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We present the first results of the full CMS Silicon Trackégminent based on several million re-
constructed tracks from the cosmic data taken during themissioning runs with the detector in
its final position. Implication for CMS physics performanseéiscussed. The all-silicon design of
the tracking system of the CMS experiment is expected toigedl— 2% resolution for 100 GeV
tracks and an efficient tagging bfjets. To achieve optimal performance the position anchtaie
tion of each of the 15148 silicon strip and 1440 silicon pixeldules need to be determined with
a precision of several micrometers. For the modules welhilhated by cosmic ray particles,
the ultimate precision has been achieved with data fromitizers modules traversed in-situ by
charged muons used in combination with survey measuremg&hts achieved resolution in all
five track parameters is controlled with data-driven valataof the track parameter measure-
ments near the interaction region, and tested againstqui@uivith detailed detector simulation.
Outlook for expected tracking and physics performance thighfirst collisions is given.
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Precise determination of the position of 1440 silicon pixet 15 148 silicon strip detector
modules is a challenging task and one of the critical asfecehieving the design track parameter
resolutions in the CMS experiment. The CMS collaborationdtwted a month-long data-taking
exercise known as the Cosmic Run At Four Tesla (CRAFT) dutingpber-November 2008. Prior
to CRAFT and during the final installation phase of the experit, a series of commissioning
exercises to record cosmic ray events took place with trensal turned off from May to Septem-
ber 2008. A smaller number of cosmic ray events with the gagarticipation were recorded
compared with CRAFT. The alignment of about 15% of the CM&ail strip tracker was also
performed prior to that with data taken during stand-alom@missioning in 2007 [1].

The silicon pixel detector is composed of two sub-detecthesBarrel and the two Endcaps in
the forward regions. The pixel modules provide two-dimenal measurements of the hit position
in the module planes, which effectively translate into ¢hdémensional measurements in space.
The silicon strip detector is composed of four sub-detacttire Tracker Inner and Outer Barrels,
the Tracker Inner Disks, and the Tracker Endcaps. The twerilayers of both strip barrel and in
several rings of the strip endcaps are equipped with dosidkd modules; all other positions have
single-sided modules.

Optical surveys taken during module construction and natigmn provide initial alignment
parameters for many of the modules. Additionally, the syiméormation was used as constraints
in the alignment procedure, described below. Coordinataddeng Machine (CMM) data and
photogrammetry have been used for the optical survey ofélekdr components. While the former
were used for measurements of the active elements, thewatte used for the alignment of larger
structures.

An independent test of the silicon tracker alignment wavidexd by the Laser Alignment
System (LAS), which uses a system of 40 infrared laser bearasl(075 nm) to survey the position
of the large-scale structure elements of the tracker. Th8 hfeasurements are available for 434
silicon strip modules, which are distributed over eightaz#ihal sectors. The beam light is detected
directly on the active area of the silicon sensor.

The alignment is an optimization problem that can be fortedan the context of linear least
squares. Module position corrections (“alignment paransélp are determined by minimizing a

function
trackshits

X2p.a) =3 Y rii(p.apVijirij(p.aj), (1)
T

which can be expressed as the sum over allitotsall tracksj and track parameterg, assuming
negligible correlations between hits. Track residuglsare defined as the difference between the
measured hit position and the trajectory impact point, \épds their covariance matrix.

Two statistical methods were employed to solve the alignmperblem. Both of them were
previously applied to the CMS silicon strip tracker aligmheluring stand-alone commission-
ing [1]. The global alignment algorithm (“Millepede 11”) [2ninimizes thex? function in Eq. (1)
by taking into account track and alignment parameters sanabusly. The local iterative algorithm
(“Hits and Impact Points”) [3] approximates Eq. (1) by asgwgmo track parameter dependence.
The track parameters and correlations between differewliuiase are solved through iterations of
the minimization procedure and refitting the tracks with radignment constants after each iter-
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Figure 1: Distributions of thex? per degree of freedom of the tracks (left) for non-alignedal method,
global method, and combined method geometries; and disisibof the median of the residuals (right) for
non-aligned, combined method in data, ideal and combingtigden Monte Carlo simulation.
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Figure 2: Resolution of the track parameters for the transverse maume(pr) as a function ofpr (left)
and for the distance of closest approach in the transversetitindyy, (right). Two halves of cosmic tracks
were used in this validation. The same geometries are shswnthe right plot of Fig. 1.

ation. The local iterative algorithm includes survey meamsents in the formalism of Eq. (1), as
described in Ref. [4].

After verifying that the two methods yielded consistenutts the final results were obtained
by applying the two algorithms to CRAFT data in sequence oteoto take advantage of their
complementary strengths: first the global method allowsdigtermination of alignment param-
eters, properly accounting for the correlations among thena single step, and then the local
iterative method uses the full implementation of the Kalrfiiar track reconstruction algorithm
adopted in CMS.

Several approaches were employed to validate the alignmeentts. The low-level quanti-
ties that were used in thg? minimization, such as residuals and th&/ndof of the tracks, were
monitored. The traclk?/ndof distribution is shown in Fig. 1. The hit residual widthdominated
by two effects other than alignment: track extrapolatiowartainties due to multiple scattering
and hit position reconstruction uncertainties. Both ofstheffects are random, while misalign-
ment leads to systematic shifts of the residuals. For tiisoe the distribution of the median »
of the residuals (DMR) is taken as the most appropriate nmeasfualignment and shown for the
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pixel detector in Fig. 1. Resolution of the track parametershown in Fig. 2. To check the sta-
tistical precision of track-based alignment a Monte Cairtlautation was also performed. Overall,
there is significant improvement in the track reconstrucioing from the geometry without any
alignment, to the alignment using tracks with the local amel global method, and finally to the
combined result. With respect to cosmic ray trajectories,mhodule positions were determined to
a precision of 3—4im RMS in the barrel and 3-14m RMS in the endcaps in the most sensitive
coordinate. However, systematic misalignment on largiesehich affecty? only weakly remain

a challenge and will be addressed with more data.

Experience gained in the alignment analysis of the silicarlmes with cosmic ray particles
is valuable in preparation for the full CMS tracker alignrheiith the data from LHC collisions,
which is critical in achieving the physics goals of the CM$ed#or. Integration of measurements
from cosmic and collision tracks, LAS, and survey will bdicgl for the optimal tracker alignment
with the first data expected from LHC beam collisions. Optetion of the single-track resolution
and reconstruction efficienclg;tagging algorithm performance, resonance resolutiod,asma re-
sult discovery potential will depend critically on the Tkac alignment. As an illustration, in Fig. 3
a hypothetical narrow resonan¥e— ZZ — 4y resolution and discovery significance are shown
for a scenario of 5/fb of data with the SM Higgs cross-sectind branching fraction parameters.
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Figure 3: Reconstructed invariant mass (units Ge&lof a hypothetical narrow resonanse— ZZ — 4u
(left) and significances of the observed signal (right) vathanalysis of a MC sample equivalent to 5/fb
of data. Three geometry scenarios are shown: ideal, stanisgdignment based on 2008 data performance
with cosmic ray data, and non-aligned.
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