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1. Introduction

The Compact Muon Solenoid (CMS) experiment is a multipuepdstector at the LHC. The
12500 ton CMS detector consists of a 4 T superconductingneimle a muon detector; hadron
calorimeter; electromagnetic calorimeter; and all-siticracker [1]. The tracker is made of thou-
sands of silicon sensors whose position must be known onrtter of microns. It is composed
of two main parts: the silicon strip detector and the siligixel detector (see Fig. 1). The strip
detector is composed of four main parts: the Tracker InnerdB@riB), Tracker Inner Disk (TID),
Tracker Outer Barrel (TOB), and Tracker Endcaps (TEC). Tikel gletector is composed of two
parts: the pixel endcaps (PXF) and the pixel barrels (PXBg fask of alignment is to determine
module positions in order to better resolve charged partielck trajectories. Determining the pre-
cision of these module positions to the order of a few mictieressential for the discovery of new
physics at CMS.

In these proceedings, a summary is given of the recent teswof CMS tracker alignment.
We discuss the overall strategy employed by CMS trackenalent. Recent alignment analyses
are mentioned including first cosmic ray data from CMS as aglthe most recent simulation
studies. Finally, we mention the implications of trackegmient on physics performance.
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Figurel: Tracker Layout (left) and Laser Alignment System Layouglft)

2. CMSTracker Alignment Strategy

The strategy of CMS tracker alignment incorporates alllatsé information - tracks, optical
survey information, and the laser alignment system (LAS&cK-based alignment is absolutely
necessary to achieve a sensor precision on the order of a feswns. The goal in track based
alignment is to minimize a globa?, an example of which is given in Eq. 2.1.

tracks

X2=3 rf(p,a)V tri(p.a) (2.1)

In this equationy is the residual, the difference between the track extraipoland the hitV is
the residual covariance matrix; ap&ndq are the sensor and track parameters, respectively. CMS
tracker alignment employs three alignment algorithms: BHRs and Impact Points) [3], a local
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iterative method; Kalman Filter Algorithm [4], a global rhetl updating parameters after every
track; and Millepede Il [5], a global method using global mainversion.

The survey measurements of the tracker are done at varalgetrhierarchy levels with vari-
ous sets of techniques. In the PXB, PXF, TIB, and TID, surgayane at the module level and, in
some cases, at some higher level structures. In the TOB afigl SlEvey is only done at the level
of higher structures. Further, work has been done to incatpdhe survey measurements into the
track-based alignment as an extra constraint. In Eq. 2Zpttmalism for how survey constraint is
added into the track-based term is shown

tracks survey

=y TeaV e+ Y reM i) 22)
I J

In this equation,j runs over all tracker survey hierarchies.

The final input to the tracker alignment comes from the LAS [Bhe goal of the LAS is to
provide continuous position measurements of large scaletates in the TIB, TOB, and TEC. The
precision of the LAS is on the order of 100 microns standalamg 10 microns monitoring over
time. The layout of the LAS is given in Fig. 1.

3. Recent Alignment Activities

In the following section of these proceedings, we discussribst recent exercises by the CMS
tracker alignment group.

3.1 Tracker Alignment at the CSA08 with MC

During May of 2008, CMS tracker alignment was also involvedCiSA08 (Computing, Soft-
ware, and Analysis 2008) which tested the full workflow ofjatnent in real time. It was a two
week exercise where the first week correspondedpto 1 of data and the second week corre-
sponded to 1pb~! of data. Alignment constants from week 1 were to be used irk\v2eeThe
exercise was completed in time; data, configuration, arghaident workflow all ran smoothly.
With respect to the starting geometry which simulated spanhisalignment, overall track? was
dramatically improved. The RMS of the difference betweandligned and true geometries in the
most sensitive degree of freedom was aboupu8bover the entire tracker and aboufudn in the
PXB. We should point out this was a MC exercise excludingesystics; however, the successful
test of the full alignment workflow with positive results prded valuable experience.

3.2 Tracker Alignment at the CM S Global Runswith Cosmic Ray Data

In July and August of 2008, CMS collected about 600k muongimating from air-showers
suitable for alignment with a nearly full CMS tracker at O Tridg its Global Runs. Most of
the strip tracker was active and alignment was attempteleasénsor level. The pixel detector
was only active for a short time and statistics were not ehdogalign, but regardless, it was a
first experience with a globally integrated pixel deteciawo alignment algorithms were run, HIP
and Millepede. In particular, HIP ran track-based alignmesing survey constraint as outlined in
Sec. 2 while Millepede ran a solely track-based alignmeatiddtion of both alignment algorithms
showed that they yielded similar results while both impnovoverall tracky? and hit residuals.
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As a further validation, we show in Fig. 2 the mean of the hsideals per module for mod-
ules with at least 100 hits for the TOB. The advantage of suclidation is that it reduces the
contribution to the residuals from multiple scatteringyrsficant especially for zero field cosmics.
In the figure, a comparison is made between the design gepamatraligned geometry validated
over data and the design geometry validated over MC. We hetdramatic improvement between
the designed and aligned geometries over data while thempresf the design geometry over MC
gives a measure of the statistical contribution. Also in Righe impact of alignment on tracking
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Figure 2: Distribution of the mean of residuals for TOB sensors withrethan 100 hits (left) and Impact
parametery (dyy), resolution for top vs. bottom cosmic tracks (right)

is given. In this validation, a single cosmic track is spldray the point of closest approach to the
beamline and compared as individual tracks. This gives ssumeaof the track parameters’ bias
and resolution. We see an improvement from the designedptoeal geometry imly (pictured),d,,

@, and@. Overall, tracker alignment during CMS Global Runs at zestiifsuccessfully exercised
the full workflow providing dramatic improvement.

4. Implication of Tracker Alignment on Physics Performace

While CMS tracker alignment has been involved in analysék With simulation and cosmic
data, a parallel analysis has been done to understand ttetiraptracker alignment on physics
performance. To understand the effect of misalignment,naldan of misalignment scenarios were
created: 'SurveyLAS’, 'SurveyLASCosmics’, "1pb~’, and '100 pb~. These misalignments
each contain a presumed alignment precision. For exampkuiveyLASCosmics’, this is the
presumed level of alignment precision using survey, LAS ememic data. In the integrated lu-
minosity scenarios, this is the presumed alignment pi@tiafter that amount of data is collected.
All of these scenarios are laid out in greater detail here [6]

With these scenarios, we look at the effect of misalignmentracking. In particular, the
alignment position errors (APES), errors assigned basédeolievel of misalignment, factor greatly
into tracking. This can be seen in Fig. 3. The track findingcedficy remains high if the APEs
agree well with the given misalignment regardless of theage. However, when the APEs are set
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to zero, track finding efficiency suffers greatly. Furthee fvd that impact parameter resolution,
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Figure 3: Track finding efficiency (left) and impact parametay,(right), for various misalignment scenar-
ios.

do andd,, are greatly affected by misalignment of the PXB. Fig. 3 mflehe impact irdp. In
scenarios in which the PXB are greatly misaligned ('Sun&$Land 'SurveyLASCosmics’), the
impact parameter resolution suffers greatly. APE estionadind PXB alignment are two important
factors impacting tracking performance. Further detaild analysis are presented in [6].

5. Summary

Within these proceedings, we give a summary of the curratusof CMS tracker alignment.
Initially, the basic strategy of CMS tracker alignment wascdssed. Then, an overview of the
various recent analyses was presented with encouragingasitive results. Finally, the impact
of alignment on physics performance was discussed wherasitdetermined that APE estimation
and PXB alignment are vital issues. All such studies have laeenvaluable experience for CMS
tracker alignment, and our recent progress is encouragnigHC startup.
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