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1. Introduction

All four experiments at the Large Hadron Collider (LHC) feature complegking systems
based on several thousands mechanically independent sensitivesguimdules), assembled into
larger structures (sub-detectors). Modules are built in differenttetetechnologies, and provide
either one-dimensional measurements (e.g. single-sided microstrips) dimeosional measure-
ments (e.g. pixels, double-sided microstrips, double-sided modules compliosiadle-sided mi-
crostrip sensors precisely mounted back-to-back, and silicon drifctoesg. All these devices
have a typical intrinsic precision of few tens of micrometers.

As modules are usually in positions different from their design requireraighment is re-
quired in order to properly reconstruct charged particles trajectohiethe case of LHC exper-
iments, the goal of the alignment is to keep the relative contribution of the misaligrim¢he
tracking resolution below 20%)][1]. To reach this goal, the position of theitemelements has be
known with an uncertainty of few micrometers and their orientations with few médians'.

Alignment of the tracking systems is achieved by two means: First, using theniation
collected during the different steps of the assembly (surveys) andideby determining in-situ
the positionp, of the modules using tracks, as misalignment affects the track-to-hit résigua
The determination of the exact position of the modules is achieved by minimizingjantive
function:

XZ(Pm, Gtrks) = (}r rfviri,
resi

uals
built using the residuals and the covariance matri; of the measurements. The objective func-
tion depends also on the tracks parametgtg, though these parameters are usually not explicitly
determined in the alignment procedure. The optimization problem is solvechiegsthat the
objective function can be linearized in terms of the alignment correcdps= pm — pPro, With
pPmo being reasonable starting values for the positions of the modules. Finallydtearsof linear
equations to be solved becomes:

d2X2
%Pm =" (dp

) dx?(pmo)
Pmo dpm

In case ofN modules with six degrees of freedom each to be determi%zééll,pm0 is a B\ x 6N
matrix that has to be inverted. The two most common approaches for solvipgaiblem are:

e theglobal method [R], where theM x 6N matrix is inverted, thus accounting for the corre-
lations between the modules. This is usually feasible by adopting an approxinoétioe
track model used in the reconstruction (typically a Kalman filter).

o thelocal method, wherd&l matrices 6« 6, are separately inverted thus neglecting the correla-
tions between different modules. In this method the same track model of tirestagction is
used, but correlations between distant modules are achieved only ihseueral iterations.

1in the LHC experiments, track parameters are usually expressed frhaghed coordinate systenggobal coor-
dinates, with the origin at the nominal collision point and with #exis directed along the beamline. The azimuthal
angle ) is measured from the positiveaxis in thex-y plane, whereas the radius) denotes the distance from the
z-axis. Local coordinate systems, defined for each module, are used instead fecthrestruction of the position of the
hits. The precisely measured coordinate is usually definegas
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Alignment procedures were extensively tested by the four experimantsthe data collected
in the commissioning runs of 2008, mainly cosmic ray tracks, and were validet¢te data
themselves at two different levels:

e Low level, by checking the effective improvement of the post-alignmeniasell residuals,
that is residuals where the hit under inspection was excluded from thefitrac

e High level, by both comparing segments of split cosmic ray tracks (see bafmhgnalysing
the residuals in overlapping regions of the detector.

The comparison of track segments exploits the long cosmic ray tracks @adsientire vol-
ume of the detector. These tracks are split into two halves, usually at theopainsest approach
to the nominal beamline. Each leg is refitted separately, and finally the five geaekneters of
each leg, computed at the common perigee, are compared. To betteueptiod topology of the
tracks expected in collisions, tracks are usually required to cross thmeadithe pixel detector.
The analysis of the overlaps instead benefits of the small errors due keettrapolation and to
the presence of a small amount of material between the two measurementseitiyisensitive
only to the misalignment between adjacent modules.

2. Alignment of ALICE, ATLASand CMS

We start with the description of the analyses performed in ALICE, ATLA& @WS, which
have similar configurations of their tracking detectors. Data used wenecosy tracks, collected
either with the solenoids off or on. In the pixels, the sub-detector with the sshgé&ometric
acceptance for cosmic ray, the total number of tracks collected in 2008etasen 100 000 and
200 000 per experiment.

21 ALICE

The Inner Tracking System (ITS) of ALICE is composed of three differsub-detectors:
two silicon pixel inner layers (240 modules), two silicon drift detectors inteliate layers (260
modules), and two silicon double-sided microstrip outer layers (1698 mgdules

Alignment of ITS was performed in three steps using a global method on theal&ated
without magnetic field[[3]. First, an internal alignment of the pixels was dofiewed by the
alignment of the pixels with respect to strips, assuming for the positions ofrtherodules those
measured in the survey (@m and 15um accuracy for the modules on the ladders, and for the
ladders on the structures, respectively). Finally the silicon drift deteotdrich require in addition
the calibration of the drift velocity and of thig, were aligned with respect pixels and strips. After
pixels internal alignment, the standard deviation of a Gaussian fit of thereaitluals distribution
waso (r@)=26 um, to be compared to(r)=17 um expected for a perfectly aligned detector.

In ALICE, the comparison of track segments was done with tracks maddedsttfour hits,
all collected either in the pixels or in the strips. Track parameters were cedhpathe midplane
y=0. Two different kinds of splitting were investigated: top versus bottorarkpr inner versus
outer layers. In both cases the resolution on the mismatch of the track parswuikl be related
through the geometry to the resolution on the local coordiratg (Figure[l):
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Figure 1: Definition of the mismatclAdyy of the transverse impact parameters between the top arahbott
segments of the cosmic ray track evaluated at the midpla@€left) and its distribution measured by the
pixels of the ALICE ITS (right).
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in case of inner-outer layers splitting. The standard deviation of a Gauf#diathe distribution of
transverse impact parameters mismalkch, gave a resolutiow (Xjocal)=14 um, to be compared
to 0(x0cal)=11 um expected for a perfectly aligned detector.

This value was confirmed by the analysis of overlaps, based on the &sickials computed
for a second hit in a layer (“extra-cluster”) which was used neither inrélgenstruction of the
track nor in the alignment. The Gaussian fit gave a resolution in the measureawedinate
0 (Xioca)=14 um in the pixels an@ (Xoca1)=19 um in the strips, indicating a remaining misalign-
ment less than irm. Remarkably, the result for the strips was obtained using only the position of
the modules as measured in the survey.

2.2 ATLAS

The ATLAS Inner Detector (ID) is composed by a pixel detector, with threeel layers and
three disks per each end-cap region, and a strip detector (SCT), iifade layers of double-sided
modules in the barrel, and nine disks in each of the two endcaps. In totalahee 788 pixel and
4088 strip modules. The system is surrounded by layers of straw tubamépthe Transition
Radiation Tracker (TRT) which will not be discussed here.

The ID barrel alignment was performed in three steps, from largertatescdown to the
module level. Survey data were used as starting point. Both alignments with ghetatwith the
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Figure 2: Distributions of the unbiased track residuals in ATLAS l&for pixel and SCT.

global method were performed with the best results being obtained by theftteerformance of
the low level validation were evaluated from the distributions of the trackuatdditted by a sum

of two Gaussians (Figuf¢ 2). The standard deviations of the innermass@a werer (Xca ) =24

pum for the pixel andr (Xiocal)=30 um for the SCT. The comparison with a detailed detector simu-
lation which assumes a perfectly aligned detector indicates a remaining moduledtde random
misalignment of about 2Qim.

Also in ATLAS the comparison of track segments was performed at midg®eOnly tracks
with transverse momentumy > 2 GeVk and with at least three pixel hits, with one at least in the
barrel pixels, were used. Since tails were low, the mismatch of the longituklireatd transverse,
components of the impact parameter could be fitted by a single Gaussian wihrstaeviations
0 (Adyy)=49 um ando (Ad,)=166 um, respectively.

2.3 CMS

The CMS inner tracking system (Tracker) consists of a silicon pixel t@tsarrounded by
a complex of silicon strip detectors. Pixel detector is composed of threel tayrers (BPIX) and
two endcaps (FPIX) with two disks each. The strip detector is made of fdudstectors: the
Tracker Inner and Outer Barrel (TIB and TOB), with four and six layespectively, the Tracker
Inner Disks (TID) and the Tracker Endcaps (TEC) made of three aradisks respectively. In
total there are 1440 pixel and 15 148 strip modules.

Both a local and a global method were used for the alignment of the Trdmkehe best per-
formance were obtained withcmbinednethod where the local method was run on the geometry
obtained via the global ong|[5]. Because of the large number of degfdéemedom to be deter-
mined, about 100 000, the alignment performance was asserted by lcaking median of the
distribution of the post-alignment track residuals for all the modules. Distribsitid the median
of the residuals in BPIX and TOB are shown in Fig{ire 3. Here the figureesft is the RMS of
the distributions, as stochastic effects, like multiple Coulomb scattering or thesiotrgsolution
on the hit, which dominates the width of the distribution of post-alignment residraisel out.



Alignment results of LHC tracking detectors Ernesto Migliore

CMS 2008
x10° x10°
IS Fr T ] I [ L B
L:—_:' 16 — DATA combined meth. = Lg‘ 1.4[ — DATA combined meth. A
— L mean= 0 ym | — T mean= 0 ym 1
n 14r RMS=67 pm = ) F RMS=195 pm ] B
= [aeee DATA global meth. ] = 121 ... DATA global meth. ¢ & -
= 12t mean= 0 um - — [ mean= 0 um ] ]
° 10f  RMS=69um E © LI Rws=207um E
g [ === DATA local meth. B g fo=- DATA local meth. B
c afF mean= 0 pm i c 0.8¢ mean= 0 pm ]
= L RMS=67 um | =1 L RMS=201pm ]
< gL " DATA before align. i < 0.6[ - DATA before align. 3
L mean=-38 um J L mean= 15 pm ]
4 RMS=730 pm 3 0.4F  RMS=486 um -
2 = 0.21- E
[t R E— » L |
-500 -250 0 250 500 -500 -250 0 ’250 , 500
Upred™Uhit [um] Upred U'hit (um]
£ T £ F T ]
3 r — DATA combined meth. B 3 — DATA combined meth.
N 3001 mean=-0.1um — ~ r mean= 0.0 pm 7
> F RMS=2.6 pm R > RMS=2.6 pm B
% r - DATA before align. 1 % -+ DATA before align. 4
° mean=-78.1 ym N S2000r mean= 4.3 ym —
<] L i <]
IS RMS=328.7 um IS RMS=168.6 um 1
5 200[ --- MC ideal 105 -~ MC ideal ,
5 mean= 0.0 pm ] 5 mean= 0.0 um il
kel L RMS=2.1um i Es L RMS=1.1um i
§ Lo MC combined meth. il :E, [ = MC combined meth. |
< 100F mean= 0.0 pm | 510007 mean= 0.0 um i
RMS=2.1pm 1 |- il RMS=1.4 pm
-50 -30 -10 10 30 50 -50 -30 -10 10 30 50
MU pred U ) (MM Hy U pred ) (M

Figure 3: Distribution of the unbiased track residuals in CMS, shoenBPIX (top left) and TOB (top
right), and compared with the distribution of the mediantaf tesiduals, ») in the same sub-detectors,
BPIX (bottom left) and TOB (bottom right). The' coordinate corresponds @, but with a direction
defined to be always positive i In the distributions of the medians only modules with mdrant 30 hits
are shown. Despite the difference in the spread of the bligions of the residuals of BPIX and TOB even
after the alignment, the RMS of the post-alignment distidns of i, » are similar thus indicating similar
performance of the alignment reached in the two sub-detecto

In CMS the comparison of the track segments was done by splitting the trattks point
of closest approach to the nominal beamline, and then by selecting onl tnattk transverse
momentumpr> 4 GeVk and with at least three pixel hits in each segment. The RMS of differences
between upper and lower track segment parameters measured at the cperiger and scaled
by 1/v/2, were found to be 0.00086#GeV (0.000836c/GeV) for the curvature Apr, 29 um
(29 um) for the transverse impact paramedgy, and 44um (41 um) for the longitudinal impact
parameteid,, where the values in parentheses are those expected from a simulation esith id
detector geometry.

Finally a validation of the alignment was made by looking at the double differertween
the predicted and the measured positions of the two hits in the overlap. Nomzans of the
Gaussian fits to these distributions are an indication that a relative shiftdretdiacent modules
was not corrected by the alignment procedure. The RMS of the distrilsubitihe shifts foroca
scaled by 1+/2 are in the range 5-m, slightly larger than the values found for the distribution
of the median of the residuals, possibly indicating yet unquantified systenedfiess, like for
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Figure 4: Distributions of the differences between the alignmentstants of the LHCb VELO evaluated
by the global methoo|]6] using two different samples of datlected in 2008:x andy translations (left),
and rotation around theaxis ¢, (right).

example the aplanar distortion of modules.

3. Alignment of LHCb VELO

The LHCb VErtex LOcator (VELO) consists in two halves of 21 double-digiéicon strips
modules. Because the modules are small and placed vertically, cosmic ksyarascarcely useful
for alignment. Alignment of VELO in 2008 was instead performed with abod02®acks pro-
duced on a beam-dump (TED) located about 350 m downstream of LHEparicles from TED
cross LHCDb in a direction opposed to the one expected for collisions, dadter® reconstruction
of tracks, based only on the VELO hits, was used.

The VELO alignment was performed at the module level, using two differerieimgntations:
one using the global methof [6], the other using LHCb track model (Kalman) fiffle For each
module two translationg,andy, in the plane of the module and one rotatggmaround the beamline
were determined. As tracks were reconstructed using only hits recordieel VELO, use of data
from survey was needed to remove global deformations (e.g. sheatiag;2).

Good agreement was found between the constants determined by the twasnbttter than
5 um, and between the constants obtained by the track-based methods arfcbtinasevey, better
than 10um. The reproducibility of the alignment constants extracted in two differdatafedata
is shown in Figuré]4.

4. Readinessof ATLAS and CM Sfor collisons

The physics performance expected at the LHC startup, after the aligrnohéiiLAS and
CMS tracking detectors done with cosmic rays data, is best representbd bgsolution on the
track parameters derived from the comparison of the track segmenthawd & Figurdp. In
particular the resolutions both on the momentum and on the impact parametethshexpected
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Figure 5: Dependence opr of the differences between the track parameters derived fh@ comparison
of the two halves of a split cosmic ray track and scaled ky2t/ATLAS (top row) and CMS (bottom plots).
Expectations for a perfectly aligned detector as deterdnir@m simulation are shown for comparison.

behavior as a function g¥r, showing the onset of the contribution of multiple Coulomb scattering
at low pr values. Both for ATLAS and CMS the performance approach thoseceeghen a sample
of cosmic ray events reconstructed with a perfectly aligned detector.

ATLAS and CMS also have investigated possible “weak modes”, that isegsites distortions
which leave the track residuals unchanged but introduce systematic lnideedrack reconstruc-
tion. Weak modes typically arise when a sample of tracks of only one topologseid in the
alignment.

Following the approach of Ref[][8], CMS applied nine systematic distortionar, Ag and
Az as a function of , ¢ andz, to the aligned geometry obtained with cosmic ray data. The system-
atically misaligned geometries were then used as starting point for repeataggtimaent. Finally
the nine geometries obtained after the new alignments were compared to thalaliigined ge-
ometry to see if the distortions could be recovered by the alignment prazeliwras found that
usually theAg deformations, like the layer rotatidkyp = co + c1t, are reflected in a degradation of
the tracky? and then can be recovered using cosmic ray tracks AFluéstortions instead, like the
z-expansiom\z = ¢, z, change only marginally the tragk thus not being recovered.

The effect of a layer rotation not yet corrected at the LHC startup wassiigated in AT-
LAS [B]]. Since a layer rotation gives opposite biases to the reconstrpgtefipositively and neg-
atively charged particles, a remaining distortion degrades the resolutitie omass o — ptu~
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to 2.67 GeVé? at the startup (32% deterioration), being reduced to 2.42 Gaiffer one million
collected highpr muon tracks (20% deterioration). This value is close to the 2.29 Gaés-
olution expected from the remaining random module-to-module misalignmentl®@edays of
collisions data taking (14% deterioration), indicating that systematic errorbagtbme soon the
dominant source of uncertainty.
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