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1 Introduction22

The scientific program of the Compact Muon Solenoid (CMS) experiment [1] at the Large23

Hadron Collider (LHC) [2] covers a very broad spectrum of physics and focuses on the search24

for new phenomena in the TeV range. Excellent tracking performance is crucial for reaching25

these scientific goals, which places very high demands on the level of precision of the calibra-26

tion and alignment of the tracking devices. The task of the CMS tracker [3, 4] is to measure27

the trajectories of charged particles (tracks) with excellent momentum, angle, and position res-28

olution, retaining high reconstruction efficiency [5]. According to design specifications, the29

tracking should reach a resolution on the transverse momentum, pT, of 1.5% (10%) for muons30

of momentum of 100 (1000) GeV/c [5].31

Misalignment of the tracker modules is a potentially limiting factor for its performance and32

should thus be reduced to the smallest possible levels. The large number of individual tracker33

modules, and their arrangement over a large volume, with some sensors as far as ≈ 6 m apart,34

take the alignment challenge to a new stage compared to earlier experiments. Because of the35

limited accessibility of the tracker inside CMS and the high level of precision required, the36

alignment technique is based on the tracks reconstructed by the tracker. Since the typical in-37

trinsic hit resolution is between 10 and 30 µm [6, 7], the statistical accuracy of the alignment is38

targeted to stay significantly below these levels.39

Another important aspect is the efficient control of any possible systematic biases in the align-40

ment of the tracking modules, which might degrade the physics performance of the experi-41

ment. Systematic distortions of the aligned geometry could potentially be either introduced42

by biases in the hit and track reconstruction, inaccurate treatment of material effects and esti-43
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mation of the magnetic field, or by the lack of sensitivity of the alignment procedure itself to44

such degrees of freedom. Large samples of events with different track topologies are needed45

to identify and suppress such distortions, representing a particularly challenging aspect of the46

alignment effort.47

The methodology of the tracker alignment at CMS builds on past experiences that were in-48

strumental for the fast start-up of the tracking at the begining of LHC operations. Beyond49

simulation studies [8], the alignment at the Tracker Integration Facility (TIF) [9] proved the50

readiness of the alignment framework prior to the installation of the tracker in CMS by align-51

ing a setup with approximately 15% of the silicon modules with cosmic ray tracks. Before the52

first proton-proton collisions at the LHC, cosmic muons were recorded by CMS in a dedicated53

run named Cosmic Run At Four Tesla (CRAFT) [10] with the magnetic field at the nominal54

value, which were used to align and calibrate the various subdetectors. The complete align-55

ment of the tracker with the CRAFT data involved 3.2 million of cosmic ray tracks passing56

stringent quality requirements, as well as optical survey measurements done before the final57

installation of the tracker [11]. The alignment achieved a statistical precision of 3-4 µm and 3-58

14 µm in the barrel and endcap regions, respectively. The performance of the tracking at CMS59

has been studied during the first period of proton-proton collisions at the LHC and proved to60

be very good already at the start of the operations [12, 13].61

While the alignment obtained from CRAFT was instrumental for the early physics program62

of CMS, its quality was still limited statistically by the available number of cosmic ray tracks,63

mainly in the pixel endcaps, and systematically by the kinematic diversity in the track sample.64

Achievement of the ultimate accuracy requires inclusion of the large statistics of tracks from65

proton-proton collisions provided by the LHC. This article describes the full alignment pro-66

cedure for the modules of the CMS tracker and the validation of the obtained geometry. The67

procedure uses tracks from cosmic ray muons and proton-proton collisions recorded in 2011.68

Its result has been used for the reprocessing of the 2011 data and the start of the 2012 data tak-69

ing. A similar procedure has later been applied to 2012 data, which is beyond the scope of this70

article.71

2 Tracker layout and coordinate system72

The CMS experiment uses a right-handed coordinate system, with the origin at the nominal73

collision point, the x-axis pointing to the centre of the LHC, the y-axis pointing up (perpendic-74

ular to the LHC plane), and the z-axis along the anticlockwise-beam direction. The polar angle75

(θ) is measured from the positive z-axis and the azimuthal angle (ϕ) is measured from the pos-76

itive x-axis in the x− y plane, whereas the radius (r) denotes the distance from the z-axis. The77

pseudorapidity, η, is defined as η = − ln[tan(θ/2)].78

A detailed description of the CMS detector can be found in Ref. [1]. The central feature of the79

CMS detector is a 3.8 T superconducting solenoid of 6 m internal diameter. Within the inner80

field volume, starting from the smallest radius, reside the silicon tracker, the crystal electro-81

magnetic calorimeter (ECAL), and the brass-scintillator hadron calorimeter (HCAL). The muon82

system is installed outside of the solenoid, embedded in the steel return yoke.83

The CMS tracker is composed of 1440 silicon pixel and 15 148 silicon microstrip modules organ-84

ised in six sub-assemblies, as shown in Figure 1. Pixel modules of the CMS tracker are grouped85

into the barrel pixel (BPIX) and the forward pixel (FPIX) in the endcap regions. Strip modules86

in the central pseudorapidity region are divided into the Tracker Inner Barrel (TIB) at smaller87

and the Tracker Outer Barrel (TOB) at larger radii. Similarly strip modules in the endcap re-88
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Figure 1: Schematic view in the rz plane of a quarter of the silicon tracker. The positions of the
pixel modules are indicated within the hatched area. At larger radii within the lightly shaded
areas, solid rectangles represent single strip modules, while hollow rectangles indicate pairs
of strip modules with a relative stereo angle mounted back-to-back. The figure illustrates also
the paths of the laser rays (R), the alignment tubes (A) and the beam splitters (B) of the Laser
Alignment System.

gions are arranged in a Tracker Inner Disk (TID) and Tracker Endcaps (TEC) at smaller and89

larger z coordinates, respectively.90

The BPIX system is divided into two semi-cylindrical half-shells along the y − z plane. TIB91

and TOB are both divided into two half-barrels at positive and negative z, respectively. The92

pixel modules composing the BPIX half-shells are mechanically assembled in three concentrical93

layers. Similarly, four and six layers of microstrip modules compose the TIB and TOB half-94

barrels, respectively. FPIX, TID and TEC are all divided in two symmetrical parts in the forward95

(z > 0) and backward (z < 0) region. Each of these halves is composed of a series of disks96

arranged at different z; there are two, three and nine of such disks for FPIX, TID and TEC,97

respectively. Each FPIX disk is subdivided into two mechanically independent half-disks. The98

modules on the TID and TEC disks are further arranged in concentrical rings numbered from99

1 (innermost) to 3 (outermost) in TID and from 1 to 7 in TEC.100

Pixel modules provide a bidimensional measurement of the hit position. Strip modules in the101

barrel (endcap) generally measure the global rϕ (ϕ) coordinate of the hit. The two layers of TIB102

and TOB at smaller radii, rings 1 and 2 in TID and rings 1, 2 and 5 in TEC are instrumented with103

pairs of microstrip modules mounted back-to-back, referred to as “rϕ” and “stereo” modules,104

respectively. The strip direction of the stereo modules is tilted by 100 mrad relative to that of105

the “rϕ” modules, which allows inferring a measurement in the z-direction in the barrel and in106

the r-direction in the endcaps. The modules in the TOB and in rings 5-7 of the TEC consist of107

pairs of sensors with strips connected in series.108

The strip modules have the possibility to take data in two different configurations, called peak109

and deconvolution modes [14, 15]. The peak mode uses directly the signals from the analogue110

pipeline, which stores the amplified and shaped signals every 25 ns. In the deconvolution111

mode, a weighted sum of three consecutive samples is formed, which effectively reduces the112

rise time and contains the whole signal in 25 ns. The peak mode is characterised by a better113

signal-over-noise ratio and a longer integration time, ideal for collecting cosmic ray tracks that114

appear at random times, but not suitable for the high bunch crossing frequency of the LHC.115

Therefore, the strip tracker is operated in deconvolution mode when recording data during116

LHC operation.117
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Figure 2: Sketch of a silicon strip module showing axes of its local coordinate system, u, v and
w, the respective local rotations α, β, γ (left) and illustrations of the local track angles ψ and ζ
(right)

A local right-handed coordinate system is defined for each module with the origin at the geo-118

metric centre of the active area of the module. As illustrated in the left of Figure 2, the u-axis119

is defined along the more precisely measured coordinate of the module (typically along the120

azimuthal direction in the global system), the v-axis orthogonal to the u-axis and in the module121

plane, pointing away from the readout electronics, and the w-axis normal to the module plane.122

The origin of the w axis is in the middle of the module thickness. For the pixel system, u is123

chosen orthogonal to the magnetic field, i.e. in global rϕ direction in the BPIX and in the ra-124

dial direction in the FPIX. The v coordinate is perpendicular to u in the sensor plane, i.e. along125

global z in the BPIX and at a small angle to the global rϕ direction in the FPIX. The angles α, β,126

and γ indicate right-handed rotations about the u, v, and w axes, respectively. As illustrated in127

the right of Figure 2, the local track angle ψ (ζ) with respect to the module normal is defined in128

the uw (vw) plane.129

3 Global position and orientation of the tracker130

While the track-based internal alignment (see Section 4) mainly adjusts the positions and angles131

of the tracker modules relative to each other, it cannot ascertain the absolute position and ori-132

entation of the tracker. Survey measurements of the TOB, as the largest single subcomponent,133

are thus used to determine its shift and rotation around the beam axis, relative to the design134

values. The other subcomponents are then aligned relative to the TOB using the track-based135

internal alignment procedure. The orientation of the tracker relative to the magnetic field is136

of special importance, since the correct parameterization of the trajectory in the reconstruction137

depends on it. This global orientation is described by the angles θx and θy, which correspond138

to rotations of the whole tracker around the x and y axes defined in the previous section. Un-139

corrected overall tilts of the tracker relative to the magnetic field could result in biases of the140

reconstructed parameters of the tracks and the visible masses of resonances inferred from their141

charged daughter particles. Such biases would be hard to disentangle from other systematic142

effects as they will be addressed in Section 4.4. It is therefore essential to determine the global143

tracker tilt angles and include these in the overall alignment correction. It is not expected that144

tilt angles will change significantly with time, hence one measurement should be sufficient for145

many years of operation. The tilt angles have been determined with the 2010 CMS data, and146

they have been used as input for the internal alignment detailed in subsequent sections of this147

article. A repetition of the procedure with 2011 data is found to show compatible results.148

The measurement of the tilt angles is based on the study of overall track quality under variation149
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of the θx and θy angles. Any non-optimal setting of the tilt angles will result e.g. in incorrect150

assumptions concerning the transverse field components relative to the tracker axis that de-151

grade the observed track quality. The tilt angles θx and θy are scanned. For each set of values,152

the standard CMS track fit is applied to the whole set of tracks, and an overall track quality153

estimator is determined. Three overall track quality estimators are studied:154

• the mean normalised track χ2 per degree of freedom, 〈χ2/Ndof〉, taken over all se-155

lected tracks,156

• the mean χ2 probability of the fit, 〈Prob(χ2, Ndof)〉,157

• the total chi-square, ∑ χ2.158

Events are considered if they have exactly one primary vertex reconstructed using at least four159

tracks, and a reconstructed position along the beam line within ±24 cm of the nominal centre160

of the CMS detector. Tracks are required to have at least ten reconstructed hits and a pseudora-161

pidity of |η| < 2.5. The track impact parameter with respect to the primary vertex must be less162

than 0.15 cm in the transverse and less than 2 cm in the longitudinal direction. For the baseline163

analysis that provides the central values, the transverse momentum threshold is set to 1 GeV/c;164

alternative values of 0.5 and 2 GeV/c are used to study the systematic uncertainty. Only tracks165

with χ2/Ndof < 4 are selected in order to reject those with wrongly associated hits. For each166

setting of the tilt angles, each track is refitted using a full 3D field model [16, 17] that also takes167

tangential field components into account. This field model is based on measurements obtained168

during a dedicated mapping campaign with Hall and NMR probes [18].169

Each tilt angle is scanned at eleven settings in the range ±2 mrad. The angle of correct align-170

ment is derived as the point of optimum determined by a least squares fit with a second order171

polynomial function. The dependence of the mean χ2 probability quality estimator on the tilt172

angles θx and θy is shown in Figure 3.173
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Figure 3: Dependence of the mean χ2 probability of the track fit on the assumed θx (left) and
θy rotation angles for |η| < 2.5. The optimum of track quality is obtained at θx ≈ 0.3 mrad
and θy ≈ 0. Uncertainty bands reported for each values are statistical only and thus highly
correlated among them.

In each plot, only one angle is varied, while the other remains fixed at 0. The second order174

polynomial fit describes the functional dependence very well. There is no result for the scan175

point at θy = −2 mrad, because this setting is outside the tolerance of the track reconstruction176

framework. While the θy dependence is symmetric with a maximum near θy ≈ 0, the θx de-177

pendence peaks at about 0.3 mrad, indicating a noticeable vertical downward tilt of the tracker178
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around the x axis with respect to the magnetic field. On an absolute scale, the tilt is small,179

although well within the resolution of beam line tilt measurements [12]. Its effect on the mean180

track fit χ2 probability is < 0.0002.181

The straightforward statistical uncertainty estimation delivered by this fit is not directly usable,182

since each scan point uses the same tracks, which leads to a strong correlation of all points. Thus183

the determination of the statistical uncertainty is achieved with other methods depending on184

the respective quality estimator. For the mean normalised χ2 and the mean χ2 probability185

estimators, the track sample is divided into five subsamples, and the procedure is repeated.186

The statistical uncertainty is estimated from the standard deviation of the fit results. For the187

total χ2 estimator, the statistical uncertainty margin is bounded by the parameter values with188

∆χ2 = 1 with respect to the minimum. All methods yield similar results; remaining small189

differences are attributed to the different relative weight of tracks with varying number of hits190

and the effect of any remaining outliers.191
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Figure 4: Visible tracker tilt angles θx (filled circles) and θy (hollow triangles) as a function of
track pseudorapidity. The left plot shows the values measured with the data collected in 2010,
the right plot has been obtained from simulated events without tracker misalignment. The
statistical uncertainty is hardly larger than the symbol size and mostly invisible. The systematic
uncertainty has be obtained from varying several parameters of the tilt angle determination
(see text).

Figure 4 (left) shows the results for five intervals of track pseudorapidity, for tracks with pT192

> 1 GeV/c. The results obtained with the three track quality estimators and the corresponding193

statistical uncertainties have been averaged. The statistical uncertainties are at most of the or-194

der of the symbol size and thus hardly visible. The error bars are dominated by the systematic195

uncertainties, which are estimated as the RMS of the changes observed in the tilt angle esti-196

mates across the three track quality estimators used, and under the variation of the pT cut. This197

systematic error estimate is averaged over the pseudorapidity intervals to mitigate statistical198

fluctuations. The measured tilt angles show variations of the order of±0.15 mrad as a function199

of pseudorapidity, which could point to subtle fine structures in the internal alignment of the200

detector, but are largely absorbed by the estimated systematic uncertainty.201

As a cross-check, the method is also applied to simulated events without any tracker misalign-202

ment. The results are shown in Figure 4 (right). They are consistent with zero tilt within the203

systematic uncertainty. The variations are smaller in the central region within |η| < 1.5, and204

they are well contained within a margin of ±0.1 mrad. For this reason, the nominal tilt angle205

values used as alignment constants are extracted from the central region of Figure 4 (left) and206
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set to θx = (0.3± 0.1) mrad and θy = (0± 0.1) mrad, thus eliminating an important potential207

source of systematic alignment uncertainty. These results represent an important complemen-208

tary step to the internal alignment procedure described in the following sections.209

4 Methodology of track-based internal alignment210

Track-hit residual distributions are generally broadened if the assumed positions of the sili-
con modules used in track reconstruction differ from the true positions. Therefore standard
alignment algorithms follow the least squares approach and minimise the sum of squares of
normalised residuals from many tracks. Assuming the measurements mij with uncertainties σij
are independent, the minimised objective function is

χ2(p, q) =
tracks

∑
j

measurements
∑

i

(
mij − fij

(
p, qj

)
σij

)2

, (1)

where fij is the trajectory prediction of the track model at the position of the measurement,211

depending on the geometry (p) and track (qj) parameters. An initial geometry description p0 is212

usually available from design drawings, survey measurements, or previous alignment results.213

This can be used to determine approximate track parameters qj0. Since alignment corrections214

can be assumed to be small, fij can be linearised around these initial values. Minimising χ2
215

after the linearisation leads to the normal equations of least squares. These can be expressed216

as a linear equation system Ca = b with aT = (∆p, ∆q), i.e. the alignment parameters ∆p217

and corrections to all parameters of all n used tracks ∆qT = (∆q1, . . . , ∆qn). If the alignment218

corrections are not small, the linear approximation is of limited precision and the procedure219

has to be iterated.220

For alignment of the CMS tracker a global fit approach [19] is applied, using the MILLEPEDE II
program [20]. It makes use of the special structure of C that facilitates, using block matrix alge-
bra, the reduction of the large system of equations Ca = b to a smaller one for the alignment
parameters only,

C′∆p = b′. (2)

C′ and b′ sum contributions from all tracks. To accumulate b′, for each track a matrix equation221

Cj∆qj = bj has to be solved. For C′, in addition C−1
j needs to be calculated. The reduction222

of the matrix size from C′ to C is dramatic. For 107 tracks with on average 20 parameters and223

105 alignment parameters, the number of matrix elements is reduced by a factor above 4 · 106.224

Nevertheless, no information is lost for the determination of the alignment parameters ∆p.225

The following subsections explain the track and alignment parameters ∆q and ∆p that are used226

for the CMS tracker alignment. Then the concept of a hierarchical and differential alignment227

using equality constraints is introduced, followed by a discussion of “weak modes” and how228

they can be avoided. The section closes with the computing optimisations needed to make229

MILLEPEDE II a fast tool with modest computer memory needs even for the alignment of the230

CMS tracker with its unprecented complexity.231

4.1 Track parametrisation232

In the absence of material effects, five parameters are needed to describe the trajectory of a233

charged particle in a magnetic field. Traversing material, the particle experiences multiple scat-234

tering, mainly due to Coulomb interaction with the electrons in the atoms. These effects are of235
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relevant size in the CMS tracker, i.e. the particle trajectory cannot be well described without tak-236

ing them into account in the track model. This is now achieved in a rigorous and efficient way237

as explained in the following, an improvement compared to previous MILLEPEDE II alignment238

procedures [8, 9, 11] for the CMS silicon tracker.239

A rigorous treatment of multiple scattering can be achieved by increasing the number of track240

parameters to npar = 5 + 2nscat, e.g. adding two deflection angles for each of the nscat thin scat-241

terers1 traversed by the particle. Precise description of the tracker material distribution and242

preliminary knowledge of the particle momentum allow the estimation of the spread of the de-243

flection angles. This spread is used as the precision of a virtual measurement of the deflection244

angle of null average value. For each scatterer, the list of measurements, originally containing245

all the track hits, is extended by two such virtual measurements. For cosmic ray tracks this246

complete parametrisation often leads to npar > 50. Since in the general case the effort to cal-247

culate C−1
j is proportional to n3

par, a significant amount of computing time would be spent to248

calculate C−1
j and thus C′ and b′. The progressive Kalman filter fit as used in the CMS track249

reconstruction [21] avoids the n3
par scaling by a sequential fit procedure, determining five track250

parameters at each measurement. But it does not provide the full (singular) covariance matrix251

C−1
j of these parameters as needed in a global fit alignment approach. As shown in [22], the252

Kalman filter fit procedure can be extended to provide this covariance matrix, but since MILLE-253

PEDE II is designed for a simultaneous fit of all measurements, another approach is followed254

here.255

The General Broken Lines track refit [23, 24], based on [25], avoids the n3
par scaling for calcu-256

lating C−1
j by defining a custom track parametrisation. The parameters are qj = (∆ q

p , u1, . . . ,257

u(nscat+2)), where ∆ q
p is the change of the inverse momentum multiplied by the particle charge258

and ui are the two-dimensional offsets to an initial reference trajectory in local systems at each259

scatterer and at the first and last measurement. All parameters except ∆ q
p influence only a small260

part of the track trajectory. This locality of all track parameters (but one) results in Cj being a261

bordered band matrix with band width m ≤ 5 and border size b = 1, i.e. the matrix elements262

cj,kl are non-zero only for k ≤ b, l ≤ b or |k− l| ≤ m. Using root free Cholesky decomposition263

(Cband
j = LDLT) of the band part Cband

j into a diagonal matrix D and a unit left triangular band264

matrix L, the effort to calculate C−1
j and qj is reduced to ∝ n2

par · (m + b) and ∝ npar · (m + b)2,265

respectively. This approach saves in CPU time in MILLEPEDE II a factor of 6.5 for isolated266

muons and 8.4 for cosmic ray tracks in comparison with an (equivalent) linear equation system267

with a full/non-sparse matrix solved by inversion [23].268

The implementation of the General Broken Lines refit used for MILLEPEDE II alignment of269

the CMS tracker is based on a seed trajectory derived from the position and direction of the270

track at its first hit as resulting from the standard Kalman filter track fit. From the first hit, the271

trajectory is propagated taking into account magnetic field inhomogeneities (using the Runge-272

Kutta technique as described in [21]) and average energy loss in the material as for muons.273

As in the CMS Kalman track fit, all traversed material is assumed to coincide with the silicon274

measurement planes that are treated as thin scatterers. The curvilinear frame is chosen for275

the local coordinate systems at these scatterers. Parameter propagation along the trajectory276

needed to link the local systems uses Jacobians assuming a locally constant magnetic field277

between them [26]. To further reduce the computing time, two approximations are applied in278

the standard processing: material assigned to stereo and rϕ modules that are mounted together279

1 For thin scatterers, the trajectory offsets induced by multiple scattering can be ignored. If a scatterer is thick, it
can be approximately treated as two thin scatterers.
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Figure 5: The three second order polynomials to describe sensor deviations from the flat plane.

is treated as a single thin scatterer, and the Jacobians are calculated assuming the magnetic field280

~B to be parallel to the z-axis and in the limit of weak deflection, |
~B|
p → 0. This leads to a band281

width of m = 4.282

4.2 Alignment parametrisation283

To first approximation, the CMS silicon modules are flat planes. Thus previous alignment
approaches in CMS determined corrections to the initial module positions, i.e. up to three shifts
(u, v, w) and three rotations (α, β, γ), see Figure 2. Tracks with large angles of incidence relative
to the silicon module normal are highly sensitive to the exact positions of the modules in their
w directions and therefore also to local w variations if the modules are not flat. These local
variations can arise from silicon sensors being curved and, for strip modules with two sensors
in a chain, from their relative misalignment. In fact, sensor curvatures can be expected due to
single sided silicon processing. For strip sensors, the specification for construction has been
less than 100 µm deviation [1] from being flat. To take into account that modules are not flat,
the vector of alignment parameters ∆p is extended to up to nine degrees of freedom per sensor
instead of six per module. The sensor shape is parametrised as a sum of products of modified
(orthogonal) Legendre polynomials up to the second order where the constant and linear terms
are equivalent to the rigid body parameters w, α and β:

w(ur, vr) = w
+ w10 · ur + w01 · vr
+ w20 · (u2

r − 1/3) + w11 · (ur · vr) + w02 · (v2
r − 1/3).

(3)

Here ur ∈ [−1, 1] (vr ∈ [−1, 1]) is the position on the sensor in the u- (v-) direction, normalised284

to its width lu (length lv). The coefficients w20, w11 and w02 describe the amplitude of the sensor285

curvature as illustrated in Figure 5.286

To linearise the track model prediction fij, derivatives with respect to the alignment parameters
have to be calculated. The derivatives for the predictions fu and fv in the directions of the local
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coordinates u and v are

∂ fu
∂u

∂ fv
∂u

∂ fu
∂v

∂ fv
∂v

∂ fu
∂w

∂ fv
∂w

∂ fu
∂w10

∂ fv
∂w10

∂ fu
∂w01

∂ fv
∂w01

∂ fu
∂γ′

∂ fv
∂γ′

∂ fu
∂w20

∂ fv
∂w20

∂ fu
∂w11

∂ fv
∂w11

∂ fu
∂w02

∂ fv
∂w02



=



−1 0

0 −1

tan ψ tan ζ

ur · tan ψ ur · tan ζ

vr · tan ψ vr · tan ζ

vrlv/(2 s) −urlu/(2 s)

(u2
r − 1/3) · tan ψ (u2

r − 1/3) · tan ζ

ur · vr · tan ψ ur · vr · tan ζ

(v2
r − 1/3) · tan ψ (v2

r − 1/3) · tan ζ



. (4)

Here the track angle from the sensor normal ψ (ζ) is defined in the uw (vw) plane (Figure 2) and287

the track predictions are used for ur and vr.288

Different from the parametrisation used in previous CMS alignment procedures [27], the coef-289

ficients of the first order polynomials w01 = lv
2 · tan α and w10 = −lu

2 · tan β are used as align-290

ment parameters instead of the angles. This ensures the orthogonality of the sensor surface291

parametrisation. The in-plane rotation γ is replaced by γ′ = s · γ with s = lu+lv
2 . This has the292

advantage that all parameters have a length scale and their derivatives similar numerical size.293

The pixel modules provide uncorrelated measurements in both u and v directions. The strips294

of the modules in the TIB and TOB are parallel along v, so the modules provide measure-295

ments only in the u direction. For TID and TEC modules, where the strips are not parallel,296

the hit reconstruction provides highly correlated two-dimensional measurements in u and v.297

Their covariance matrix is diagonalised and the corresponding transformation applied to the298

derivatives and residuals as well. The measurement in the less precise direction, after the diag-299

onalisation, is skipped.300

4.3 Hierarchical and differential alignment using equality constraints301

The CMS tracker is built in a hierarchical way from mechanical substructures, e.g. three BPIX
layers form each of the two BPIX half-shells. To treat translations and rotations of these sub-
structures as a whole, six alignment parameters ∆pl for each of the considered substructures
can be introduced. The derivatives of the track prediction with respect to these parameters,
d fu/v/d∆pl , are obtained from the six translational and rotational parameters of the hit sensor
∆ps by coordinate transformation using the chain rule,

d fu/v

d∆pl
=

d∆ps
d∆pl

· d fu/v

d∆ps
, (5)

where d∆ps
d∆pl

is the 6x6 Jacobian matrix expressing the effect of translations and rotations of the302

large structure on the position of the sensor.303

These large substructure parameters are useful in two different cases. The first is the correction304

for misplacements of these substructures with e.g. limited statistics. In addition they can be305

used in a hierarchical alignment approach, simultaneously with the alignment parameters of306

the sensors. This has the advantage that coherent misplacements of large structures in direc-307

tions of the non-sensitive coordinate v of strip sensors can be taken into account.308
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This hierarchical approach introduces redundant degrees of freedom. They are eliminated us-
ing linear equality constraints. In general, these constraints can be formulated as

∑
i

ci ∆pi = s (6)

where the index i runs on all alignment parameters. In MILLEPEDE II these constraints are
implemented by extending the matrix Equation (2) using Lagrangian multipliers. In the hier-
archical approach, for each parameter ∆pl of the larger structure one constraint with s = 0 has
to be applied and then all constraints for one large structure form a matrix equation,

∑
i∈components

[d∆ps,i

d∆pl

]−1

· ∆pi = 0, (7)

where ∆ps,i are the shift and rotation parameters of component i of the large substructure.309

Similarly, the technique of equality constraints is used to fix the six undefined overall shifts310

and rotations of the complete tracker.311

The concept of “differential alignment” means that some parameters are defined as variable312

across the input dataset, while the bulk of the parameters is treated to be constant. This method313

allows the use of the full statistical power of the whole dataset for the determination of param-314

eters that are stable with time, without neglecting the time dependence of others. This is espe-315

cially useful in conjunction with a hierarchical alignment: The parameters of larger structures316

can vary with time, but the sensors therein are kept stable relative to their large structure, as is317

enforced by the constraints to eliminate the redundant degrees of freedom.318

4.4 Weak modes319

A major difficulty of track-based alignment arises if the matrix C′ in Equation (2) is ill-condi-320

tioned, i.e. singular or numerically close to singular. This is due to linear combinations of the321

alignment parameters that do not (or only slightly) change the track-hit residuals and thus the322

overall χ2(∆p, ∆q) in Equation (1), after linearisation of the track model fij. These linear com-323

binations are called “weak modes” since the amplitudes of their contributions to the solution324

are barely determinable – if at all.325

Weak modes can emerge if certain coherent changes of alignment parameters ∆p can be com-326

pensated by changes of the track parameters ∆q. The simplest example is an overall shift of327

the tracker that would be compensated by changes of the impact parameters of the tracks. For328

that reason the overall shift has to be fixed using constraints as mentioned above. A particular329

problem is that even very small biases in the track model fij can lead to a significant distortion330

of the tracker if the equivalent linear combination of the alignment parameters is not well de-331

termined by the data fed into Equation (1). As a result, weak modes contribute siginificantly to332

the systematic uncertainty of kinematic properties determined from the track fit.333

The scope of possible weak modes depends largely on the geometry and segmentation of the334

detector, the topology of the tracks used for alignment, and on the alignment and track param-335

eters. The CMS tracker has a highly segmented detector geometry with a cylindrical layout336

within a solenoidal magnetic field. If aligned only with tracks passing through the beam line,337

the characteristic weak modes can be classified in cylindrical coordinates, i.e. by module dis-338

placements ∆r, ∆z and ∆φ as functions of r, z and φ [28]. To control these weak modes it is339

crucial to include additional information in Equation (1), e.g. by combining track sets of differ-340

ent topological variety and from physics constraints, using341
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• cosmic ray tracks that break the cylindrical symmetry,342

• straight tracks without curvatures, recorded when the magnetic field is off,343

• knowledge about the production vertex of tracks,344

• knowledge about the invariant mass of a resonance whose decay particles are ob-345

served as tracks.346

Earlier alignment studies [11] have shown that the usage of cosmic ray tracks is quite effec-347

tive in controlling several classes of weak modes. However, for some types of coherent de-348

formations of the tracker the sensitivity of an alignment using cosmic ray tracks is limited. A349

prominent example biasing the track curvature κ ∝ q
pT

(with q being the track charge) is a twist350

deformation of the tracker, in which the modules are moved coherently in φ by an amount351

directly proportional to their longitudinal position (∆ϕ = τ · z). This has been studied exten-352

sively in [29]. Other potential weak modes are the off-centring of the barrel layers and end-353

cap rings (sagitta), described by (∆x, ∆y) = σ · r · (sin ϕσ, cos ϕσ), and a skew, parametrised as354

∆z = ω · sin ϕω. Here σ and ω denote the amplitudes of the weak modes whereas ϕσ and ϕω355

are their azimuthal phases.356

As a measure against weak modes that influence the track momenta, such as a twist deforma-357

tion, information about the mass of a resonance decaying into two charged particles is included358

in the alignment fit with the following method. A common parametrisation for the two trajec-359

tories of the particles produced in the decay is defined in [30]. Instead of 2× 5 parameters (plus360

those accounting for multiple scattering), the nine common parameters are the position of the361

decay vertex, the momentum of the resonance candidate, two angles defining the direction of362

the decay products in the rest-frame of the resonance, and the mass of the resonance. The mass363

of the resonance is added as a virtual measurement with an uncertainty corresponding to the364

standard deviation of the resonance line shape around the peak position, as observable after fi-365

nal state radiation. In the sum on the right hand side of Equation (1), the two individual tracks366

are replaced by the common fit object. With the broken lines parametrisation the corresponding367

Cj has the border size b = 9. This approach to include resonance mass information in the align-368

ment fit implies an implementation of a vertex constraint as well, since the coordinates of the369

decay vertex are parameters of the combined fit object and thus force the tracks to a common370

vertex.371

The dependence of the reconstructed resonance mass M on the size τ of a twist deformation
can be shown to follow

∂M2

∂τ
=

(
M2

p+
∂p+

∂τ
+

M2

p−
∂p−

∂τ

)
=

2M2

Bz

(
p+z − p−z

)
. (8)

Here Bz denotes the strength of the solenoidal magnetic field along the z-axis, p+ (p−) and p+z372

(p−z ) are the momentum and its longitudinal component of the positively (negatively) charged373

particle, respectively. The equation shows that the inclusion of a heavy resonance such as the374

Z0 boson in the alignment procedure is more effective for controlling the twist than the J/ψ375

and Υ quarkonia, since at the LHC the decay products of the latter are usually boosted within376

a narrow cone, and the difference of their longitudinal momenta is small. The decay channel377

of Z0 to muons is particularly useful because the high-pT muons are measured precisely and378

with high efficiency by the CMS detector. The properties of the Z0 boson are predicted by the379

Standard Model and have been characterised experimentally very well at the LHC [31, 32] and380

in past experiments [33]. This allows using the muonic decay of the Z0 as a standard candle381

both for adding to the alignment procedure sensitivity against systematic distortions and for382

verifying the absence of any bias on the track reconstruction.383
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Under certain conditions equality constraints can be utilised against a weak mode. Its corre-384

sponding linear combination of alignment parameters has to be known together with the am-385

plitude of the distortion in the starting geometry. If e.g. each aligned object i of the starting ge-386

ometry is systematically misplaced in ϕ according to a twist τ with reference point z0 (∆ϕi = τ ·387

(zi − z0)), as known from an external reference, a constraint can be used in a further alignment388

step to compensate for this effect. This constraint takes the form ∑i ∑j ∆pij
(zi−z0)

∑k(zk−z0)2 ∆pij = −τ389

where the sums on i and k comprise the aligned objects and the sum on j their active alignment390

parameters ∆pij.391

4.5 Computing optimisations392

The MILLEPEDE II program proceeds in a two-step approach. First, the standard CMS soft-393

ware environment [5] is used to produce binary files containing the residuals mij − fij, their394

dependence on the parameters ∆p and ∆q of the linearised track model, the uncertainties σij,395

and labels identifying the fit parameters. Second, these binary files are read by an experiment-396

independent program that sets up Equation (2), extends it to incorporate the Lagrangian mul-397

tipliers to implement constraints, and solves it, e.g. by the iterative MINRES algorithm2 [34].398

Since the convergence speed of MINRES depends on the Eigenvalue spectrum of the matrix C′,399

preconditioning is applied using the inverse of its diagonal. The elements of the symmetric400

matrix C′ require in general storage in double precision while they are summed up. For the401

200 000 alignment parameters used in this study this would require 160 GB of RAM. Although402

the matrix is rather sparse and only non-zero elements are stored, the reduction is not suffi-403

cient. High alignment precision also requires the use of many millions of tracks of different404

topologies that have to be fit several times within MILLEPEDE II, leading to a significant con-405

tribution to the CPU time. To cope with the needs of the CMS tracker alignment described in406

this article, the MILLEPEDE II program has been further developed, especially to reduce the407

computer memory needs, to enlarge the number of alignment parameters beyond what was408

used in [11], and to reduce the processing time. Details are described in the following.409

Since the non-zero matrix elements are usually close to each other, further reduction of memory410

needs is reached by bit-packed addressing of non-zero blocks in a row. In addition, some matrix411

elements sum contributions of only a few tracks, e.g. cosmic ray tracks from rare directions. For412

these elements, single precision storage is sufficient.413

Processing time is highly reduced in MILLEPEDE II by shared-memory parallelisation using414

the OpenMP R© package [35] for the most computing intensive parts like the product of the415

huge matrix C′ with a vector for MINRES, the track fits for the calculation of ∆qj and C−1
j , and416

the construction of C′ from those. Furthermore, bordered band matrices Cj are automatically417

detected and root free Cholesky decomposition is applied subsequently (see Section 4.1).418

Reading data from local disk and memory access are further potential bottlenecks. The ap-419

proximations in the track model (see Section 4.1) also aim to alleviate the binary file size. To420

further reduce the time needed for reading, MILLEPEDE II reads compressed input and caches421

the information of many tracks to reduce the number of disk accesses.422

2 Note that in contrast to other fast algorithms for solving large matrix equations, MINRES does not require a
positive definite matrix and that due to the Lagrangian multipliers C′ is indefinite.
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5 Strategy of the internal alignment of the CMS tracker423

In general the tracker has been sufficiently stable throughout 2011 to treat alignment parame-424

ters as constant in time. The stability of large structures has been checked as decribed in Sec-425

tion 6. An exception from this stability is the pixel detector whose movements have been care-426

fully monitored and are then treated as described below. Validating the statistical alignment427

precision using the methods of Section 7 shows no need to have time dependent module pa-428

rameters. Also calibration parameters like those accounting for the Lorentz drift of the charge429

carriers in the silicon due to the magnetic field influence the reconstructed position of a hit on430

a module. Nevertheless, for 2011 data there is no need to integrate the determination of cali-431

bration parameters into the alignment procedure. The hit position effect of any miscalibration432

is compensated by the determined alignment corrections. As long as the calibration parame-433

ters are stable with time, the exact miscalibration has no influence on the statistical precision.434

Again, no relevant degradation of this precision with time has been observed.435

Given this stability, the 2011 alignment strategy of the CMS tracker consists of two steps, both436

using the techniques and tools described in Section 4. The first step uses data collected in 2011437

until end of June, corresponding to an integrated luminosity of about 1 fb−1. This step is based438

on the full exploitation of different track topologies, making use of resonance mass and vertex439

information. The details are described in the rest of this section. The second step treats the four440

relevant movements of the pixel detector after the end of June, spotted using the methods of441

Section 6.2. Six alignment parameters for each BPIX layer and FPIX half-disk are redetermined442

by a standalone alignment procedure, keeping their internal structures and the positions of the443

strip modules constant.444

Tracks from several datasets are fed simultaneously into the alignment procedure. Hit and445

track reconstruction are described in [21] and the following selection criteria are applied:446

• Isolated muons: Global muons [13] are reconstructed in both the tracker and the447

muon system. They are selected if their number of hits Nhit in the tracker exceeds448

9 (at least one thereof in the pixel detector, Nhit(pixel) ≥ 1), their momenta p are449

above 8 GeV/c and their transverse momenta pT above 5 GeV/c. Their distances450

∆R =
√

∆ϕ2 + ∆η2 to the axis of reconstructed jets have to be larger than 0.1. About451

15 million of these tracks are used for the alignment.452

• Tracks from minimum bias events: a minimum bias data sample is selected on-453

line with a combination of triggers varying with pile-up conditions, based e.g. on454

pick-up signals indicating the crossing of two filled proton bunches, beam scintil-455

lator counters, or moderate requirements on hit and track multiplicity in the pixel456

detectors. The offline track selection requires Nhit > 7, p > 8 GeV/c. Three million457

of these tracks are used for alignment.458

• Muons from Z0 decays: events passing any trigger filter requesting two muons re-459

constructed online are used for reconstructing Z0 candidates. Two muons with op-460

posite charge must be identified as global muons and fulfil Nhit > 9 (Nhit(pixel) ≥ 1).461

Their transverse momenta must exceed pT > 15 GeV/c and the invariant mass of the462

reconstructed dimuon system must lie in the range 85.8 < Mµ+µ− < 95.8 GeV/c2.463

375 000 of these muon pairs are used.464

• Cosmic ray tracks: cosmic ray events used in the alignment were recorded with the465

strip tracker operated both in peak and deconvolution mode. Data in peak mode466

were recorded in a dedicated cosmic data taking period before the restart of the467

LHC operations in 2011 and during the beam-less times between successive LHC468
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fills. In addition, cosmic ray data were taken in deconvolution mode both during469

and between LHC fills, making use of a dedicated trigger selecting cosmic ray tracks470

passing through the tracker barrel. In total 3.6 million cosmic ray tracks with p >471

4 GeV/c and Nhit > 7 are used, almost half of them with the strip tracker operated in472

peak mode.473

Common to all the datasets, basic quality criteria on the hits used in the track fit and on the474

tracks themselves are applied:475

• the signal-over-noise ratio of the strip hits must be higher than 12 (18) when the strip476

tracker records data in deconvolution (peak) mode,477

• for pixel hits, the probability of the hit to match the expected shape of the cluster for478

the given track parameters [36] must be higher than 0.001 (0.01) in the u (v) direction,479

• for all hits, the angle between the track and the module surface must be larger than480

10◦ (20◦) for tracks from proton-proton collisions (cosmic rays) to avoid a region481

where hit position and uncertainty reconstruction are less reliable,482

• to ensure a reliable determination of the polar track angle, θ, at least two hits of a483

track have to lie on pixel or strip stereo modules,484

• tracks from proton-proton collisions have to be assigned the “high purity” qual-485

ity [21] of the CMS track reconstruction code,486

• in the final track fit within MILLEPEDE II, tracks are rejected if their χ2 value is larger487

than the 99.87% quantile (corresponding to three standard deviations for Ndo f = 1)488

of the χ2 distribution for the number of degrees of freedom Ndo f of the track.489

The tracker geometry as determined by the alignment using the 2010 data [29] is the starting490

point of the 2011 alignment procedure. In general, for each sensor all nine parameters are491

aligned. Exceptions are v for strip sensors since it is orthogonal to the measurement direction,492

and the surface parametrisation parameters w10, w01, w20, w11, w02 for FPIX modules. The latter493

is due to their small size and smaller sensitivity compared to the other subdetectors caused by494

the smaller spread of track angles on the module surface.495

The hierarchical alignment approach introduced in Section 4.3 is utilised by introducing pa-496

rameters for shifts and rotations of half-barrels and end-caps of the strip tracker and of the497

BPIX layers and FPIX half-disks. For the parameters of the BPIX layers and FPIX half-disks498

the differential alignment is used as well. The need for nine time periods (including one for499

the cosmic ray data before the LHC start) has been identified using the validation procedure of500

Section 6.2. The parameters for the six degrees of freedom of each of the two TOB half-barrels501

are constrained to have opposite sign, fixing the overall reference system.502

Three approaches have been investigated to overcome the twist weak mode as introduced in503

Section 4.4. The first uses tracks from cosmic rays, recorded in 2010 when the magnetic field504

was off. This succesfully controls the twist, but no equivalent data was available in 2011. Sec-505

ond, the twist has been measured in the starting geometry using the method of Section 9.2.506

An equality constraint has been introduced to compensate it. While this method controls the507

twist, it does not reduce the azimuthal dependence seen in the Sections 9.1 and 9.2. Therefore508

the final alignment strategy uses the muons from Z0 decays to include mass information and509

vertex constraints into the alignment procedure as described in Section 4.4. The value of the510

virtual mass measurement of Mµ+µ− = 90.86± 1.86 GeV/c2 has been deduced from simulated511

Z0 decays after final state radiation.512

In total, more than 200 000 alignment parameters are determined in the common fit, using 138513
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constraints. To perform this fit, 246 parallel jobs produce the compressed input files for the514

MILLEPEDE II program, containing residuals, uncertainties and derivatives for the linearised515

track model. Their total size is 46.5 GB. The matrix C′ constructed from this by MILLEPEDE II516

contains 31% non-zero off-diagonal elements. With a compression ratio of 40% this fits well517

into an affordable 32 GB of memory. The MINRES algorithm has been run four times with sub-518

sequently tighter rejection of bad tracks. Since C′ is not significantly changed by this rejection,519

it does not need to be recalculated after the first iteration. Using eight threads on an Intel R©
520

Xeon R© L5520 processor with 2.27 GHz, the CPU usage was 44.5 h with a wall clock time of521

only 9:50 h. This procedure has been repeated four times to treat effects from non-linearity,522

which is particularly important for eliminating the twist weak mode.523

6 Monitoring of the large structures524

A substantial fraction of the analyses at CMS uses data reconstructed immediately after the525

acquisition (prompt reconstruction) for obtaining preliminary sets of results. Therefore, it is im-526

portant to provide to the physics analyses the best possible geometry for use in the prompt527

reconstruction, correcting immediately any possible time-dependent large misalignment that528

is present during the data taking. In particular, the position of the large structures in the pixels529

is relevant for the performance of b-tagging. As described in [37], misalignment at the level of530

few tens of microns can seriously affect the b-tagging performances.531

In order to obtain the best possible performance of the track reconstruction, the tracker geome-532

try is carefully monitored as a function of time, so that corrections can be applied upon move-533

ments large enough to significantly affect the reconstruction. The software and reconstruction534

framework of CMS accommodates time-dependent alignment and calibration conditions by535

Intervals Of Validity (IOV), which are periods during which a particular set of constants retain536

the same values [5]. While the alignment at the level of the single modules needs data accumu-537

lated over substantial periods of time, the stability of the position of the large structures can be538

controlled with relatively small amounts of data or via a system of infrared lasers. The short539

times of data aquisition required by these monitoring methods allow a fast and frequent feed-540

back to the alignment procedure. A system of laser beams is able to monitor the position of a541

restricted number of modules in the silicon strip tracker. Movements of large structures in the542

pixel tracker can be detected with high precision with collision tracks by a statistical study of543

the primary vertex residuals, defined as the distance between the tracks and the primary vertex544

at the point of closest approach of the tracks to the vertex.545

6.1 Monitoring of the strip tracker geometry546

The CMS Laser Alignment System (LAS) [38] provides a source of alignment information in-547

dependent from tracks. It is based on 40 near-infrared (1075 nm) laser beams passing through548

a subset of the silicon sensors that are used for the tracking (see Figure 1). The beams are549

mounted on mechanical structures independent from those used to support the Tracker. With550

this limited number of laser beams one can align large scale structures such as TOB, TIB, and551

both TECs. The mechanical accuracy of LAS components limits the absolute precision of this552

alignment method to∼ 50 µm in comparison to the alignment with tracks, which reaches better553

than 10 µm resolution, but the response time of the LAS is at the level of only a few minutes.554

Within this margin of accuracy, the LAS measurement demonstrates a very good stability of555

the strip detector geometry over the whole run period. This observation is confirmed by a ded-556

icated set of alignments with tracks, where the dataset was divided in different time periods.557

No significant movements of the large structures of the Silicon Strip Tracker were found.558
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6.2 Monitoring of the pixel detector geometry with tracks559

The large number of tracks produced in a pp collision allows precise reconstruction of the inter-560

action vertices [12]. The resolution on the reconstructed vertex position is driven by the pixel561

detector since it is the sub-structure which is closest to the interaction point and has the best hit562

resolution. The primary vertex residual method studies the distance between the track and the563

vertex, the latter reconstructed without the track under scrutiny (unbiased track-vertex residual).564

Events used in this analysis are selected online with minimum bias triggers as mentioned in565

Section 5. The analysis uses only vertices with distances from the nominal interaction point566

ρvtx < 2 cm and |zvtx| < 24 cm in the transverse and longitudinal direction, respectively. The567

fit of the vertex must have at least 4 degrees of freedom. For each of these vertices, the impact568

parameters are measured for tracks with:569

• more than 6 hits in the tracker, including at least 2 in the pixel detector,570

• at least one hit in the first layer of BPIX or first disk of FPIX,571

• pT > 1 GeV/c,572

• χ2/Ndof of the track smaller than 5.573

The vertex position is recalculated excluding the track under scrutiny from the track collection.574

A deterministic annealing clustering algorithm [39] is used in order to make the method robust575

against pile-up, as in the default reconstruction sequence.576

The distributions of the unbiased track-vertex residuals in the transverse plane, d̃xy, and in the577

longitudinal direction, d̃z, are studied in bins of η and ϕ of the track. Random misalignments578

of the modules affect only the resolution on the unbiased track-vertex residual, increasing the579

width of the distributions, but without biasing their mean. Systematic movements of the mod-580

ules will bias the distributions in a way that depends on the nature and size of the misalignment581

and the η and ϕ of the selected tracks. The dependence of the mean of the d̃xy and d̃z distribu-582

tions as a function of the azimuthal angle of the track is shown in Figure 6. The focus on the583

ϕ-dependence is motivated by the design of the BPIX, which is divided into one half-shell with584

modules at ϕ ∈ [−π/2, π/2] and another with modules at ϕ ∈ [π/2, π] ∪ [−π,−π/2]. Small585

movements of the two half-shells are mechanically allowed by the mechanical design of the586

pixel detector. The observed movements have not been associated to a specific cause, although587

thermal cycles of the pixel detector increase the chances of this to happen. As example, the588

impact of a movement of one half-shell with respect to the other in the longitudinal direction is589

shown by the open circles in Figure 6 for a simulated sample of Minimum Bias events. Such a590

movement is reflected in a very distinctive feature in the dependence of the mean of the d̃z dis-591

tribution as a function of ϕ. The size of the movement can be estimated as the average bias in592

the two halves of BPIX. The time dependence of this quantity in the 2011 data is shown in Fig-593

ure 7, showing some discontinuities in time. Studies on simulated data show that the b-tagging594

performance is visibly degraded in the case of uncorrected shifts with amplitude |∆z| > 20 µm595

[37]. For this reason, IOVs with different alignments of the pixel layers are defined according596

to the boundaries of periods with steps of |∆z| larger than 10 µm. The time-dependent align-597

ment parameters of BPIX layers and FPIX half-disks during the first eight IOVs (until end of598

June) were determined in a single global fit. Within each time interval, the position of the mod-599

ules with respect to the structure was found to not need any further correction. Because of600

this, the positions of the pixel layers and half-disks were determined by a separated alignment601

procedure keeping the other hierarchies of the geometry unchanged. The aligned geometry602

performs well over the entire data taking period, reducing the observed jumps in the expected603

way. Residual variations can be attributed to small misalignments with negligible impact on604
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physics and the resolution of the validation method itself.605
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Figure 6: Mean of the distributions of the unbiased transverse (left) and longitudinal (right)
track-vertex residuals as a function of the azimuthal angle of the track. Blue squares show
the distribution obtained from 10k minimum bias events recorded in 2011. Full circles show
the prediction using a simulation with perfect alignment. Open red circles show the same
prediction using in the simulation a geometry with the two BPIX half-shells shifted by 20 µm
in opposite z-directions.

7 Statistical alignment accuracy606

A method for assessing the achieved statistical precision of the aligned positions in the sensi-607

tive direction of the modules has been succesfully explored and adopted in the alignment of608

the Tracker during commissioning with cosmic rays, described in [11]. The results from the val-609

idation are based on isolated muon tracks with a transverse momentum of pT > 40 GeV/c and610

at least ten hits in the tracker. The tracks are refitted using the new alignment constants. Hit611

residuals are determined with respect to the track prediction, which is obtained without using612

the hit in question to avoid any correlation between hit and track. From the residual distribu-613

tion of the unbiased hit residuals in each module, the median is taken and histogrammed for614

all modules in a detector subsystem. The median is relatively robust against stochastic effects615

from multiple scattering, and thus the distribution of medians of residuals (DMR) is a mea-616

sure of the alignment accuracy. Only modules comprising at least 30 entries in their residual617

distribution are considered.618

The addition of proton-proton collision events leads to a huge increase of the number of tracks619

available for the alignment, especially for the innermost parts of the tracker. Compared to the620

alignment with cosmic rays alone [11], considerable improvements are indeed observed in the621

pixel tracker, especially in the endcaps. The corresponding DMR are shown in the lower plots622

of Figure 8, separately for the u and v coordinates; their RMS is well below 3 µm in both di-623

rections, compared to about 13 µm for the endcaps in the cosmic ray-only alignment. These624

numbers are only slightly larger than the ones obtained in simulation without any misalign-625

ment, which are between 0–2 µm, and far below the expected hit resolution. Even in case of no626

misalignment, the remaining DMR width is non-zero due to statistical fluctuations reflecting627

the limited size of the track sample. Thus, the DMR width of the no-misalignment case indi-628

cates the intrinsic residual uncertainty of the DMR method itself. The remaining uncertainty629

after alignment determined from real data is close to the sensitivity limit of the DMR method.630

The kinematic properties of the simulated muon sample are similar but not exactly identical to631

those of the real data sample, which should be noted for the comparison.632
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Figure 7: Day-by-day value of the relative longitudinal shift between the two half-shells of
the BPIX as measured with the primary vertex residuals. Full marks show the shift observed
using the data coming from the prompt reconstruction in 2011. The same events were re-
reconstructed after the 2011 alignment campaign, which accounts for the major changes in
the positions of the half-shells.

The alignment accuracy of the strip detector is investigated in smaller groups of sensors with a633

different method using normalised residuals. Each group consists of sensors that are expected634

to have similar alignment accuracy. The distinction is by layer (“L”) or ring (“R”) number,635

by longitudinal hemisphere (“+” and “-” for positive and negative z coordinate, respectively),636

and according to whether the surface of a barrel module points inwards (“i”), i.e. towards the637

beamline, or outwards (“o”). The method applied here is based on the widths of the unbiased638

normalised residual distributions of each sensor group. Since the misalignment dilutes the ap-639

parent hit resolution, its degree can be derived from the widening of these normalised residual640

distributions. The analysis is performed in small intervals of the predicted residual resolution,641

excluding the hit in question. The alignment uncertainty is added in quadrature to the intrin-642

sic hit resolution of the cluster, and adjusted such that the width of the normalised residual643

distributions matches the ideal one, which is determined from simulated events. In this way,644

misalignment in all degrees of freedom of the modules is contributing to the measure. Since the645

width of the normalised residual distributions is also influenced by the alignment uncertain-646

ties of the surrounding detector areas, the procedure is iterated. In each iteration, a damping647

factor of 0.6 is applied to the correction to mitigate oscillations. Convergence is achieved after648

15 iterations.649

The resulting alignment accuracy per sensor group, σalign,x, is shown in Figure 9 for the TIB, TID650

and TEC subsystems. In all cases a significant improvement due to the alignment procedure651

is observed. The alignment accuracy is between 3–8 µm for TIB, between 6–10µm for TID and652

better than 13 µm for the TEC. The only exception in ring 7 of the TEC is well understood; it is653

due to a small misplacement of these sensors in the (almost insensitive) radial direction, which654

has been corrected for further alignment procedures. For large parts of the TOB and the pixel655

detector, the remaining misalignment cannot be distinguished from zero within the systematic656

limitations of this method.657
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Figure 8: Distributions of the medians of the residuals, for the pixel tracker barrel (top) and
endcap modules (bottom) in u (left) and v coordinates (right). Shown in each case are the dis-
tributions after alignment with 2011 data (black solid line), in comparison with simulations
without any misalignment (red dashed line) and simulation tuned to reproduce the misalign-
ment after the 2011 alignment procedure.
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Figure 9: Alignment accuracy in the sub-detectors TIB, TID and TEC, determined sector by
sector, using the normalised residuals method. The black symbols show the alignment accuracy
before the dedicated alignment with the 2011 data, with the older alignment constants used in
the prompt reconstruction, while the red symbols are obtained with the dedicated alignment
applied in the reprocessing of the data.
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Overall, the statistical accuracy of the alignment is such that its effect is small compared to658

the intrinsic measurement precision of the sensors. It should be noted, however, that quality659

estimators based on track residual distibutions have little or no sensitivity to weak modes;660

these will be addressed in Section 9 of this paper.661

8 Sensor and module shape parameters662

As discussed in Section 4.2, the tracker modules are not expected to be absolutely flat. If a663

silicon module is not flat, the local w-coordinate of the point where a track intersects the sen-664

sor (see Figure 2) depends on the relative position (ur, vr). The module shape can thus be665

investigated by track-hit residuals in w as a function of the track position on the module [28].666

These residuals can be calculated from the one in the u-direction and the track angle ψ (Fig-667

ure 2), ∆w = ∆u/tan ψ. The mean values of these residuals for cosmic ray tracks are shown in668

Figure 10 as a function of the relative local track coordinates ur and vr, averaged over many669

modules of the strip subdetectors. Since tracks with a large angle ψ relative to the surface nor-670

mal are most sensitive to any deviation from flatness, each residual in the average is weighted671

by tan2 ψ. The CMS track reconstruction algorithm treats the hits under the assumption of a flat672

module surface. To compensate for the deviation from flatness, the reconstructed hit positions673

in u are corrected by −w tan ψ where the local w is calculated from the point (ur, vr) where674

the track crosses the module and from the module dependent coefficients determined for the675

respective parametrisation.676

Several module shape parametrisations are investigated in the alignment procedure as shown677

in Figures 10 and 11. The magenta open circles are deduced using alignment constants achieved678

in a procedure similar to the one described in Section 5, but without taking any module shape679

parameters into account. Clear deviations from zero are observed in almost all cases, indicating680

that the modules are not flat. The red filled triangles are obtained with the same alignment681

procedure except that the two sensors of the modules in the TOB and in the TEC rings 5-7682

are aligned independently. The blue open triangles do not treat these sensors separately, but683

uses the polynomials described in Section 4.2 to parametrise the module surfaces as a whole.684

Finally, the black points represent the final alignment, i.e. treating each sensor independently685

and as possibly curved. Table 1 summarises the different levels of module shape correction.686

Table 1: Nomenclature for different levels of shape correction.

Treatment of modules with Kinks/shifts
one sensor two sensors

Curvature
between sensors

Flat modules – –Flat
Flat sensors – X

Curved modules module level –Curved
Curved sensors sensor level X

For the distributions along ur for Flat Modules, a parabolic shape of the sensors of all subdetec-687

tors is clearly observed. These structures are correctly compensated when curvatures are taken688

into account as for the Curved Sensors. At the largest values of |ur| in the TEC there are few689

tracks since the modules are wedge-like shaped and their widthes lu are defined by their longer690

edges. The distributions along the strip direction (vr) show more varied features. In the TIB,691

a structure remains that could be corrected by a fourth order polynomial, but the amplitude692

is only a few µm and thus negligible for tracking purposes. For the TOB, the V-shaped curve693
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Figure 10: Distributions of the weighted means of the ∆w = ∆u/tan ψ track-hit residuals as
a function of the relative position of cosmic ray tracks on the modules along the local u- (left)
and v-axis (right) for different approaches to parametrise the module shape. The first two rows
show the average for all the TIB and TOB modules, respectively, and the last row shows the
double sensor modules of the rings 5-7 of the TEC. Each residual is weighted by tan2 ψ of the
track.
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Figure 11: Distributions of the weighted means of the ∆w = ∆u/tan ψ track-hit residuals as a
function of the relative position of tracks from proton-proton collisions on the modules along
the local v-axis for different approaches to parametrise the module shapes. The left shows the
BPIX and the right the FPIX. Each residual is weighted by tan2 ψ of the track.

of the Flat Modules parametrisation indicates a kink between the two sensors of the modules.694

After correcting for the relative misalignment of the sensors using the Flat Sensors parametrisa-695

tion, a parabolic shape can be seen for the sensors at positive vr. The parametrisation as Curved696

Modules finds an effective correction that reduces the effect of the module kink, but only the697

use of the Curved Sensors correction level results in a flat dependence. For the double sensor698

modules in the TEC rings 5-7, no relevant kink between the sensors is visible. But clearly both699

sensors are curved, as taken into account using the Curved Sensors parametrisation.700

In the pixel detectors, no systematic structure is observed along the u-direction. The mean701

w-residual distributions along the v-direction, determined with tracks from proton-proton col-702

lisions, is shown in Figure 11. A curvature of the BPIX modules, with opposite sign compared703

to the strip subdetectors, can clearly be seen. Also the FPIX modules show curvatures, but with704

smaller amplitude. No corrections are necessary for this subtle effect.705

The Curved Sensor parametrisation leads to a sizable improvement of the quality of tracks that706

cross modules with large angles relative to the module normal. Especially cosmic ray tracks707

crossing the barrel of the tracker from the top to the bottom with large distances of closest708

approach to the beam line d0 predominantly have these large track angles. Figure 12 shows the709

average fit probability 〈Prob(χ2, Ndof)〉 as a function of |d0| for cosmic ray tracks. Tracks with710

small |d0| cross the modules with modest angles relative to the normal. With larger |d0|, also711

the average angle of incidence of the track with respect to the module increases, resulting in712

a significant degradation of the average fit quality for the Flat Modules parametrisation. For713

Curved Sensors the distribution is approximately flat for |d0| < 50 cm, resulting in an improved714

consistency of the important cosmic ray track sample with tracks from proton-proton collisions.715

The remaining features of the dependence are correlated with the radii of the barrel layers. If716

tracks cross a layer tangentially, the treatment of multiple scattering effects using thin scatterers717

only is an oversimplified approximation.718

The average size of the determined sensor curvature amplitudes along the u- (w20) and v-719

direction (w02) are shown in Figure 13 for the different layers and rings, further differentiating720
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Figure 12: Mean probability 〈Prob(χ2, Ndof)〉 of cosmic ray track fits as a function of their dis-
tance of closest approach to the nominal beam line for the different approaches to parametrise
the module shapes.

for stereo and rϕ modules, i.e. grouping modules with similar sensors and mounting. While721

the average amplitude 〈w20〉 for BPIX sensors is almost zero, it is usually around −30 µm in722

the strip subdetectors. This matches well the sagittae of the average module shapes along723

u seen for the Flat Module distributions on the left of Figure 10. Stronger curvatures up to724

〈w20〉 < −80 µm are observed for specific sensor types and mounting positions, e.g. the rϕ725

modules in TEC ring 2. The average amplitude 〈w02〉 shows variations from +30 µm for BPIX726

modules (matching with the left of Figure 11) to almost −60 µm for some sensor types in the727

TEC. While the average sensor curvatures are clearly below the construction specifications of728

100 µm, the tails of distributions extend to |wij| > 200 µm and even beyond.729

Aligning both sensors of the modules in the TOB and the TEC rings 5-7 independently reveals730

that the sensors were slightly misaligned with respect to each other during module assembly.731

As an example, Figure 14 reveals their average differences of the rotation angles around the732

local u-axis, ∆α = α1 − α2 where the first sensor is the one closer to the readout electronics733

at v < 0. The TOB modules show an average kink of 〈∆α〉 ≈ 1.6 mrad, matching well the734

kink seen in the TOB graph vs. v of Figure 10. The value significantly differs for the different735

modules in the TEC. This has averaged out the kink effect in the TEC distribution vs. v. The736

angular misalignment of the two sensors exhibits a significant spread as shown for ∆α and, for737

the rotation around v, ∆β of the TOB modules in Figure 15. Values of ∆α = 6 mrad are reached,738

corresponding to ∆w ≈ 150 µm at the edges of the 10 cm long sensors.739

In summary, the module shapes can be described using polynomials up to the second order for740

each sensor, and the their coefficients are successfully determined module-by-module within741

the alignment procedure. Applying corrections to the hit positions that depend on the deter-742

mined module parameters and on the track parameters on the module surface, significantly743

improves the overall track description, especially for the important cosmic ray tracks. The744

goodness of fit, 〈Prob(χ2, Ndof)〉, becomes constant up to impact parameters of |d0| = 50 cm,745

improving the overall consistency with the tracks from proton-proton collisions. The parame-746



26 8 Sensor and module shape parameters

BPIX L1
BPIX L2

BPIX L3 φ
TIB L1

TIB L1s φ
TIB L2

TIB L2s
TIB L3

TIB L4 φ
TID R1

TID R1s φ
TID R2

TID R2s
TID R3 φ

TEC R1
TEC R1s φ

TEC R2
TEC R2s

TEC R3
TEC R4

m
]

µ [〉
20

w〈

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10
CMS 2011

φ
TEC R5

TEC R5s
TEC R6

TEC R7 φ
TOB L1

TOB L1s φ
TOB L2

TOB L2s
TOB L3

TOB L4
TOB L5

TOB L6

m
]

µ [〉
20

w〈

-90

-80

-70

-60

-50

-40

-30

-20

-10

0

10
CMS 2011

BPIX L1
BPIX L2

BPIX L3 φ
TIB L1

TIB L1s φ
TIB L2

TIB L2s
TIB L3

TIB L4 φ
TID R1

TID R1s φ
TID R2

TID R2s
TID R3 φ

TEC R1
TEC R1s φ

TEC R2
TEC R2s

TEC R3
TEC R4

m
]

µ [〉
02

w〈

-60

-50

-40

-30

-20

-10

0

10

20

30

40
CMS 2011

φ
TEC R5

TEC R5s
TEC R6

TEC R7 φ
TOB L1

TOB L1s φ
TOB L2

TOB L2s
TOB L3

TOB L4
TOB L5

TOB L6

m
]

µ [〉
02

w〈

-60

-50

-40

-30

-20

-10

0

10

20

30

40
CMS 2011

Figure 13: Sensor curvatures along the local u (upper row) and v (lower row) coordinate for
single (left column) and double (right columns) sensor modules, averaged over layers (L) and
rings (R), respectively. Stereo (s) and rϕ (φ) modules within a layer or ring are separated.
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Figure 14: Kink angle ∆α for double sensor
modules, averaged over layers (L) and rings
(R), respectively. Stereo (s) and rϕ (φ) modules
within the same layer or ring are separated.
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ters determined in-situ show that the majority of the modules fulfil the construction criterion747

of sensor bows below 100 µm. The sensor parametrisation used here is valid as long as the748

effect of the curvatures can be approximated by a change of the local w coordinate only, ne-749

glecting changes in u and v. Within these boundaries, the requirement could have been—in750

retrospect—relaxed since the alignment successfully takes care of this effect.751

9 Control of systematic misalignment752

The monitoring of standard physics candles and the comparison with other subdetectors of753

CMS provides a direct check of the robustness of the alignment procedure, and potentially754

indicates the presence of systematic misalignments. This information can be included in the755

alignment algorithm in order to better constrain the systematic misalignments, as described in756

Section 4.4. The sensitivity to weak modes of the alignment procedure followed in this analysis757

is discussed in Section 9.3 following the approach presented in [11, 28].758

9.1 Monitoring of the tracker geometry with Z0 → µµ events759

As described in Sections 4.4 and 5, muonic decays of Z0 bosons provide a standard candle760

that can be used for validating the aligned geometry. The selection of well-reconstructed761

Z0 → µ+µ− candidates requires two muons reconstructed using both the tracker and the muon762

system (global muons) as described in [13]), where at least one of them passes the tight quality763

selections as defined in [13]. The muons must pass the following kinematic cuts:764

• pT > 20 GeV/c,765

• |η| < 2.4,766

• 80 < Mµµ < 120 GeV/c2, where Mµµ is invariant mass of the dimuon system.767

The distribution of the mass of the Z0 candidates is then fitted with a Voigtian function to768

model the signal of genuine Z0, and an exponential function to model the background. The769

width of the Breit-Wigner component of the Voigtian function is fixed to the decay width of770

the Z0 boson. The mass of the Z0 candidates is estimated with the mean of the fitted Voigtian.3771

The mass of the Z0 candidates is measured as a function of the η and ϕ of the muon with772

positive charge. A twist-like weak mode would bias the curvature measurement of each muon773

depending on its polar angle, manifesting itself as a strong dependence of the Z0 mass on the774

muon pseudorapidity (with opposite signs for the two muon charges).775

The result of this study is presented in Figure 16 for both the 2011 data and the simulation, and776

the corresponding dependence of the Z0 mass on the difference in pseudorapidity of the two777

muons, ∆η = η+ − η−, is shown in Figure 17. Using the nominal geometry, the estimation of778

the Z mass in the simulation is at the expected value of 90.8 GeV/c2. Without using the Z0 mass779

information (down-facing triangles), a pronounced η and ∆η dependence of the reconstructed780

invariant mass is observed, which spans over a range of more than 5 GeV/c2 and is attributed781

to a twist weak mode as seen in Section 9.2. The inclusion of the Z0 mass information (up-782

facing triangles) removes this bias and leads to an almost flat dependence on η and ∆η. The783

agreement between the data and the simulation is good. A small offset of about 100 MeV/c2
784

in the simulation with respect to the data is visible. The size of any remaining bias, also as785

a function of azimuth angle, is of the order of a few per mille, and thus small compared to786

the pT resolution targeted for muons in the typical momentum range of the Z0 decays, which787

3 With this choice, the reconstructed Z0 mass is slightly below the nominal mass of 91.2 GeV/c2, at about
90.8 GeV/c2 [13].
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is at best 1% [13]. Offline corrections to the muon four-momentum can be applied after the788

reconstruction level, further improving the momentum scale and resolution of the muons [13].789
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Figure 16: Invariant mass of Z0 → µ+µ− candidates as a function of η (left) and ϕ (right) of the
positively-charged muon. Distributions from aligned data are shown as black up-facing trian-
gles . Distributions from a simulation with perfect alignment and realistic misalignment are
presented as blue hollow circles and red hollow markers, respectively. The same distribution
using the data but with a geometry produced without the mass constraint is presented with
green markers.

9.2 Monitoring of the tracker geometry with the CMS calorimeter790

The measurements of the CMS electromagnetic and hadronic calorimeters can be exploited to
study systematic effects in the momentum measurement. This check is valuable since it is an
alternative to the Z0 → µ+µ− decays which are already used in the alignment procedure. Weak
modes altering the true azimuthal angle of the modules would modify the track curvature
in an opposite way for positively and negatively charged tracks. In the case of a twist-like
deformation, the bias on the pT of tracks depends on the bias on the ϕ-position of the hits, ∆ϕ
(corresponding to the rotational misalignment of the layers) :

p±T =
0.57 GeV · r[m]

sin(ϕ∓ ∆ϕ)
, (9)

where the± indicates the electric charge of the particle, r[m] is the radius (measured in metres)791

at which the particle leaves the tracker volume. A longitudinal magnetic field strength of 3.8 T792

is assumed. The strength of the twist is expressed by the relative angle ∆ϕ, and related to the793

asymmetry in the pT measurement of oppositely charged tracks with the same true pT and same794

θ. An external measurement of the energy of the charged particle, E, is provided by the ECAL795

and the HCAL [40]. Given the average ratio between the energy and momentum of a charged796

track at fixed pT, 〈E/p〉, ∆ϕ is measured as a function of the asymmetry between positively and797

negatively charged tracks, (〈E/p−〉 − 〈E/p+〉):798

∆ϕ =
1
2

[
arcsin

(
0.57 · r[m]

〈E · sin θ〉 [GeV]

〈
E

p−

〉)
− arcsin

(
0.57 · r[m]

〈E · sin θ〉 [GeV]

〈
E

p+

〉)]
, (10)
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Figure 17: Invariant mass of Z0 → µµ candidates as a function of the η separation of the two
muons. Distributions from aligned data are shown as black up-facing triangles . Distributions
from a simulation with perfect alignment and realistic misalignment are presented as blue hol-
low circles and red hollow markers, respectively. The same distribution using the data but with
a geometry produced without the mass constraint is presented with green markers.

which for large pT (pT & 10 GeV/c) and small misalignments (∆ϕ� 1) approximates to799

∆ϕ =
(0.57 · r)

2

〈
E

p−

〉
−
〈

E
p+

〉
〈E · sin θ〉 . (11)

The track sample used for the validation is selected from an input dataset of events triggered800

by requiring a track with a total momentum p > 38 GeV/c and matched to an HCAL cluster.801

A charged track isolation requirement is applied at the trigger level ensuring that no track802

with a transverse momentum of pT > 2 GeV/c is allowed to be in a circle with a radius of803

40 cm around the impact point on the ECAL surface of the considered track. The distributions804

of 〈E/p−〉 and 〈E/p+〉 for particles with similar energy E are fitted with a Gaussian function.805

The means of the fits are used in Equation (11) in order to measure the ∆ϕ for that specific806

bin. The results for different bins of the calorimeter energy are finally averaged. This method807

uses the calorimetric information only for identifying tracks with the same energy, improving808

its robustness against miscalibrations of the absolute energy scale of the calorimeters. The809

dependence of ∆ϕ on the z of the impact point at the radial position r = 1 m and on the ϕ of the810

track is shown in Figure 18 for different geometries. A twist deformation would show up as a811

linear trend in the z-dependence. From the z-dependence, no significant systematic distortion812

in the aligned geometry is visible within the current uncertainties of the validation method. A813

clear improvement with respect to a geometry not exploiting the mass information is visible.814

A linear fit to the distributions is performed in order to quantify the bias. In the absence of815

the mass information in the alignment procedure, the linear fit exhibits a slope significantly816

different from zero, 351± 12 µrad/m. In the case of the baseline alignment on data, the slope is817

2± 12 µrad/m. Slopes compatible with zero are observed also in the case of the simulation, both818

without misalignment and with a misalignment similar to the one of the data. A layer rotation,819
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i.e. a systematic rotation of the layers with an amplitude proportional to the radius (∆ϕ =820

ρ · (r − r0)), would appear as a constant offset. The ϕ−dependence displays the same trend821

as already seen in the validation with Z0 → µ+µ− of Figure 16. The fit to the sinusoidal trend822

observed in the data distribution gives a parametrization of (36± 5) · sin(ϕ+ (2.8± 0.2) ) µrad.823

z [cm]
-200 -100 0 100 200

ra
d]

µ [φ∆

-1000

-500

0

500

1000

1500

MC (no misalignment)

MC (with misalignment)

Data

Data (no mass constraint)

CMS 2011

 [rad]φ
-3 -2 -1 0 1 2 3

ra
d]

µ [φ∆

-200

-100

0

100

200

300

400 MC (no misalignment)

MC (with misalignment)

Data

CMS 2011

Figure 18: Rotational misalignment, ∆ϕ, as a function of the z-position at r = 1m (left) and ϕ
(right) of the track. Distributions from 2011 data using an aligned geometry are shown as black
dots. The distributions from the simulation with perfect alignment and realistic misalignment
are presented as red squares and green triangles, respectively. The blue downward-facing tri-
angles in the left figure show the distribution using an alignment obtained without using the
information of the Z0 mass.

9.3 Sensitivity to systematic misalignment824

Beyond the validation of the aligned geometry, the sensitivity of the alignment procedure has825

been studied. Following the approach in [11, 28], a set of basic deformations were applied on826

top of the aligned tracker geometry. The full alignment procedure was then repeated start-827

ing from the misaligned scenario, obtaining a set of ”realigned” geometries. Nine systematic828

misalignment scenarios were studied, giving a matrix of deformations expressed with ∆r, ∆z829

and ∆ϕ as a function of the same three variables. These misalignments were applied only830

to the directions to which the silicon modules are effectively sensitive. Movements along non-831

measurement directions (e.g., the longitudinal direction for strip barrel modules) are irrelevant,832

since the alignment procedure does not associate any parameters with them.833

The ability of the alignment procedure to compensate for the misalignments indicates its ro-834

bustness against systematic distortions of this or similar type. A close match between the835

realigned and initial geometry means that the procedure is fully sensitive to this specific de-836

formation and able to keep it under control. On the other hand, little or no changes compared837

to the misaligned scenario indicate poor sensitivity.838

Figure 19 displays the difference between the positions of the modules in the initial aligned839

and the deliberately misaligned geometry for some benchmark misalignment scenarios. The840

upper, middle and bottom row present the cases of twist, skew and sagitta deformations as in-841

troduced in Section 4.4. The results show that the alignment procedure has very good control842

over twist-like deformations. Such control comes largely from the constraining power of the843
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muonic Z0 decays. Skew and sagitta are interesting because they are the systematic distortions844

most difficult to control. The skew misalignment is fully recovered in the pixel barrel, but not845

in the other subdetectors. The alignment procedure is only partially resilient to the sagitta dis-846

tortion, with the best recovery observed at small radii. The other six misalignment scenarios847

considered proved to be well controlled. These results represent a significant improvement848

with respect to [11] thanks to the inclusion of tracks from proton-proton collisions with sev-849

eral different topologies and the usage of vertex constraint and mass information with muons850

coming from Z0 bosons.851

10 Summary852

The alignment procedure for the CMS tracker and its results for the first high-luminosity data-853

taking year are presented. Among its most prominent features are the successful handling of854

the large degree of complexity of a highly granular silicon detector, the simultaneous determi-855

nation of shape parameters at the sensor level, the consequent use of the Z0 resonance signature856

to control systematic effects, and the parallelised implementation resulting in a fast execution857

of the workflow.858

The alignment is based on global minimisation of track-to-hit residuals. The internal alignment859

is performed with the MILLEPEDE II algorithm, which is enhanced compared to its predecessor860

to handle about 200 000 alignment parameters concurrently. A dedicated track parameterisa-861

tion is included, based on the General Broken Lines method, which allows rigorous and execu-862

tion time efficient treatment of multiple scattering in the global fit. The execution time of the fit863

is considerably shortened by parallelisation on a multi-core architecture.864

The time dependence of the tracker alignment is monitored with laser beams and tracks. The865

tracker geometry is found to be very stable with time. The most relevant movements are ob-866

served between the half-shells of the pixel detector, whose longitudinal separation varies by867

up to 40 µm. The alignment procedure corrects for these movements such that the residual868

variation after alignment is kept below 10 µm.869

The overall tilt angles of the tracker with respect to the magnetic field are determined to be at870

the sub-mrad level. The statistical accuracy of the alignment is found to be generally – often871

significantly – better than 10 µm, with the exception of some rings in the tracker endcap disks.872

Sensor and module shape parameters are determined at the module level simultaneously with873

other alignment parameters. Curvatures of individual sensors and kink angles of adjacent874

sensors in modules are observed and measured; sensor curvature amplitudes vary according875

to subsystem, and their averages per layer and ring range up to about 80 µm in the endcap876

systems. Kink angles of up to several mrad are observed.877

Besides cosmic ray tracks, reconstructed Z0 → µ+µ− decays play an essential role in con-878

straining systematic deformations of the aligned geometry with small leverage to the track χ2,879

also known as weak modes. The remaining variation of the visible Z0 mass is less than 0.5%,880

and thus small compared to other resolution effects in the corresponding momentum range.881

The achieved suppression of weak modes is confirmed by studies involving the cluster energy882

measured in the hadronic calorimeter.883

The stability of the alignment with respect to weak modes is further investigated by the study of884

recovery after deliberate addition of distortions and subsequent re-alignment. The procedure885

is found to have very good control over twist modes, while strong sagitta and skew misalign-886

ments are at least partially recovered.887



32 10 Summary

 z [cm]
­200 0 200

ra
d

]
µ

 [
φ

∆

­200

­100

0

100

200

CMS 2011

twist misalignment

re­aligned after twist misalignment:

TIB

TID

TOB

TEC

dof
/N2χtrack 

0 1 2 3

n
u

m
b

e
r 

o
f 

tr
a

c
k
s

0

50000

100000

150000

200000
aligned

twist misalignment

re­aligned after twist misal.

CMS 2011

r [cm]
0 50 100

m
]

µ
 x

 [
∆

­100

0

100

CMS 2011

sagitta misalignment
re­aligned after sagitta misalignment:

BPIX
FPIX
TIB
TID
TOB
TEC

dof
/N2χtrack 

0 1 2 3

n
u

m
b

e
r 

o
f 

tr
a

c
k
s

0

50000

100000

150000

200000
aligned

sagitta misalignment

re­aligned after sagitta misal.

CMS 2011

)φ cos(
­1 ­0.5 0 0.5 1

m
]

µ
 z

 [
∆

­1000

0

1000

2000

CMS 2011

skew misalignment
re­aligned after skew misalignment:

BPIX
FPIX
TID
TEC

dof
/N2χtrack 

0 1 2 3

n
u

m
b

e
r 

o
f 

tr
a

c
k
s

0

50000

100000

150000

200000
aligned

skew misalignment

re­aligned after skew misal.

CMS 2011

Figure 19: Impact of intentional application of a twist (top row), sagitta (middle row) and
skew systematic misalignment (bottom row). In the left columns, the red line shows the size
of the applied misalignment, and the coloured dots show the difference of selected geometry
parameters, module by module after realignment, to the initial values prior to misalignment.
The plots in the right column show the distributions of goodness-of-fit for loosely-selected
isolated muons from an independent data sample, with transverse momentum pT > 5 GeV/c.



33

In summary, this article describes the comprehensive alignment procedure for the largest and888

most complex silicon detectors ever built. The achieved alignment accuracy enables the track-889

ing to take full benefit of the high intrinsic resolution of the silicon modules. The quality of890

the alignment is thus a pivotal corner stone for the excellent physics performance of the CMS891

detector.892
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