
Nazar Bartosik
DESY, Hamburg

Tracker DPG Meeting
21.02.2013

Simultaneous alignment and Lorentz 

angle calibration in the CMS silicon 

tracker using Millepede II

( Nazar Bartosik, Jörg Behr, Gero Flucke, Gregor Hellwig, 
Claus Kleinwort, Rainer Mankel )



Outline

2

• Introduction of the CMS detector.

• Track-based alignment with Millepede II.

• Lorentz angle effect.

• Alignment and calibration procedure.

• Results of Lorentz angle calibration.
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Total weight:  14 K T
Overall diameter:  15 m
Overall length: 28.7 m

• CMS detector – one of 2 multipurpose detectors at LHC.

• Silicon tracker – innermost detector, enclosed in 
superconducting solenoid (B = 3.8T).

• Measures trajectories, Pt, impact 
parameter of charged particles.

• Almost all CMS physics 
analyses use tracker data.

• Measurement precision
is of high importance.
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Silicon tracker
Strip (1D) Pixel (2D)

modules 15118 1440

length 5.4 m 1.1 m

diameter 2.4 m 0.4 m

resolution ≥23 μm ≥9 μm

Alignment procedures for

the CMS silicon tracker

Jörg Behr1 on behalf of the CMS Collaboration
1DESY, Germany

The CMS silicon tracker

The all-silicon tracker, located in the innermost part of
CMS, is used to reconstruct particle trajectories and
vertices. It is operated in a magnetic field of 3.8 T

provided by a superconducting solenoid. The tracker is
mechanically divided into several subdetectors.
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The pixel detector comprises the interaction region and
provides two-dimensional position measurements with
a resolution of up to 9 µm. It is surrounded by the
silicon strip modules providing one-dimensional
measurements mainly in the transverse plane (r�).
Those at outer radii consist of two daisy-chained
sensors. The resolution of the strip modules is typically
between 23 and 60 µm. In total, the CMS tracker is

equipped with 24244 silicon sensors

I Analysis of physics processes requires precise
knowledge of the sensor positions of the order of
< 10 µm. Therefore, at CMS sophisticated alignment
algorithms are employed.

The summer 2011 tracker alignment strategy

I Misalignment generally broadens track-hit residuals.
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minimisation using largely parallelised Millepede-II:

! simultaneous linear least squares fit of all alignment parameters (p)
accounting for their correlations due to the track parameters (⌧ )

I
More than 200000 alignment parameters determined:

! typically 9 parameters for pixel sensors
I 3 translations + 3 rotations + 3 parameters accounting for sensor surface

deformations
! 8 alignment parameters for strip sensors

I 2 translations + 3 rotations + 3 for sensor surface deformations
! time-dependent alignment of larger pixel structures

I 3 translations + 3 rotations in 12 time intervals
I

Special treatment of muon tracks from Z 0 ! µ+µ�
decay:

! replacing 2 ⇥ 5 muon track helix parameters by 9 parameters in common fit
object

! usage of Z

0 mass as virtual measurement
I

Common fit using about 23 million tracks:

I 375k muon pairs from Z

0 boson decay
I 15M tracks of loosely selected isolated muons
I 3M low momentum tracks
I 3.6M cosmics tracks taken between LHC fills, during collisions, and before

collision data taking
I during minimisation reading 13 times 46.5 GB of compressed data
I The CPU usage on an Intel R� Xeon R� L5520 with 2.27 GHz was 44.5 h

corresponding to 9:50 h wall clock time using in total eight threads.

Module surface deformations

Motivation:

! sensor surfaces are not flat (as assumed in track reconstruction),
but bowed ) “bows”

! relative displacement between daisy-chained sensors within
modules possible ) “kinks”

,! Determination of “bows” and “kinks” in the alignment procedure.
! Validated by determining average �w residuals defined as
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) / tan i.

Comparison of alignments with different module shape

parametrisations (based on summer 2011 alignment):
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I “Curved Sensors”:
determination of
kinks/bows

I “Curved Modules”:
determination of bows

I “Flat Sensors”:
determination of kinks

I “Flat Modules”:
neglecting kinks/bows

xy view

Results/Effects:

! For the “Flat Modules” geometry a strong track angle and position
dependence on the hit residuals is observed. ) Eliminated after
incorporation of kinks/bows in alignment.

! Determination of bows removes visible structure in BPIX )
Particularly important for forward tracks due to their large incident
angle.

! Improved track fit probability for cosmic ray tracks when kinks and
bows are taken into account. ) Fully exploit complementarity of
cosmics and collision tracks in alignment.

Tracker tilt angles

Utilisation of standalone approach to determine tilt angles, ✓
x

and
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y

, of the whole tracker with respect to the magnet field
I Scan ✓
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parameter space.

Exploiting three different track

quality estimators:

1. average normalised track-�2:
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Minimisation of track quality

estimators:

! Vertical tilt of
0.3 ± 0.1 (sys.) mrad observed.

! Included in geometry description to reduce systematic biases in
track reconstruction.

References:

I CMS DP-2012/004; https://twiki.cern.ch/twiki/
bin/view/CMSPublic/DPGResultsTRK

I Millepede II: V. Blobel NIM A566 (2006) 5

Weak mode sensitivity of 2011 alignment

By minimising �2

in general not all possible distortions of the

tracker can be resolved.

! The residuals can be insensitive to certain global deformations.
! However, these weak modes might affect track parameters

significantly even though the �2 function remains unchanged.
I Consideration of cosmic ray tracks controls several weak modes.
I In addition include physics observables into the alignment

Effect of tracker twist deformation (�� = c · z):

I Twist changes the track
curvature of positively and
negatively charged particles
oppositely.
! Typical signature: positive

muon dependence of Mµ+µ�

on ⌘.
! Bias more pronounced for

large �⌘ ) More severe for
less boosted high-mass
resonances.
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! Implementation of virtual mass measurement in alignment removes
dependence.

Study sensitivity to weak modes by adding basic distortions

to the summer 2011 geometry:

I Run alignment with same summer 2011 strategy and input data on
top of misaligned geometry.

I Compare geometries (module-by-module difference w.r.t. summer
2011 geometry) and track �2 for collision tracks.

I �2 for collision tracks almost unaffected by misalignment.
I Applied twist misalignment eliminated after re-alignment due to

usage of virtual Z

0 boson mass measurement.
I Sagitta (�x = c · r ) misalignment not fully recovered by alignment

procedure.) reduced bias in barrel region, large induced
scattering of modules in endcaps

Conclusions: In the summer 2011 alignment more than 200000
parameters were determined including parameters that take into ac-
count surface deformations of sensors. Weak modes in the alignment
were suppressed by including cosmic ray tracks and by utilising the in-
formation from Z

0 ! µ+µ�decays. The orientation of the tracker with
respect to the magnetic field was determined and taken into account.
The achievements presented here have systematically improved the
CMS tracker alignment compared to previous alignment campaigns.

• Exact positions of modules are essential for 
precise measurement of track properties.

• Position and orientation of 
each individual sensor is 
derived from simultaneous 
alignment of all modules with Millepede II algorithm.

• Larger structures consisting of groups of modules are 
also aligned independently as single entities.

BPIX FPIX



• Misalignment and miscalibration increase track residuals –
distance between measured and predicted hit positions.

• Modules are aligned by minimizing residuals of the tracks.
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Track-based alignment with Millepede II
7

many tracks. If the (hit or virtual) measurements mij with uncertainties sij are independent, the
minimised objective function is

c2(p, q) =
tracks
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where fij is the track model prediction at the position of the measurement, depending on the209

geometry (p) and track (qj) parameters. Usually an approximate geometry description p0 is210

available from design drawings, survey measurements, or previous alignment results. This211

can be used to determine approximate track parameters qj0. Since alignment corrections can212

be assumed to be small, fij can be linearised around these initial values.1 Minimising c2 after213

the linearisation leads to the normal equations of least squares. These can be expressed as a214

linear equation system Ca = b with aT = (Dp, Dq), i.e. the alignment parameters Dp and215

corrections to all parameters of all n used tracks DqT = (Dq1, . . . , Dqn).216

In the local iterative approach [14], the dependence on Dq is neglected, leading to small inde-
pendent matrix equations for each aligned structure. These are fast to solve, but correlations
between the alignment parameters of different structures are ignored in each iteration. In this
analysis the global fit approach is applied. It makes use of the special structure of C that facil-
itates, using block matrix algebra, the reduction of the large system of equations Ca = b to a
smaller one for the alignment parameters only,

C0Dp = b0. (2)

C0 and b0 sum contributions from all tracks. To accumulate b0, for each track a matrix equation217

CjDqj = bj has to be solved. For C0, in addition C�1
j needs to be calculated.218

The full number of alignment parameters for the CMS silicon tracker can exceed 200 000, re-219

sulting in the need of many millions of tracks. The MILLEPEDE II program [15, 16] is employed220

for the global fit approach, which proceeds in a two-step approach. First, the standard CMS221

software environment is used to produce binary files containing the dependence of the resid-222

uals mij � fij on the parameters of the linearised track model, the uncertainties sij, and labels223

identifying the fit parameters. Second, these binaries are read by an experiment-independent224

program that sets up Equation (2) and solves it. Since MILLEPEDE II’s use in [13], the technical225

limit of 46 340 alignment parameters has been overcome. Computer memory needs and the226

processing time have been significantly reduced.227

The elements of the symmetric matrix C0 require in general storage in double precision. Straight-228

forward storage of the 200 000 alignment parameters used in this study would require 160 GB229

of RAM that are not easily affordable. However, the matrix is rather sparse, and only non-zero230

elements need to be stored. Since these elements are usually close to each other, further com-231

pression is reached by bit-packed addressing of non-zero blocks in a row. In addition, some232

matrix elements sum contributions of only a few tracks, e.g. cosmic ray tracks from rare di-233

rections. For these elements, single precision storage is sufficient. Depending on the input, a234

reduction of the memory needs by more than a factor of five is achievable.235

Processing time is highly reduced in MILLEPEDE II by shared-memory parallelisation using the236

OpenMP R� package [17] in the iterative MINRES algorithm [18], which is used to solve Equa-237

tion (2), as well as for the calculation of Dqj and C�1
j in the track fits. Furthermore, bordered238

band matrices Cj are automatically detected and root free Cholesky decomposition is applied239

1 If the alignment corrections are neither small nor linear, the procedure has to be iterated.

mij 	

– measured position of the hit;
fij 	

 – predicted position of the hit;
p	

 – global parameters; 
qj 	

 – track parameters;

Minimization function: 
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Matrix equation:

p can be any parameter, sensitive to the hit position: 
alignment parameters:
• module position; 
• module orientation; 
• sensor surface curvature;

calibration parameters:
• Lorentz angle



• Track induces electric charge 
accelerated by E field.

• If B≠0, Lorentz force deflects the 
charge by some (Lorentz) angle.

• Alignment compensates Lorentz 
drift by shifting the modules.

  ∆x = tan(θLA)·d/2 
  tan(θLA) = μ·By   [μ – mobility]

• μ depends on: irradiation dose, 
temperature, bias voltage.

• Mobility can be included as 
calibration parameter in the 
alignment procedure.

6

Lorentz angle effect
BPIX sensor
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Alignment procedure
• As official full scale tracker alignment approach.

• Data from full period of year 2012: isolated muons, Z–>μμ, 
low Pt tracks, cosmic rays: overall 50 M tracks.

• Pixel + microstrip modules: constant alignment parameters 
within large structures (layer, half-disk, half-barrel).

• Large structures: parameters can change with time: 31 
intervals of validity (IOV) ⇒ ~200 K alignment parameters.

LAYERS
1

2
3

• Corrected μ value is derived.

• 24 parameters in BPIX: 3 layers x 8 rings

• 66 IOVs for Lorentz angle: ~300 pb-1/IOV

• + 0T data (cosmic, collision) – constrain module 
positions (10 M tracks) – No Lorentz angle effect.

 Lorentz angle calibration
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Lorentz angle time dependence

RINGS
1 2 3 4 5 6 7 8

z

rLAYER 3

∆x = ∆t·d/2
∆x = 0.022 ·285/2
∆x = 3.14 μm

Run #
190 192 194 196 198 200 202 204 206 208

310×

)
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0.38
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0.4

0.41

0.42

0.43

∆t

• Very precise measurement of Lorentz angle and its evolution.

• Different per ring. Offset of +Z and -Z half of BPIX.

• Lorentz angle change equivalent to sensor shift by 3.14 μm.

Work in Progress

0 0.5 7.0 231.5 4.0 15.0 18.08.5 13
fb-1
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Lorentz angle time dependence

Run #
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• Different evolution of Lorentz angle in separate layers. 

• Can be the same effect repeating in each layer with delay 
(due to accumulated irradiation dose).

Work in Progress

0 0.5 7.0 231.5 4.0 15.0 18.08.5 13
fb-1
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Effect of  Lorentz angle calibration
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• Alignment precision degrades in later period of time.

• Lorentz angle calibration corrects time dependence, 
improves alignment precision.
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at 23 fb-1

Work in 
Progress

Work in 
Progress
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Summary
• Precise determination of Lorentz angle using combined 

alignment and calibration with Millepede II and 0T data.

• Lorentz angle measured in BPIX for data of full 2012 
data-taking period: 66 time ranges, granularity of 24 
parameters (3 layers x 8 rings).

• Time dependence largely differs between layers.

• Absolute values differ between halves (+/-) of the BPIX.

• Combined alignment and LA calibration improves 
alignment precision of the modules.

• Consistency of 3.8T and 0T data allows to use power of 
0T data against χ2 invariant geometry distortions.
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Backup
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• With time relative shift of modules would be 4.5 μm.

• Lorentz angle calibration corrects time dependence, 
modules don’t move, preserving correct alignment.

Work in 
Progress

Work in 
Progress
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at 23 fb-1


