -500]um

The position of each detector is described by six parameteese position variables and three angles. However, for
alignment of one-dimensional detectors, only five paramsetee relevant since the position along the strip direction
is not well measured and can be treated as fixed. With 2000@ido@l silicon sensors, resulting in 100000
positioning parameters, the alignment of the CMS silicathker poses formidable demands on a track based
alignment algorithm. Several approaches are currentleuimdestigation in CMS. The MLEPEDE algorithm,
described in this note, is capable of solving efficiently andurately an alignment problem of this magnitude.

2 TheMILLEPEDE Algorithm

MILLEPEDE[2, 3] is a well established and robust program package fgnalent which has been used and tested
successfully at several high energy physics experimemtgxample at H1 [4], CDF [5], HERA-B [6], and others.
Being a non-iterative method, it has been shown that it cgrane the final alignment precision considerably
compared to other algorithms.

MILLEPEDE s a linear least squares algorithm. Such algorithms hawesprto be well suited for alignment prob-
lems since they are stable, fast and accurate and can takacicwunt all correlations between parameters.
MILLEPEDE distinguishes between global parameters that are comnmalhdata, namely the parameters describ-
ing the positions of the detectors, and local parameteesgmt only in a subset of the data. Track parameters are
local parameters as they are specific to a single eventL®EDE performs an overall least squares fit of the
data, fitting all global and local parameters simultanepudbking use of the special structure of the least squares
matrix in such a fit, the problem is reduced to a matrix equeatay the global parameters only. For N global
parameters this amounts to an equation with a symmetric Nabfixa In the previous version of MLEPEDE, a
solution was found by inverting the NxN matrix. However, daeCPU and memory constraints, this method can

1) Until stated otherwise, alignment uncertainties refert accuracy to which the position of individual detectoneats
are known.



only be used up to N = 5000-10000. Computing time increast/sNwi while memory goes wittN2. The align-
ment of the CMS tracker exceeds this limit by at least an cofleragnitude, hence new methods had to be found
to cope with the solution of such a system of linear equatighsew version, MLLEPEDE |l, was developed,
which offers different solution methods, and is applicdbleN much larger than 10000.

3 MILLEPEDEII

In MILLEPEDE Il, the two tasks of the program are split: Accumulation afck fit data (MLLE) and solving

the set of linear equations €PE). The advantage of this procedure is that once a datasetdmmsdefined for
alignment, it can be stored permanently. This makes it ptessd efficiently test the subsequent solution of the
matrix equation under various conditions.

In addition to the matrix inversion and a diagonalizationtimel, a new method for the solution of very large
matrix equations is implemented. This minimum residualhudtapplicable for sparse matrices (MINRES [7])
determines a good solution by iteration in acceptable tines or large N.

As mentioned before, to align the CMS tracker at the senset,lthe matrix is of the order 100000x100000 and
matrix inversion is not a viable solution. Diagonalizatiuas the advantage that the eigenvalues and eigenvectors
lead to an improved understanding of the correlations betwerameters. However, this method is even more
CPU intensive. The third method, an iterative solution fuarse matrices, is most promising for the CMS tracker.
Here the fact is used that the matrix containing the aligrtnpanameters contains many zero-elements due to
detector elements that are not linked to each other via camtnagks. However, for comparison and testing of
the robustness of the methods, it is useful to compare thédtsex the various methods. MLEPEDE Il has been
successfully interfaced with the ORCA framework and thgratient of parts of the CMS tracker has been carried
out using different scenarios.

Here it should be stressed again that. MEPEDE is a non-iterative algorithm in that it does the determimatf

the local and global parameters simultaneously, whileradlgorithms decouple track fitting and finding of the
alignment parameters. In the latter case, tracks need tormtantly refitted with new alignment parameters. In
the context of this note, iterative merely means that thetimi of the NxN matrix is found numerically.

MINRES

The alignment problem is described by the linear equation
Ax=D 1)

whereA is a symmetric N x N matrix with N being the number of globaidament) parameters. The matrix is
typically sparse due to the fact that sizable correlatiorig exist between certain parameters for specific detectors
For such a system with a large sparse, symmetric matrix,dignlcan be found numerically by minimizing the
residual

r| = |(Ax—b)| ®)

The method used here is the minimal residual algorithm impleted in the MINRES code [7] which utilizes the
method of conjugate gradients to find a solution iteratively

4 MILLEPEDE inthe CMS Environment
MILLE

The MILLEPEDE alignment algorithms has been interfaced to the CMS objéehted reconstruction framework
(ORCA [8]). The first part of the program, MLE, writes an ntuple containing the “measurements”: global
position variables, their errors, and local as well as dlolesivatives. Global parameters denote the alignment
parameters of the detector modules, while local paramatersack parameters that are specific to each event.

PEDE

Building and solving the matrix is implemented ig®e. Only non-zero elements are stored and double-precision
is sufficient for the iterative method, which reduces the ant@f memory space needed to manageable levels.

PEDE can read in multiple input files generated byilME which allows for parallel data accumulation. This
feature is specially useful for large datasets.



A separate ASCII file is used to specify starting values afratient parameters and information on whether these
should be held fixed. If any of these parameters is changdyl REDE needs to be rerun, while the ntuple with
measurements written by IM_E is unchanged.

5 Alignment Study
5.1 The Coordinate System

In this note, both local and global variables are used. Thedinate systems are illustrated in Fig. 1. In the
local coordinate system, theaxis denotes the direction well measured, i.e. the sermmdmate perpendicular
to the strips, whiles points in strip direction. Th&v-axis is perpendicular to the sensor surfagef, andy are
the angles for rotations around thev, andw-axis, respectively. For the barrel geometngorresponds to the
global coordinateg, v corresponds to globalandw corresponds to, modulo sign changes for modules mounted
back-to-back.

Figure 1: The coordinate systemn.v,w denote the local (detector) coordinates. The correspgrglobal coordi-
nates are shown in parentheses for the barrel geometry.sAtsan are the angles for rotations around the local
axes.

5.2 Misalignment Scenarios

A separate ORCA package has been implemented to misalig¢Mi$edetector [9]. Misalignment is implemented
hierarchically. In the central part of the CMS tracking atte, this hierarchy is, from largest to smallest sub-
structures:

e half barrels
e layers
e rods/ shells

e detectors

Since alignment of the full CMS tracker poses strong dembanttson the alignment algorithm and on the datasets
used, it makes sense to start with smaller alignment prahlgradually moving towards aligning the full detector.
As can be seen below, a lot can be learned this way.

Misalignment Scenario A

In this study, the current default CMS misalignment sceneriused, with the following restriction for misalign-
ment scenario A: Here we misalign the CMS tracker in the baeggon only up to the rod/shell level, that is: First
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Table 2: Misalignment implemented in this study for globabdinates, y, z, (rotation around). All units are
pmor prad.

| Placementw.rt. | TOB | TIB |
Half barrel vs. tracker|| 67, 67, 500, 59 105, 105, 500, 9Q
Layers vs. half barrel 0,0,0 0,0,0

Rods/ shells vs. layerg 100, 100,100| 200, 200, 200
Module vs. rods/shell§ 100, 100,100 200, 200, 200

the two half barrels are misaligned with respect to eachrpthen individual layers are misaligned, finally, rods
and shells are misaligned with respect to each other, windgositions of individual detectors on rods/shells are
kept fixed. Consistent with the default misalignment scenar ¢,z, and the rotation angle around thaxis are
misaligned, while the other angles are kept fixed. The amofumisalignment at each step is listed in Tab. 2.

Misalignment Scenario B

To go one step further than scenario A, misalignment of iiddial detectors is now turned on. This is currently
the default misalignment scenario in CMS. However, singeititiroduces considerably more degrees of freedom,
scenario A needs to be understood before moving to scenafim that recently misalignment of all rotation
angles of a detector with respect to the rod/shell becaneptre default CMS misalignment. However, for this
study these angles are not yet misaligned.

5.3 Data Samples

To successfully evaluate correlations between variousctiat substructures, it is necessary to exploit comple-
mentary data sample$V — uv andZ — uu events are valuable due to their clean signatures, largiuption
rates and, in case of thg the possibility to use the invariant mass of the two trackam additional constraint.
Tracks frompp-collisions can be supplemented by cosmic muons, which tievadvantage that they correlate
sub-detectors that would otherwise not be hit by the sanak,tcaie to the fact that cosmics do not originate in the
interaction region. Finally, muons from beam halo evendsumeful, specially in the forward region.

For this study, the only dataset that was readily availatds & sample of 1.8 millioZ — pu-events. This
study is based on this sample exclusively. For alignmeatks with g > 15 GeV are selected. Currently,
neither a beamspot norZamass constraint are used in the alignment procedure,ugththis can be added in a
straightforward way if necessary.

54 Alignment
5.4.1 Scenario A: Alignment up tothe Rod/ Shell Level

To evaluate the performance of thaelMEPEDE alignment algorithm, the CMS tracker is now aligned in a itep

up to the rod/layer level, consistent with misalignmentnsec® A. To gain confidence in the iterative method to
solve the set of linear equations introduced iLM:PEDE |1, results of this method are compared to the inversion
method. The additional benefit of the inversion method i$ tha correlations and the errors of the alignment
parameters are calculated, which allows for the calculadfqull-values.

At this stage of the study, certain valuable constraintehent been utilized yet: Tracking in the overlap region
of detector modules is not by default turned on in the CMSvearié. Redoing the tracking allowing for more
than one hit per layer in the overlap regions is possibledmmted out to be too time consuming for this study. As
mentioned above, cosmic muons have not been used yet. Tia odiltable results for this limited dataset, it turned
out to be necessary to keep the three pixel layers and thenoagebarrel layer fixed. This leads to 3480 free
parameters. Fig. 2 shows hit residualsif@rz, r, andy, both for the inversion and the iterative method. Note that
the angley is chosen since it is the only well-measured angle. It is tiideadescribing rotations around an axis
perpendicular to the sensor (the logahxis). However, the angle misaligned in the default CMSafigement
scenario corresponds fofor barrel modules, which is the angle describing rotatemesind the local-axis. Fig. 3
shows pull distributions for the inversion method. Fig. 4wh the global correlations for the inversion method.
The global correlation for a given parameter is defined astieelation-value for the linear combination of all
other parameters that gives the largest correlation. Atia@mparison of the results for the two methods is shown
in Fig. 5. Plotted is the difference obtained for each patamehen the two alternative methods are used.
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Figure 2: From top to bottom: Residualsiip,zr, andy for alignment scenario A as a result of the inversion
method (left) and the iterative method (right). The broatdgrams show the residuals before alignment.

Results

The results of this alignment scenario look very encoumggifhe residual distributions for the two methods to
solve the set of linear equations are very similar (see FigTBe residuals forg are around ILym, while they

are around 1Bumin z 23umin r, and 3.9urad for y. The RMS-values of the pull distributions are close to
one, underlining that the fit result is close to optimal arat the errors obtained by the inversion of the matrix
are reasonable. The global correlation parameters showiyir are also reasonable, as they are much smaller
than one. Fig. 5 underlines that both methods give equivaésults not only on average but on a parameter-by-
parameter basis.
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Figure 3: Pulls irr @,z r, andy for alignment scenario A as a result of the inversion method.
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Figure 4: Correlations in@, z,r, andy for alignment scenario A as a result of the inversion method.
5.4.2 ScenarioB: Alignment up to the Detector Level

Since the results for scenario A are encouraging, the rgisalént and alignment procedures are now repeated
with scenario B. Here the tracker is misaligned up to thealetdevel, where the misalignment again applies to
the three space coordinateg r,z and the anglg. Alignment is currently done in the central regign|(< 0.9).
Again, the three space coordinates are aligned as well @sulting in 12015 alignment parameters. As before,
the pixel layers and the outermost barrel layer are kept fikegl 6 shows the residual distributions for alignment
at the detector level, again comparing the inversion andténative method. The residual distributions for the
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Figure 5: Direct comparison of the results for the inversiod iteration methods for alignment scenario A. Plotted
is the difference obtained for each parameter when the tigonative methods are used.

four coordinates are as expected for a good fit. The width @f ghdistribution has increased to64im, which

is expected from statistics since each individual detdsthit by less tracks than the larger substructures. Fig. 7
shows the pull distribution for this alignment scenariojle/the global correlation parameters are shown in Fig. 8.
Fig. 9 shows the parameter-by-parameter differences ®two methods, underlining again that both methods
give very similar results.

5.4.3 CPU performance

The CPU times to perform the solutions of the matrix equatiene determined for scenario B on a 3 GHz
processor. The numbers quoted here are for solving thexawatly, not taking into account reading in of the data
written by MILLE, which takes around 10 min. While inverting the 12015x120Hrix took 12h 46 min 5 s, the
iterative approach was much faster and took only 32 s.
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Figure 7: Pulls irr @,z r, andy for alignment scenario B as a result of the inversion method.
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Figure 8: Correlations ing, z,r, andy for alignment scenario B as a result of the inversion method.
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is the difference obtained for each parameter when the tigonaitive methods are used.
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6 Conclusion and Outlook

This note briefly reviews the MLEPEDE Il alignment algorithm and its implementation in the CMS iromment.
MILLEPEDE Il has been used successfully to partially align the CMSailitracker in the barrel region up to
rod/shell level, which amounts to 3480 free parameters ugnit the detector level, with 12015 free parameters.
The results are very promising with resolutiong gof less than Gum and show that M.LEPEDE Il should be
well suited to align the full CMS tracker.

The next steps will be to extend the angular coverage to thedtector, to align all relevant angles, and to remove
the constraint that the pixel tracker and the outermoseb&yer are kept fixed. This results in around 100000
parameters if all three angles are fitted. To obtain reliabsailts here, complementary datasets are needed to
make optimal use of different correlations. In additioMo— uv, Z — uu, and other events from proton-proton
collisions, it is foreseen to utilize beam-halo and cosmings.
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