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Abstract

Track-based alignment of chambers in the ATLAS muon spectrometer is an essential part of the
alignment procedure, during commissioning (cosmics and in beam) and during physics runs. Good
overall performance of the spectrometer requires a strong effort dedicated to this task. We present
here a complete analysis aimed at performing track-based alignment using test beam data at the H8
facility at CERN. Alignment-dedicated tracking tools, as well as track-based alignment algorithms,
are described. Results are given for several H8 runs, including an estimate of the systematic
uncertainty. The systematic error is currently dominated by the lack of sensitivity to some degrees
of freedom, due to special conditions of the H8 beam. Better performance is however expected
during ATLAS commissioning.
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1 Introduction

In the ATLAS muon spectrometer, chamber positions are monitored continuously with optical
sensors mechanically attached to the precision chambers (a thorough description of the alignment
system may be found in [1] and [2]). There is a large redundancy of the constraints offered by these
sensors, so that the degrees of freedom measured by the alignment system are validated internally
and the loss of a sensor will not be critical for the overall alignment. However, there are a number of
weaknesses of the optical alignment system due to mechanical constraints for example, which leave
some degrees of freedom unmeasured, or poorly measured. These weaknesses are known since the
design of the alignment system and are the following:

- For lack of space, no projective sensor could be mounted in the small barrel sectors. The
alignment system connects small chambers in a given layer (axial and praxial), small
chambers to large chambers (chamber-to-chamber connections, i.e. CCC), but there is no
direct optical connection between the three layers of small chambers (BIS, BMS and BOS).
The indirect projective constraint offered by the CCC system connected to the large sectors,
monitored by projective sensors does not provide the required precision.

- There is no optical connection between the BEE chambers and the rest of the spectrometer.
The position of these BEE chambers must be known relative to the end-cap.

« The single-layer chambers BIS8 are not connected by optical sensors. Their position needs
to be known for correct reconstruction of tracks entering the end-cap.

- No optical sensor is connecting the barrel with the end-cap. The relative position of the two
is necessary to correctly reconstruct tracks with hits in both (which happens even at high Pt).

In all these cases, it is absolutely necessary to use an additional constraint from the tracks in the
alignment system. This work on track-based alignment has just started and for the moment we have
only some ideas of the strategy to adopt for fixing these lacking constraints. For example, we would
like to select tracks in the overlapping region of the small and large sectors, reconstruct these tracks
with the large chambers only, compare predicted and actual segments in the small chambers and use
the residuals as a constraint on the alignment. This track-based alignment needs to be performed
continuously during normal operation (in the presence of the magnetic field), at the same rate as the
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rest of the optical alignment (~ every one to two hours).

There is another chapter to the track-based alignment, involving the alignment with straight tracks
that should be performed before the toroid magnetic field is turned on. The objective here is to
obtain precisely the initial positions (and deformations) of every chamber in the muon spectrometer.
The necessity for this straight-track alignment is two-fold:

- First, it will be needed for checking the optical alignment: incompatibilities between the
straight-track alignment and the optical absolute alignment at the given reference time may
be interpreted as mis-placements or bad calibrations in the alignment reconstruction
program (e.g. ASAP [3]).

«  Second, we would like to use such a reference geometry as the starting point for the relative
alignment, which should eventually provide the best precision.

We foresee three kinds of samples for performing straight-track alignment:

The cosmic ray sample: we may use the entire commissioning period for performing the
alignment of the chambers as they are mounted. However, the tracks will be of low
momentum (multiple scattering will be important), and their orientation is not favorable for
the alignment of the chambers positioned vertically.

- Beam halo tracks (before pp collisions) may also be used. However, they will only be useful
for aligning the end-cap chambers.

A run with the toroid switched off, and the solenoid on, in the presence of colliding beams
in the LHC. High momentum tracks may be selected using the inner detector and all
chambers should be uniformly illuminated. It is essential for the alignment, and thus for the
good performance of the muon spectrometer, that we record such a sample before the
beginning of the physics runs.

This entire program is quite important and will require a considerable amount of work before it is
operational. Today, a sample of real data is available: the HS test beam data. Even though, as we will
show, the H8 beam conditions are not completely favorable for performing track-based alignment,
we nevertheless start to set up the tools and try to understand the sources of systematics. The HS8 test
beam setup is described extensively in [4].

We present here a complete analysis aimed at performing the alignment of the H8 barrel based on
straight tracks. After presenting the global strategy, we will describe the tracking tools that we had
to develop specifically for the alignment. We will show how the H8 beam conditions influence the
alignment and will present results and an analysis of the systematic error.

The work described in this note was the subject of two presentations in ATLAS [5] [6].

2 Alignment strategy

A track may be seen as a sample of hits associated together by a pattern recognition algorithm. A

X* function may be built for each track which will depend on track parameters, and on the spatial
coordinates and orientation of the sensitive devices producing the hits:

2 _ 2
Xacr i@, P;)= Z Xhiti,j(a . P;)
hits j

In the previous expression, i denotes the track index, and j the hit index of track i. The vector a
represents the complete set of chamber position parameters and p; the four straight-track parameters.



Track fitting consists in finding the best set of parameters p; for a given alignment a:
thrack i (a): min(xtzmck i(a ’ pl))
P,

In other words, the value of the X*>  at the minimum depends on the alignment considered.

Given a sample of tracks, the alignment may be estimated by minimizing the following function:
szlign (a ): Z thmck i (a)
tracks i

In this process, multiple scattering is completely ignored, as it is not expected to bias systematically
the track fit, but only to worsen the resolution.

In practice, the sample of tracks in H8 consists of several thousands of tracks, and of the order of 15
chamber parameters are fitted using MINUIT[7]. The total X> function is called several hundreds
of times in this operation, and each time it is called, each track needs to be refitted.

A fast straight track fitter is thus necessary and constitutes the core of the alignment algorithm.

3 Alignment-dedicated tracking tools

Specific needs of the track-based alignment have led us to develop several tracking tools dedicated
to the alignment.

3.1 Straight track fitter

The straight track fitter consists of a linear fit that can combine the following kinds of information:
+ Individual MDT hit: the measured impact parameter of a track relatively to the wire

- Complete MDT segment: a set of MDT hits collected together by a pattern recognition
algorithm and summarized as two-dimensionnal straight line parameters

- RPC trigger chamber hit

For the H8 setup, we fit 4 parameters per track: two coordinates interpreted as the originating point
of the track in the plane defined by z=0 in the H8 global coordinates, and two angles giving the
direction of the track. When fitting segments containing MDT wire hits only, we only fit the two
relevant parameters that are independent of the second coordinate.

Validation of the straight track fitter is performed by comparing its output with the output of
MuonBoy [8], when given the same hits as input. This validation is presented in Figures 1 and 2: the
MDT hit radii predicted by the two algorithms are the same, within 4 ym, and the final sagitta for
the two kinds of fits are in agreement. (a definition of the sagitta may be found in [4])



Figure 1: Difference of found MDT hit radius between the fast straight
track fitter presented in this note and MuonBoy, evaluated with
segments containing the same hits. The radii coincide within 4 um.

Figure 2: Comparison of the sagitta obtained with the custom fitter and
MuonBoy, using the same tracks.

The linear tracker achieves a complete track fit in 0.6 ms, i.e. it performs ~1600 track fits per second
(performance obtained on a laptop).

3.2 T0 and RT calibrator

As we will see later, the runs that are relevant for the track-based alignment are only those recorded
with the hodoscope trigger, which has a timing different from the 10x10 trigger. Moreover, some of
these runs were recorded at a period which was not a "muon main user period". For all these
reasons, very few calibrations are available for the runs we wish to analyze. Also, we would like to
minimize the possibility of a systematic effect due to calibrations between two runs by having a
coherent calibration, obtained with exactly the same tools.

All these reasons have led us to develop a calibrator dedicated to alignment studies. Its use should in
principle be limited to the analysis of the test beam data since there is no reason to encounter these



particular problems during the commissioning.

The requirement for this calibrator is that it should be able to easily calibrate any of the H8 runs
(some of the runs do not have the rotating BIL), and its resolution should be in the 100-150 pym
range. This resolution is sufficient, is easy to achieve, and can be compensated by higher statistics
in the alignment fit.

The calibration algorithm consists of the following steps:

Fit of the beginning and end of the raw drift time spectra with sigmoid functions. If the
statistics is such that the error is less than 2.5 us, the individual tube fit is used. In the
opposite case, tubes are grouped by mezzanine or by chamber until the criterion is achieved.

«  The reference times of the two sigmoids are called TO and Tmax. Raw drift time spectra are
shifted and scaled using these quantities so that the beginning and end of the spectra are the
same for every tube. We call the resulting time the calibrated drift time.

A very rough RT calibration may be obtained by integration of the calibrated drift time
spectrum assuming the distribution of the radii is flat. The calibrated drift time spectrum is
shown in Figure 3.

- Finally pattern recognition is performed to recognize segments, and radius residuals are
subtracted from the rough calibration. This step may be performed several times.

One encounters the well known problem of the angular spread of the tracks at H8 that is very small,
and an ambiguity in the RT calibration cannot be resolved when using a chamber at a fixed angle
with respect to the beam. However, given the precision that we would like to achieve, we can easily
make the approximation that the calibration is the same for every chamber at H8 and take advantage
of the particular orientation of the various chambers. With respect to the H8 beam, the BIL placed
in front of the barrel (which can be rotated) is at an angle of 0°, the barrel and large end-cap
chambers are at an angle of 15° and the EIS at 12°. Radius residuals subtraction is performed from
one or the other of the available chamber angles. More precisely, residuals subtraction is performed
in two successive steps:

- In a first pass, residuals are estimated using the data from the BIL placed in front of the
barrel (the one which can be rotated). These residuals are subtracted from the first rough RT
calibration.

«  Using this slightly better calibration, segment fitting is redone using the data from the barrel
BIL chambers. Resulting residuals are again subtracted from the RT calibration.



drift time (ns)
Figure 3: Calibrated drift time accumulated from all the valid HS§ MDT
tubes. The integral of this spectra is a rough RT calibration.

The resolution of the calibration is presented in Figure 4. The overall resolution, estimated on the
BML chambers (which were not used for estimating the calibration), is 114 ym. The radius residual
is presented as a function of drift time on Figure 5. A small bias is observed, at the level of 30 um,
and it is neglected in the rest of this analysis. This kind of bias will only degrade the overall segment
resolution but is not expected to bias the alignment fit.
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Figure 4: Segment radius residual, after calibration, in the BMLL

chambers. The resolution is 114 um. A small bias of 12 um is observed.
(BML chambers are not used in the computation of the calibration)
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Figure 5: Segment radius residual as a function of drift time, for the
BML2 chamber. (BML chambers are not used in the computation of the
calibration)

As a further cross-check, we also compute the radius residuals for the EIS chamber, which makes a
12° angle with respect to the beam. In other words, we explore a different angle from the angle used
for the calibrations and check if the ambiguities are correctly resolved. This is shown in Figures 6

and 7. We observe a slightly worse resolution than for the BML (123 pm instead of 114 pym) and

also a dependence with drift time at the 50 ym level. This quantifies the accuracy of our resolution
of the ambiguities and again at a level that is acceptable for this analysis.

radius residual (mm)

Figure 6: Segment radius residual, after calibration , in the EIS

chamber. The resolution is 123 pm. The angle between EIS and the
beam is different from angles of chambers used to compute the
calibration.
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Figure 7: Segment radius residual as a function of drift time, for the
EIS chamber. The angle between EIS and the beam is different from
angles of chambers used to compute the calibration.

3.3 Pattern recognition

A pattern recognition algorithm is necessary for performing the RT calibrations, and also for
extracting the segments used for the alignment. In principle it is possible to use very elaborate
trackers (such as MuonBoy) to perform this step. However, pattern recognition of straight tracks in
the low background conditions of H8 is simple and easy to implement at the n-tuple level.
Moreover, we would like to ensure that some particular configurations are present in our selection,
such as segments overlapping two misaligned neighboring chambers. With a "home-made" pattern
recognition, it is easy to tune for accepting such segments.

The algorithm consists of building segment candidates with individual hits and, if the candidate
passes a certain cut, trying to fit a straight line through the list of hits. In case the fit does not
succeed, the hit with the worse X* is rejected and the fit it retried. The cut that is performed on
the candidates consists of comparing the number of tubes associated with a segment and the number
of tubes the segment candidate geometrically crosses. A fast and efficient algorithm gives this
information, which is actually non-trivial to obtain. Elaborate algorithms giving this kind of
information exist in the implementation of MuonBoy, however they require having a very precise
knowledge of the geometry throughout the muon spectrometer which is far beyond the scope of the
present study. Instead, we have chosen to implement a general algorithm capable of handling any
kind of geometry:

- First, the Voronoi diagram of the 2D projections of the wires of each sector is computed (see
[9] for a definition of the Voronoi diagram).

« The tubes that a segment candidate should hit correspond to the Voronoi cells intercepted by
the segment (with an additional cutoff on the distance from the wire to the segment). A



simple walk-through algorithm is used to find these intersections.

In the future, we may however decide to abandon this algorithm and try to deploy the one that is in
MuonBoy, which is expected to be more reliable and faster. For the moment, this algorithm suits our
needs for speed, since each call to this algorithm in H8 "costs" ~100 us (performance obtained on a
laptop).

Examples of track segments, viewed with Persint [10], are shown in Figures 8 and 9.

Figure 8: Persint view of an event containing two adjacent segments,
with some background in several tubes. The custom pattern recognition
was able to reconstruct the two segments.

Figure 9: Persint view of a segment overlapping two chambers,
correctly reconstructed by the custom pattern recognition. This kind of
segment is very useful for the alignment. (beware of the optical
illusion!)

4 H8 beam conditions for the alignment, fitted parameters

For performing track-based alignment, it is essential to illuminate the largest possible portion of the
chambers with the beam. Given this requirement, we concentrate only on the runs recorded using
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the hodoscope trigger. However, even when using the appropriate trigger, we are able to illuminate
only a small portion of the chamber, as can be seen in Figure 11. In this Figure, we see that the
beam is mainly concentrated in a small area of size approximately 10cm x 10cm. The tails of the
distribution cover an area comparable to the hodoscope window, which is small compared to the
size of the BOL chambers, and only slightly covers the BOL1. We expect the alignment to be
acceptable in the region illuminated by the beam, however, a small error on the alignment will be
propagated and amplified over a large area. We do not expect to obtain good results for the
alignment away from the beam window.

+ Wire direction

A

Figure 10: HS test beam layout and coordinate system. In this drawing, the origin is shifted along x.
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RO

BOLI1 BOL 2

HV

Figure 11: Beam intensity, as a function of chamber coordinates, seen
at the BOL chambers. The black boxes represent the approximate
positions and size of the BOL chambers. In this drawing, the BOLI is
on the left, BOL2 on the right, RO (read out) is top and HV bottom.

Another desirable feature for obtaining good constraints on the alignment would be a large angular
spread of the tracks. However in H8, the tracks are mainly parallel. Figure 12 shows that the angle
distribution of the incoming tracks is spread by only 5 mrad. This implies that the degrees of
freedom of the chamber longitudinal to the beam may not be fitted with H8 data. The fit never
converges when letting these parameters free.

Nb events

Figure 12: Absolute angle of the reconstructed tracks and the nominal
beam direction.
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Figure 13 illustrates the parameters that may be fitted for each H8 chamber. Out of the 6 parameters
necessary for the position of a chamber, three are not fitter. The translation along the direction of the
tubes (s) cannot be fitted because it is the wire direction. The translation along the axis transverse to
the chamber plane (t) and the rotation around the axis orthogonal to the wires and in chamber plane
(6z) may not be fitted, given the poor angular dispersion of the beam at H8. The translation along
the precision coordinate (z), the rotation around the wire axis (0s), and the rotation around the axis
orthogonal to the chamber plane (O0t) are fitted. Finally, chamber deformations are completely
ignored in the present study.

This procedure is only performing internal alignment, as there is no link between the chambers and
a reference point in the hall; therefore some of the degrees of freedom need to be fixed. We have
chosen to fix the BML2, and fit all of the other barrel chambers. The EML (providing the second
coordinate, as we will show later) is not fitted either.

-
7 L@S’} 9 t
Parameters fitted in the H8 setup

®

0z t S
Parameters that cannot be Unfittable
fitted in the H8 setup, but parameter
could be fitted in a
different setup

Figure 13: Illustration of the parameters that may be fitted for the
alignment of the HS chambers. The tube direction is s.

5 Data samples, selection

Four hodoscope runs are analyzed in this study and are detailed in Table 1. In order to study
systematic error, it is important that the beam conditions are approximately stable from one run to
the other. In particular, two of the runs were recorded with the hodoscope window moved off the
beam axis. As we expect large difference in the alignment when moving the illuminated part of the
chamber, we will not try to compare these runs with those where the hodoscope window is in the
beam.
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Run number Start and end time Approximate Beam Trigger
(GMT) chamber
positions
600733 and 600734 | 2004-07-26 | 2004-07-26 Nominal Muons Hodoscope
6:28 6:47 250 GeV
601508 2004-08-27 | 2004-08-27 Nominal Muons Hodoscope
8:58 9:13 180 GeV
600523 2004-07-10 | 2004-07-10 Nominal Pions |Hodoscope, off
17:13 18:30 beam axis
600522 2004-07-10 | 2004-07-10 | BIL chambers Pions |Hodoscope, off
15:48 16:50 rotated by 6 mrad beam axis
around beam axis

Table 1: Run numbers, period of recording, chamber positions, trigger and beam conditions of the samples analyzed in
this study. Chamber positions are known at the mm level, and are subject to daily thermal fluctuations. Information
about beam energy has been lost for runs 600523 and 600522.

The selection of the tracks is the following:

Exactly one good segment in each of the chambers BIL, BML, BOL and EML

A good segment is made up of at least (max-1) MDT hits, where (max) is 8 for the BIL, and
6 for the other chambers

RPC information is ignored. The RPCs from tower 1 were switched off in the analyzed runs,
and to avoid a difference of treatment between tower 1 and tower 2, the RPC information
was not used in the analysis

The second coordinate is provided by the end-cap EML chamber.

6 Results and validations

The result of the alignment fit is presented in Figure 14 in the form of differences with the
geometers' survey positions. The precision of the geometers' survey is of the order of 500 ym. More
importantly, several movements have been performed on the chambers between the time of the
geometers' survey and the time of the alignment run and the chambers had been put back into
position with the precision of about 1 mm. This leads to the conclusion that the observed

displacements in the track-based fit are of the correct order of magnitude.
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Figure 14: Result of the alignment fit. The reference for the fitted
parameters is taken at the survey position.

Figure 15: Sagitta of the selected tracks, with the chambers at the

survey position. The muon sagitta is centered at about -350 pm.
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Figure 16: Sagitta of the selected tracks, after alignment fit. The mean

value of the sagitta is now about 5 um.

Figures 15 and 16 show the sagitta of the selected tracks, before and after the alignment fit. The
mean value of the sagitta is completely corrected within 5 ym, and the width is also improved.

Figure 17: Mean value of the sagitta as a function of the BML chambers
coordinates. In blue (dark) before correction, and in red (light) after
correction. z=1800 mm is the transition between BMLI and BML2.
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Figure 18: Mean value of the sagitta as a function of the second
coordinate seen at the BML. In blue (dark) before correction, and in red
(light) after correction.

Figures 17 and 18 show the sagitta of the selected tracks, as a function of the chamber coordinates
seen at the BML chambers. The outcome of the alignment fit is a complete correction of the
residuals.

Figure 19: Mean value of the sagitta as a function of the second
coordinate seen at the BML for run 600522 (large displacement of the
chambers). In blue (dark) before correction, and in red (light) after
correction.

Figure 19 shows the same kind of correction, for the run 600522, where a large displacement of the
chambers has been applied. Before correction, the rotation applied to the BIL chambers around the
beam axis appears as a dependence of the sagitta on the second coordinate. It is corrected by the
alignment procedure.
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Figure 20: Angle between the direction of the track and the direction of
the segment for all selected tracks after alignment correction. The mean

value is about -55 yrad.

Figure 21: Angle between track and segment, as a function of chamber
second coordinates, at BOL. In blue (dark) before correction, and in
red (light) after correction.

Figures 20 and 21 show the angle between the track and the segment, after applying the alignment

correction. The angle is completely corrected by the alignment fit within 50 prad.

7 Systematic error

The estimate of the systematic error is a difficult task. Fortunately, the optical alignment system is a
very reliable tool when used in relative mode and it may serve as a comparison point for the
estimate of the systematic error. The principle of the estimate of the systematic error is to compare
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the track-based alignment with the optical relative alignment.

The procedure to do this is illustrated in Figure 22. The starting point is a pair of runs, between
which some movements of the chambers have been performed. Track-based alignment is performed
on these two runs: let's call the corresponding alignment corrections Al and A2. The first set of
corrections Al is then used as a reference geometry for ASAP in relative mode, which can in turn
extrapolate the geometry to the period of the second run by using the response of the optical sensors
only. Let's call this extrapolated alignment A'2. If every correction is perfect, then we should find
that A2 and A'2 are the same. If they are not the same, then we attribute the error to the track-based
alignment procedure, because we have great trust in the optical relative alignment. (Its reliability has
been proved many times at the test beam.)

The procedure that we describe here may in principle not reveal a systematic defect in the alignment
that would be the same in Al and A2, whatever the random displacement of the chambers between
Al and A2. One may think of bad positioning of few wires in a chamber, or a bias in the RT
calibration that would be z-dependent,... but such fine effects are beyond the scope of the present

study.
-— Chamber movements —p -

Track-based alignment Track-based alignment
Al A2
¢ : compare
Alignment
Optical
ASAP reference _ Op Cfl sensors predicted by ASAP
geometry relative mode .
relative
A'2

Figure 22: Illustration of the procedure to estimate the systematic error
on track based alignment, using the optical alignment.

The recipe for comparing two sets of alignment (A2 and A'2) consists in using triplets of virtual tags
(one tag on BIL, one on BML, and one on BOL) with fixed local coordinates in the chambers,
approximately aligned along a projective light ray. For a given set of alignment corrections, a sagitta
may be computed from the positions of these tags. To compare two sets of corrections, for example
A2 and A2, we compare the sagitta given by these triplets of tags and they should be the same. As a
standard, we define 8 triplets of tags per tower.

An example of such an estimate is shown in Figure 23, for two runs recorded at a month's interval,
and for which the chambers had moved by only a few 100 ym. This test shows a very good result in
the region of the beam. This systematic error is only slightly higher than 20 ym. Away from this
region, the systematic error increases and large differences (more than 200 pym) are seen far away
from the beam.
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Figure 23: Difference of geometric sagitta between two runs in July and
in August 2004; chambers were moved by a few 100 um between these
two periods.

Another comparison was performed with two runs between which the chambers have moved by a
large amount. In the following example, the two BIL chambers were rotated by 6 mrad around the
beam direction. First, we can check that the alignment corrections A2 and A'2 are equally good at
correcting the sagitta of the selected tracks. This is shown if Figures 24 and 25: the two alignments
result in the same small bias on the sagitta (30 ym), within 7 ym. This means that for the degrees of
freedom to which the tracks are sensitive, the precision of the alignment is of few tens of microns.

Figure 24: Sagitta of the tracks in a run where the BIL chambers were
rotated by 6 mrad around the beam direction, after track-based
alignment correction. (alignment A2 in the text)
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Figure 25: Sagitta of the tracks in the same run as Figure 24. Here,
track-based alignment is performed on a run where the chambers are
approximately in nominal position, and ASAP in relative mode is used
to extrapolate the alignment to the time of the plot. (alignment A2 in
the text)

Applying the recipe of virtual projective tags, as seen in Figure 26, we now find large sagitta
residuals across the entire chamber. This kind of effect is expected and, as described in section 4,
HS tracks are completely insensitive to two parameters which are left unfitted. The virtual projective
rays are not parallel to the beam direction and explains why they are sensitive to these unfitted
parameters. Given the beam conditions, the systematic error on the alignment is a few hundred
microns in the degrees of freedom to which projective rays are sensitive.

HV
-255 -368 265 224
to. 2 264 33 to. 1

-205 -307 -82 -139

\ \

224 ‘ -232

\ \

Rough beam position
-159 -249 130 -498

RO

Figure 26: Difference of geometric sagitta between two runs where the
BIL chambers were rotated by 6 mrad around the beam direction.

This result is still very encouraging. Considering only the degrees of freedom to which the tracks
coming from the beam are sensitive, track-based alignment is able to achieve a precision of 20 to 30
pum. It is not possible to fit the other degrees of freedom at H8, however, we expect the same kind of
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sensitivity when using a more appropriate sample containing a large angular spread of the tracks,
such as cosmic rays for example.

8 Conclusion

We have presented a complete analysis aimed at performing track-based alignment. Taking as input
raw MDT data, we are able to perform calibrations and pattern recognition and use the resulting
tracks in an alignment algorithm. A procedure is also presented for evaluating the systematic error.
The systematic error in the regions of the chambers illuminated by the beam is acceptable for the
degrees of freedom to which tracks parallel to the beam direction are sensitive. As expected, the
systematic error is large outside this region, and for tracks with different directions. This feature is
expected to vanish if we use a sample of tracks with a large angular spread.

The initial goal of this work was to explore procedures to analyze cosmic ray data during the
commissioning. We conclude that this goal is reached and we expect track based alignment to be an
effective way to align the muon spectrometer in conjunction with the optical alignment.
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