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1. Introduction

ATLAS [fl] is one of two general purpose experiments at CERN's Latgdron Collider. It
will record proton-proton collisions at a center-of-mass energy of UgtdeV. The ATLAS detec-
tor is comprised of a central tracking system (the Inner Detector or IBDygnding the interaction
point, electromagnetic and hadronic calorimeters, muon detectors, and atreggtem made of a
central solenoid and a series of toroid magnets. The ID and solenoichfspactrometer in which
the 2T magnetic field of the solenoid curves the trajectory of charged pariidte a helix. The
solenoid defines an axis along which the magnetic field points and is the basig foylindrical
coordinate system used in ATLAS. In this coordinate system the interaatiahip defined as the
origin. The z-axis points along the magnetic field; r is defined as the disteoroelie z-axis, and
@ is the angle around the z-axis. The ID is built around this z-axis with a cytialdgeometry. It
is composed of central barrel layers and endcap wheels or diskdaried layers are centered on
the origin, are symmetric ip and are located at constant r. The endcap wheels are also symmetric
in @, however, they are extended in r and located at fixed z beyond thet ektdre barrel. The
purpose of the ID spectrometer is to measure the trajectory and the momercharged particles.
These reconstructed trajectories are referred to as “tracks”.

The ATLAS ID consists of three sub-detectors built using two technologidison sensors
and straw drift tubes. Collisions at the interaction point produce chargettles that travel out-
ward through the ID, first crossing the Pixel detector, then the Semictordiracker (SCT), and
finally the Transition Radiation Tracker (TRT). The Pixel detector is theesliosub-detector to the
interaction point and provides the finest granularity. Comprised of cd@enilion channels, the
Pixel detector provides on average three measurements per tracksaanl indrinsic resolution of
10 um (115um) in the Rp (Z) plane. The SCT is made of silicon strips witl6 million channels
that provide between four and nine measurements per track with an int@ssiltition of 17um
(580um) in the Rp (Z) plane. The TRT, the largest of the sub-detectors in the ID, is madeasf s
drift tubes which have a single hit resolution of 188 in the Rp plane, and provides an average of
36 measurements per track. In total the TRT is comprised of nearly 35@&@66out channels. As
is typical in the design of tracking detectors, the ATLAS ID has been aactsitl and assembled in
a modular fashion. The individual sub-detectors are first assembledliresway that larger struc-
tures are comprised of smaller collections of detector elements. For exangiédumal silicon
wafers are mounted in rows forming ladders, which are then combinedtorfadules, which are
part of a barrel layer or endcap wheel. After their separate conisinithe barrel and endcaps are
then assembled together to complete the ID. At each stage in this assemblyypeoaptical and
mechanical survey measurements are made to control the quality of the bedtaie Depending
on the stage of the assembly, the installation accuracy of the ATLAS ID viaoieshundreds of
microns to a few millimeters.

These proceedings introduce the problem of detector alignment, a comririgsibrallenge
crucial for operating and understanding a tracking device such asTth&AID. They go on to
describe a method implemented in the ATLAS experiment, track-based alignnadmirdlides a
means of meeting this challenge and present initial results from cosmictay da
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2. TheAlignment Problem

The trajectories of charged particles are reconstructed from the sigonalsled by the tracking
detectors. The trajectory is a helix, and the parameters of this helix arenileder by fitting a
track to the particle positions determined from the signals in the tracking detedtbe track fit
determines the track parameters, from which the position, direction, and mamefitoe particle
can be determined. This track reconstruction involves not just the locallgurezh hits associated
to the track, but requires the combination of the local measurerardthie assumptions about the
relative positions of the detector elements making the measurements. The aligmotdem is
simply that the initial assumptions are wrong. That is, detector positions usieel iaconstruction
algorithms do not correspond to the actual relative positions of the instadfedtdr. This is a
problem because spatial misalignments can affect the determination of tnarkegters which, in
turn, compromise physics results.

The alignment problem in the ATLAS ID is exacerbated by both the overallaiz the high
granularity of the tracking detectors. Each of the 1744 modules in the Ritettbr, 4088 modules
in the SCT, and 176 modules in the TRT, need to be aligned in six degreesedbfn: three rigid
translations locating the module and three rotations orienting it. Thus, theoger85,000 total
degrees of freedom (DoF), alignment parameters, in the 1D alignmehigond The size and mod-
ular design of the ID implies that different scales of possible misalignmentstndee addressed.
Large, order millimeter, relative sub-detector misalignments and misalignmerg batrel layers
with respect to endcap wheels, are expected from survey measurerivistdignments on this
scale will have the largest impact on physics and will significantly reducedlok reconstruction
efficiency. Internal sub-detector misalignments are considerably smalleretative sub-detector
misalignments, but need to be corrected to achieve the ultimate detector perderrirgernal mis-
alignments in general require a much larger number of reconstructed ttadle handled properly,
and are much more sensitive to possible biases discussed in the next.sButi@ignment objec-
tive in the ATLAS ID is to measure the relative position of the in-situ detectors thilprecision
that mis-alignment effects contribute less than 20% to the overall track pmaresolutior[].
This requirement, coupled with the small intrinsic resolution of the tracking dsyiequires that
the detector positions are determined to the accuracy of up to tens of miopis,an order of
magnitude more precise than survey measurements.

Various complementary methods of addressing the alignment problem havermy@emented
in the ATLAS ID; the remainder of these proceedings, however, will $omu one particular solu-
tion: track-based alignment. Track-based alignment has the advantagis#m easily be applied
to all sub-detectors and scales of misalignment in the ATLAS ID and progidesans of gaining
the required precision to meet the alignment objective. Track-based aligafse provides a flex-
ible, extensible framework in which solutions, complementary to the basic baséd approach,
can easily be included.

3. Track-Based Alignment

During track fitting, the degrees of freedom of a parametrized curveliain the ATLAS

1Currently the TRT barrel modules (96 out of the 176) are only aligneddrrigid translations, not three.
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ID, are fit to the spatial positions of a collection of measurements. Thesaireezents are made
by the individual tracking detector elements, either pixels in the Pixel detadioon strips in the
SCT, drift or tubes in the TRT. Detector misalignments affect these spas#lqs and will, in
turn, affect the determination of the track parameters from the track fittréblke-based alignment
exploits this interdependence in order to correct these very misalignmdrdscriicial step in al-
lowing for the recovery of the misalignments is the definition of a statistic sensitibe alignment
problem. That is, the definition of a statistic that is sensitivedih the measurements made by
the individual tracking detector elemeraisd the assumptions about the relative position of these
elements. This statistic is the? defined i 3L,

g () e

Oi

mando are the position and uncertainty of the measurement made by the detectorts|dnien
the value of the measurement predicted by the track fit and is a function titleparameters
X; the sum is over the hits associated to the reconstructed trarélds.a function of the detector
element measurements explicitly and of the alignment parameters througd¢pendence in the
fitted track predictionh.
The key property of thg? statistic is that, thought of as a function of the alignment parameters,
X2 has a minimum at the true value of the detector alignment. Any detector misalignrilent w
cause the track fit to be pulled away from its correct value (correct imgahe fit if there was
no misalignment or if the misalignment was properly accounted for). This camiped track fit
will result in predictions of measurementgx), that are systematically more discrepant from those
actually measuredn, and thus will result in an increase .
The solution to the true detector misalignment is giver by 3.2, wherepresents the align-
ment parametefs
dx?
da
In general¥, and thush(X), and thusy?, is a highly nonlinear function of the alignment parameters,
a. We use a linear expansion and an iterative process:
dx?(a) _ dx?(ao)  d?x?

da = da +d012aO

=0. (3.2)

(a—ag), (3.3)

wheredq are the values of the alignment parameters of the current iteration. Thisxapgtion is,
in general, more accurate ag approaches the true values, and thus allows for an iterative solution
for the true misalignment, given by[3.}4.

d2X2
a =A0ap— (daZ "

1
dx?(ao)
> . (3.4)

is the inverse of &NxN

matrix, withN being the number of DoF. In ATLAS, witN ~ 35, OOO this inversion is non-trivial
both in terms of CPU and memory requirements.

2In the following the”’s will be dropped frond.
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The determination of the detector misalignments is done by iteratively solvindieq {4,
which amounts to inverting BIXN matrix. In general, there are several methods of handling this
matrix inversion. In ATLAS the two that are used primarily are diagonalizatiwh & class of
techniques know as fast solvers. In diagonalizationNRE matrix is decomposed into a singular
value decomposition: a product of three matrices. The middle matrix is a diagatiax and
the diagonal elements are the eigenvalues of the origirbl matrix. The outer two matrices are
composed of the eigenvectors of this original matrix. After this diagonalizaftiersolution is a
trivial multiplication of matrices. Diagonalization also has the advantages thamitertainties
on the alignment parameters are directly available and that it provides a wigaarsdling weak
modes, which are discussed later. Diagonalization is CPU intensive ammhtabe used when
the number of alignment parameters is small1000) as when aligning large structures or sub-
detectors individually. When aligning the full detector, with its 35K DoF, &dtrer techniques
must be used. Instead of calculating the inverse td\tkié matrix, and thus the alignment solution,
directly, the fast-solver techniques minimize the distance to the solution, dedérﬁ@.

dx?

(a—ao0)+ -4 - (3.5)

d2X2

d= da?

This solution is iterative, only approximate after a finite number of iterationd, bacause the

matrix inversion is not done, does not provide the uncertainties on the alijrpaeameters.

These techniques also typically exploit unique properties of the large matbie baverted. The
d2X2

(5,

most alignment DoF are uncorrelated. These facts are exploited to gai@Botland memory per-

formance when dealing with the large number of DoF in the ATLAS ID.

A major obstacle one has to confront when using the track-based alignahetibis are weak
modes. Weak modes correspond to detector deformations, either phdedficahations in the in-
situ detector, or in the alignment constants used for the track reconstruittanresult in little,
if any, impact on they?. These misalignments, by definition, are inherently problematic for the
track-based method, which is based solely)dn The %2 = 0 solution is blind to classes of
misalignments that result in solutions that are local minimg3n Thus, track-based alignment
will not be able to correct detector misalignments that result in weak modesedvier, these
detector distortions are physically important in that they leavexthenchanged by biasing the
reconstructed track parameters; the determination of these track pasumetez ultimate goal
of the track reconstruction. There is a whole class of such distortionpldgie detectors with
cylindrical symmetry, such as the ID. An example, the clocking effect, isvshin Figurgll. This
coherent misalignment results in real tracks, indicated by the solid andvich are systematically
reconstructed with incorrect curvature, represented as the theddasbe/s. The consequence is
a biasing of the reconstructed component of the momentum transverse tatlse(zr), which is
dependent on the charge of the track and is larger for tracks with hghefFhe effects of weak
modes, such as that seen in the clocking effect, are imperceptible to théase# alignment and
can have a profound impact on the physics results.

matrix is symmetric because it is a second derivative and it tends to be bpamese

SpPractically, for a large number of DoF (> 1,000), the fast-solver tegles can only be used if the matrix is
significantly sparse.
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Figure 1. The Clocking Effect, an example of a weak mode giving rise - alependenpr biasing of
reconstructed tracks. Here, the deformation is such thattte elements are misalignedgrby an amount
which depends on r, as indicated by the red arrows.

The track-based alignment solution rests on inverting\tkld matrix, due to the weak modes
however, this solution need not correspond to the actual detector aligntmemany ways, the
handling of the weak modes is theal alignment problem, in that, once the is defined and a
means of dealing with the matrix is decided upon, the solution is straightforwndthe other
hand, ensuring that the resulting solution is weak mode free is, in genenaktaharder problem.
As mentioned above diagonalization provides of means of coping with weaksn@ideak modes
are particular detector deformations and can be thought of as a list eésvialuthe alignment pa-
rameters. This list of alignment parameters defines a vector iN-tlienensional solution space. If
this vector corresponds to a weak mode, it will be an eigenvector of the rbairig diagonalized.
Furthermore, the corresponding eigenvector will have an eigenvahrezeeo® When the matrix

is diagonalized one has direct access to the eigenvectors and thg@oadieg eigenvalues. Eigen-
-1

values near zerbjndicate that the corresponding eigenvector is a weak mo eﬂ% has

an eigenmode with eigenvalue zero, the alignment solution is degenerate Mddas correspond
to eigenmodes that are nearly degenerate. While the linear, iterative sdiaganhard time dis-
tinguishing a weak mode from the real alignment solution, the physics thdtgdésom the two
detector alignments can be dramatically different. Although, through didigima the presence
of weak modes is fairly straightforward, removing them is a much hardelessdlirect problem.
In general there are three methods of eliminating weak modes, each ofavhizghplemented
in the ATLAS ID alignment. The first is to simply ignore eigenmodes with eigengahedow
a certain threshold. The six DoF corresponding to rigid movements of the ébtiare uncon-
strained by the track-based alignment. Although this method is often usetinfiimating these

4The basis that diagonalizes the matrix is the one in which the uncertainties aligthment parameters are uncor-
related. The weak modes are those basis vectors in which the uncertaietiafinite. See[[S]

SThe actual values of the eigenvalues are arbitrary in that the can alateidny an arbitrary factor. However, the
ratios of the eigenvalues have significance.

6Again, the definition of “near zero” is somewhat arbitrary, typically onekkfor eigenvalues that are orders of
magnitude smaller than the majority.
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trivial, global DoF, it can be dangerous: the cutoff that defines theneigees that will be ignored

is arbitrary, and ignoring detector movements in these directions limits the ultimati®lcone

has in the alignment. This method is also not generally applicable, diagonalization is needed to
get the eigenvalues and cannot be done at the highest granularityy alba happens to be the
most susceptible to weak modes. Another potential means of eliminating weals isdtieough
enhancing the definition gf?. x2 as defined if 3}1 is only dependent on position discrepancies,
measured and reconstructed. For a mode to be weak track parameter§tiarteequired to be
biased. By adding terms to the? that are dependent on these track parameters, one gains sen-
sitivity to weak modes. Through minimizing the enhanggdfunction, as presented above, the
true detector alignment can be recovered. This method is complicated bycthbdait requires
multiple measurements of the track parameters used igth€here are several ways in which this
can be done, fitting track segments in different sub-detectors, usingnasater information, or ex-
ploiting known decay kinematic properties. However, they all require tieadd¢hectors making the
other track parameter measurements are well understood, for examplacthiedge that these
detectors do not contain a similar potential weak mode. The final, and masitgimg method of
eliminating potential weak modes is in combining events with various track topologtes 2
landscape is highly dependent on event properties: track origin, diesttion, number of detec-
tors crossed. These different types of events will lead to differemstypeak modes. Combining
the information, the?, from these different events allows the inherent ambiguity of the individua
weak modes to be resolved. Beam collisions, single beam events, and cagsyinaturally pro-
vide events with a wide range of track topologies. Although there is as afoygtdication of the
presence of weak modes in the ATLAS ID, there is a large effort fatosebeing able to detect,
diagnose, and eliminate their presence in multiple, independent ways.

4. Results

In the fall of 2008, ATLAS held a dedicated cosmic-ray data taking pedadng which over
two million reconstructed tracks in the ID were recorded. This period prexéremely useful
for the ID alignment effort. These cosmic events provided the first datevticch the alignment
algorithms were commissioned, allowed for the removal of large subsystertigmisants, and
will be crucial for the ultimate understanding of weak modes. The trackebalignment algorithm
presented in these proceedings was performed at various levels aedemnalssteps. As a first
step the Pixel barrel was aligned with the SCT barrel. This resulting alignmeshtiged to align
modules in both the Pixel and SCT barrel detectors internally, howewetpduatistical limitations,
not to their highest granularity. Due to the endcap geometry and the coayspectrum, relatively
few cosmic-rays are reconstructed in the detector endcaps, and teasl@ap alignment was not
performed. Finally, the resulting alignment was used to align the TRT bancekeadcaps with
respect to the silicon detectors. The full diagonalization ofxthenatrix was possible because the
alignment did not include the highest granularity and not all of the ID waseadig

’One can condition the matrix before diagonalizing it in such a way that thaitoag of the eigenvalues have a
statistical interpretation. A cutoff can then be defined such that DoF in whégie is not enough data to determine the
alignment parameter to a specified accuracy are eIiminatedDSee [3]
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The alignment parameters converged with iteration, resulting in values tmnisisth survey
measurements, while the number of reconstructed tracks and measured tnéskoincreased as
a result of the alignment. The improvements in the residual distributions dedswd— h;(X),
the difference between the measured and reconstructed track positichefrespective barrel
detectors can be seen in Figlll]e 2. The results before the alignment, in atackhown with
the results after the alignment, in blue. Here it is seen that the alignment eshiwecpeak of
the residual distributions for each sub-detector, with improvements in the wfidip to 350um.
For Pixel and SCT residual distributions of the MC perfect geometrylteeate also shown in
red. These are the results of simulated cosmic-ray events that aretrac@using a simulated
response of the ID. There are no effects of mis-alignment in the red distriis that are shown,
which represent the design resolution of the Pixel and SCT. For the Té&Rdidsign resolution is
130 um and the quality of the residual before alignment reflects the accuracywhitin the TRT
was built and installed. Nevertheless, there remains a considerable amoentiome before the
ultimate alignment accuracy and the designed detector resolutions arededdtte alignment of
the ATLAS ID has only begun, however promising early results providmgtencouragement both
in terms of validating the overall track-based alignment procedure andnis tef understanding
potential problems likely to arise when running the alignment with first collisida.da

=Ty 8
[ - o Aligned geometry p 1
A‘;160005 1=3um, 5=23um

218000 —— ]
ATLASPreliminary |
TRT Barrel

e
10000| [~ @ Aligned geometry
[ p=0um, o=184um

T
25000 e Aligned geometry
- u=0pm, 5=28um

[ ONominal geometry
80001 y=pum, 6=262um

its on trac

;14000' © MC perfect geometry
c - p=0um, o=15um

512000=
s 0 Nominal geometry

210000 p=66um, 6=398um ||

20000—" MC perfect geometry
- w=0um, 0=23um

h

_ 0 Nominal geometry
5000= u=0um, o=182um

el
o
=]
S
S

m
number of hits on tracks

number of h

2 - | 4
© 8000 | ATLAS Preliminary 0000 ATLAS Preliminary =, -t
6000 Pixel Barrel - SCT Barrel L
4000 5000~ / 1 20007

2000~ E - -

204 -03-02 01 -0 0.1 02 03 04 00493706301 0 01 02 03 04 - 05 0 05 1

x residual [mm] x residual [mml residual [mm]

Figure 2: Residual distributions for the Pixel detector (left) (gl in R¢ plane), SCT (center), and
TRT (right) barrel detectors. The black distributions drve tesiduals before the alignment, whereas blue is
the resulting distributions after the alignment. For theePand SCT, the residual distributions of cosmic
simulation with an ideally aligned detector are shown in réchcks are selected to hape > 2 GeV, and

go through the first Pixel layer.

5. Conclusions

The overall scale and ultimate precision of the ATLAS Inner Detector pasgsallenging
problem in terms of understanding the detector. Alignment is crucial in dodegach the full
physics potential and detector performance. Track-based alignnoed@s a means of addressing
the alignment problem, has been implemented in ATLAS, and has been dutigéssted on early
data. Cosmic-ray data has, and will continue to, provide a strong startingfpmm which the
Inner Detector alignment can be performed, as well as guiding the wayghithe weak modes
to the ultimate systematic free alignment. As the commissioning of the LHC and its dedocia
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experiments rapidly progresses, ATLAS is poised for meeting the ID alighohatienge with the
first collisions.
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