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The CMS tracker

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

Tracker

Inner tracking system of 
CMS experiment

• Precise measurement of the momentum of charged particles

• Reconstruction of secondary and primary vertices

Silicon pixel detector

Silicon strip detector

Silicon pixel

Movements of different substructures of the tracker driven by operating conditions

Ultimate performance of track and vertex reconstruction only achieved if detector geometry is known with high accuracy

1440 modules until end of 2016 [ref. to Phase 0]
1856 modules after upgrade [ref. to Phase 1] in 2017

Periodic update of the detector geometry needed 
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3.2 Track-Based Alignment 17
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Figure 3.1: Simplified example for the track-based alignment. The blue solid arrow shows
the real trajectory of the particle leaving hits indicated by red crosses on the
modules shown as salmon ellipses. The dashed black arrow indicates the
reconstructed track. The small arrows are shifts suggested by the alignment.

the tracker to be in its design geometry, which results in a worsened track parameter
resolution. Based on the distance between the measured hits and the reconstructed
track, the alignment suggest a shift of the modules. Repeating the reconstruction of the
track with the geometry determined in the alignment procedure improves the obtained
track parameter resolution.

In general, algorithms used for aligning the modules minimise the objective function

�2(p,q) =
tracks�

j

hits�

i

rTij(p,qj)V
�1
ij rij(p,qj) (3.1)

where p is the vector of alignment parameters, i. e. corrections to the module positions,
and qj the vector of track parameters of track j. The track residuals rij are defined
as the di⇥erence between the measured hit position mij and the hit position predicted
by the trajectory fij(p,qj). The hit uncertainties are given by Vij, which are the two-
dimensional covariance matrices in case of the pixel modules and the squared position
uncertainties for the strip modules.

Mainly, two complementary statistical alignment methods have been used for the
alignment in the past, a global method and a local method. The “Millepede II” [24]
algorithm, which is the global method, is used in the latest alignment approach. It deter-
mines the alignment and the track parameters simultaneously in one go by minimising
the �2 given in equation (3.1). Possible correlations between the alignment parameters
of di⇥erent modules induced by tracks connecting them are thus taken into account. It
assumes uncorrelated hits mij by using a diagonal covariance matrix Vij. The residuals
are linearised in p and qj around the values obtained with the starting geometry. This
is valid since changes of the parameters should be small. Larger changes can be handled
by iterations of the complete alignment procedure. In order to allow for material e⇥ects,
such as multiple scattering and energy loss, trajectories based on general broken lines
are used [25, 26].

Alignment of the CMS tracker: general concepts
> tracker geometry: set of parameters that describe the geometrical properties of the tracker modules

> alignment: correction of the position, orientation, and curvature of the tracker sensors

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

module shifted with 
respect to rest of the 

modules

we are not aware of this recent 
movement, and module is 
assumed aligned with the 

others for the track 
reconstruction 😐

Consequence: trajectory of 
reconstructed track does not 

represent the real one 🙁

Shift suggested by the alignment
Real trajectory of the particle 

Reconstructed track

X Hits left on the modules

Repeat reconstruction of the track with geometry 
determined in alignment procedure
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Track based alignment:

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

> Minimisation of sum of squares of normalised track-hit residuals --->

p: global alignment parameters
𝐪!: local track parameters
𝑚"! ± 𝜎"!: measured hit position
𝑓"!: predicted hit position

> Each time a part of the tracker is moved/removed ---> re-installation precision of mechanical alignment 
O(100 µm) ---> one order of magnitude lower than design hit resolution O(10 µm)

> Alignment aims to push precision well below design hit resolution! 

> Two independent implementations of track-based alignment used in CMS during Run-II

MillePede

• Performs global fit including all correlations of global alignment 
parameters and local track parameters

HipPy

• Position and orientation of each sensor determined independently
• Multiple iterations to solve correlations between sensor parameters
• Small matrix inversion on each iteration

Complementary 
approaches

𝑟!" 𝐩, 𝐪" = 𝑚!" - 𝑓!" 𝐩, 𝐪"

𝜒# 𝐩, 𝐪 = -
"
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Tracker alignment strategy for data

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

> Automated alignment:

- continuous monitoring of high-level structure movements of pixel detector (online)

- geometry automatically corrected if alignment corrections exceed certain thresholds

> Alignment during data taking:

- track-based alignment periodically run offline

- automated alignment refined with periodic updates from the campaigns going on in parallel offline 

> Alignment for end-of-year re-reconstruction:

- full statistics of dataset collected during one year used to provide set of alignment conditions for the 
reprocessing of the data

> Alignment for legacy reprocessing: 

- ultimate accuracy of the alignment calibration used for the final or legacy reprocessing of the data 

- up to ≈ 700k parameters → 220 geometries over the three data-taking years to cover significant changes of 
the alignment conditions over time

Focus of today’s talk
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Legacy results
> Tracker geometry obtained from fit compared to starting geometry 

- identify unusual movements or systematic distortions artificially introduced by the fit

- first indication that alignment fit performs well

> Further validations of the obtained geometry are performed

Tracking performance ---> Distribution of Median Residuals (DMR) validation

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

Distribution of median residuals in the barrel pixel (left) and forward pixel (right)

width:

measure of local 
precision of the
alignment calibration

mean:

deviations from zero 
indicate possible
bias due to change 
of conditions
(e.g. temperature 
and magnetic field)

significant improvement for the legacy 
reprocessing over the alignment during 
data taking or end of year re-reconstruction
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Vertexing performance ---> Primary Vertex (PV) validation
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Mean distance in the transverse plane of the tracks at their point of closest approach to a refit unbiased primary vertex

Mean difference in 𝜙 residuals for modules overlapping in the 𝜙 direction in the barrel pixel

Monitoring of systematic distortions ---> Overlap validation

Big alignment corrections needed at the beginning of each year of data taking

CERN-THESIS-2011-435

https://cds.cern.ch/record/2636097
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Uniformity of the reconstructed 𝐙 → 𝝁𝝁 mass
unrefined alignment constants affect the reconstructed Z boson mass

observed as non-desired dependence on the pseudorapidity
𝜂 of positively and negatively charged muons

> Improvement in the uniformity of the reconstructed Z → 𝜇𝜇 mass 
observed for the legacy reprocessing

> Analysis relying on a very accurate determination of the mass 
of the Z boson benefit from the improved performance
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Slope 𝜺:  obtained from fit to invariant mass of dimuon system versus ∆𝜂 = 𝜂#! − 𝜂#" as function of processed luminosity
𝜀∆𝜂+b
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Figure 3.2: Basic principle of weak modes shown for the twist. The left and the right
plot are twist-free and twisted tracker, respectively. For details, see caption
of figure 3.1. In the middle, a twist of the tracker is sketched. The lengths of
the small red arrows symbolise the amplitude of the module shifts. The blue
solid arrow shows the real trajectory of the particle and the dashed black
arrow indicates the reconstructed track.

The nine basic systematic distortions in a system with cylindrical geometry and mul-
tiple layers are biases in the cylindrical coordinates (�r, �z, and ��) each as a function
of r, z, or �, listed in table 3.1. Which of these distortions actually are preserving the

�r �z ��

vs. r radial telescope layer rotation

vs. z bowing z-expansion twist

vs. � elliptical skew sagitta

Table 3.1: Basic systematic distortions for the CMS tracker.

�2 strongly depends on the type of tracks used for the alignment. In a former study,
which was performed in connection with the first CRAFT exercise [27], it was tested
which modes are weak modes using only cosmic tracks for the alignment following the
approach described in reference [28]. The study was completely based on Monte-Carlo
simulation.
Exemplary, the outcome is shown for the layer rotation and the twist in figure 3.3.

By the introduction of the layer rotation, the normalised �2 becomes on average much
larger. This reflects the fact that this mode can be cured by the alignment with cosmic
tracks. The module positions after the alignment have a slight spread in r�� with
respect to the design position but are distributed around 0µm. The simulated twist,
however, is not fully recovered by the alignment. The spread in r�� of the module
positions after the alignment is larger than for the layer rotation and a z dependency
of the module shifts remains. This is expected because the twist changes the �2 only
slightly.
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Table 3.1: Basic systematic distortions for the CMS tracker.

�2 strongly depends on the type of tracks used for the alignment. In a former study,
which was performed in connection with the first CRAFT exercise [27], it was tested
which modes are weak modes using only cosmic tracks for the alignment following the
approach described in reference [28]. The study was completely based on Monte-Carlo
simulation.
Exemplary, the outcome is shown for the layer rotation and the twist in figure 3.3.

By the introduction of the layer rotation, the normalised �2 becomes on average much
larger. This reflects the fact that this mode can be cured by the alignment with cosmic
tracks. The module positions after the alignment have a slight spread in r�� with
respect to the design position but are distributed around 0µm. The simulated twist,
however, is not fully recovered by the alignment. The spread in r�� of the module
positions after the alignment is larger than for the layer rotation and a z dependency
of the module shifts remains. This is expected because the twist changes the �2 only
slightly.
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5 Run 2 Legacy

Data 18 July mµ 0.2 ±m, rms = 34.2 µ 0.27 ± = 0.78 µ

Data 18 August mµ 0.2 ±m, rms = 34.1 µ 0.27 ± = -0.32 µ

Data 05 October mµ 0.2 ±m, rms = 34.1 µ 0.27 ± = 0.60 µ

MC mµ 0.2 ±m, rms = 32.2 µ 0.25 ± = -0.49 µ

Preliminary CMS Data and MC 2017

Alignment in simulation
> Reproduce the procedure adopted for the data as closely as possible

- full alignment fit performed using simulated events

- starting geometry for the fit built from ideal detector geometry, with misalignments applied    
on top to reflect average accuracy of alignment constants in data after end-of-year re-reconstruction

>  alignment constants derived from fit validated and compared to data alignment conditions at three different 
dates during data taking

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

DMR validation Track split validation

Difference of transverse impact parameter between the two halves of cosmic 
tracks split at their point of closest approach to the interaction region
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Preliminary CMS Data and MC 2017

BPIX

Run 2 Legacy
Data 18 July mµ = 2.530 σm,  µ = 0.081 µ 
Data 18 August mµ = 1.836 σm,  µ = 0.168 µ 
Data 05 October mµ = 1.579 σm,  µ = 0.012 µ 
MC mµ = 1.437 σm,  µ = 0.032 µ 

Results with Cosmics Rays Calibration of APE

APE Validation

The Alignment Position Errors are validated in terms of tracking performace using the cosmic
track splitting method:

split a long cosmic track passing through
the Pixel volume, along it P.C.A.a

reconstruct separately the two legs

check the normalized residuals of the track
parameters q = (dxy , dz , q/pT , θ, φ):
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Run-III prospects
Integrated luminosity of Run-II expected to be doubled

stronger variations of the Lorentz drift of charge carriers released by charged particles passing through silicon sensors  
foreseen due to larger irradiation doses

> Alignment procedure sensitive to Lorentz drift changes induced by accumulated radiation after ∼1 fb−1, while pixel local 
reconstruction calibration only performed after ∼10 fb−1

> High enough alignment granularity ---> in- and outward pointing modules free to move separately ---> bias coming from 
Lorentz angle (𝜃$%) miscalibration can be absorbed

During Run-III

> Finer granularity for the automated alignment

> Finer granularity for the alignment run offline at earlier stages with respect to Run-II (e.g. in the 
alignment during data taking and end-of-year reconstruction), in order to better cope with radiation effects

> More geometries over the years might be needed to cover significant changes over time

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

Simultaneous alignment and Lorentz angle calibration in the 
CMS silicon tracker using Millepede II

Forward PIX Barrel PIX Forward PIX
• Highest resolution.

• Closest to the interaction point.

• Largest irradiation dose.

• Sensor properties can change 
during detector operation.

• Resolution most sensitive to 
misalignment and miscalibration.

Pixel detector

x

x

x

By = 3.8T

real track

fitted trajectory

predicted hit

measured hit

residual

Track-hit residuals

• Innermost detector

• Measures trajectories 
of charged particles

• Used in practically all 
physics analyses

• Estimation of pT, 
impact parameter

STRIP: 1DSTRIP: 1DSTRIP: 1DSTRIP: 1D PIXEL: 2DPIXEL: 2D
TEC TOB TID TIB FPIX BPIX

10 288 10 416 816 2 724 672 768

24 244 microstrip sensors24 244 microstrip sensors24 244 microstrip sensors24 244 microstrip sensors 1 440 pixel sensors1 440 pixel sensors

≥ 23 µm resolution≥ 23 µm resolution≥ 23 µm resolution≥ 23 µm resolution ≥ 10 µm resolution≥ 10 µm resolution

PIXEL ✕
FPIX BPIX

STRIP
TEC  TOB  TID  TIB

0.3-0.1-0.5-0.9-1.3 η

-Z (mm)

-200-600-1000-1400-1800-2200-2600 200

-1.7

-2.1

-2.5

R
(mm)

200

400

600

800

1000

Silicon tracker

Superconducting 
solenoid
• Magnetic field: 3.8T
• Bends trajectories 

of charged particles 

Length: 28.7 m

Diameter: 15 m

Weight: 14 000 T

CMS detector

One of the 2 multipurpose 
detectors at LHC.

• Track induces signal charge 
drifting under E field.

• Global hit position directly 
depends on global module 
position, orientation, curvature.

• Center of collected charge cluster 
treated as measured hit position.

d E  150V
x

Charged 
track z

hit

cluster

BPIX module: B = 0T BPIX module: B = 3.8T

• If B≠0, Lorentz force deflects 
the signal charge by angle θLA.

• Increases cluster size, shifts the 
hit position by ∆x.

• Lorentz angle parameterized in 
terms of mobility.

• Mobility depends on:

• accumulated irradiation dose

• temperature of the module

• bias voltage, ...

• Tracks measured in different 
magnetic fields are used to 
disentangle alignment and 
Lorentz angle effect.

∆x

B: -3.8T
(local Y)

θLA

d E  150V
x

Charged 
track z

hit

cluster

true

∆x = tan(θLA)·d/2 

tan(θLA) = μ·By

d = 285 µm

µ – mobility

Alignment procedure
• Similar to the official baseline alignment, extended to full 2012 data (65 million tracks):

• Alignment of module positions and orientations, accounting for movements (31 time 
intervals) of the large structures.

↳ ~92 000 parameters
+  Lorentz angle in BPIX (1 560 parameters):

1

Z

R

2 3 4 5 6 7 8

1

3

R

23 layers ×   8 rings
(~330 pb-1 each)

×    65 time intervals

•  To disentangle module alignment and Lorentz angle calibration.

Tracks from
#  (3.8T)
#  (0T)

Isolated muons Z→µµ decays Low pT tracks Cosmic rays
28 million 10 million 14 million 2.5 million

10 million 0.5 million

C�p = bMatrix equation:

mij ± !ij
fij
p
qj

– measured position of the hit;

– predicted position of the hit;

– “global” (detector) parameters;

– track parameters;

�2(p,q) =
tracksX

j

measurementsX

i

✓
mij � fij(p,qj)

�ij

◆2

• Misalignment and miscalibration of the detector increase track-hit residuals.

• Based on minimization of normalized track-hit residuals using function:

Track-based alignment with Millepede II

Up to 9 alignment parameters per sensorUp to 9 alignment parameters per sensorUp to 9 alignment parameters per sensor
x    y    z Shift along axis

α    β    γ Tilt around axis

w0  w1  w2 Surface distortion）
⟺
⟲

Calibration parameters  [NEW]

Lorentz angle

More than 200 000 parameters (p) can be determined simultaneously:

If not properly determined, affects the 
alignment parameters.

Conclusions

• Lorentz angle measured in BPIX for full 2012 data with high precision to see local 
variations and time dependence (using Millepede II and additional 0T data).

• Combined approach (simultaneous module alignment and Lorentz angle calibration) 
improves overall precision of hit reconstruction ⟹ tracking, vertexing, b-tagging. 

• Allows consistent use of 3.8T and 0T data in alignment.
• Will be in even higher demand after LS1, with more rapid Lorentz angle development.

∆t

∆x = ∆t·d/2
∆x = 0.03·285/2
∆x = 4 µm

• Consistent development in all rings of the BPIX.

• Clear offset between Z<0 and Z>0 parts due 
to different operating conditions.

• Variation of Lorentz angle equivalent to 
shift of the module by up to 4 µm.

• Different shape of evolution among layers.

• Can be the same behaviour delayed in distant 
layers (lower accumulated irradiation dose).

• Lorentz angle expected to change faster 
after LS1 due to increased irradiation dose.

Lorentz angle time dependence

• Analyzed residuals of 2 million high pT tracks.

• Median of the residuals calculated for each module (1 entry per module).

• Narrower peak clearly seen with simultaneous alignment and Lorentz angle calibration.

Validation of the result

fij  linearization, matrix size reduction

Nazar Bartosik (Deutsches Elektronen-Synchrotron, Germany)

on behalf of the CMS Collaboration

EPS HEP 2013 (18-24 July, Stockholm, Sweden)
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Summary

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

Tracker alignment performance corresponding to ultimate accuracy of the alignment 
calibration used for the legacy reprocessing of the CMS Run-II data was presented

> Alignment strategy for data and simulation was addressed

> Set of validations that monitor performance of physics observables after the alignment was presented

> Tracking and vertexing performance (DMR and PV validation)

> Monitoring of systematic distortions 

- Overlap validation  

- Reconstructed Z → 𝜇𝜇 mass (Z → 𝜇𝜇 validation)

- Track split validation

Prospects for the alignment calibration during Run-III were discussed

General concepts of track-based alignment were explained

Paper on final state towards publication
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Backup
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> Additional material
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DMR trends - BPIX

Figure: In the barrel region, DMR distributions can be obtained separately for the modules with electric field pointing
radially inwards or outwards. Di⇥erence of their mean values ⇤µ in the local-x (x’) direction, which is orthogonal to the
magnetic field, is an index of goodness in recovering Lorentz angle e⇥ects. Here, ⇤µ is shown for the pixel barrel modules
as a function of integrated luminosity. The uncertainty corresponds to the square root of the quadratic sum of the
uncertainties calculated separately for the inward and outward pointing modules. The vertical black solid lines indicate the
first processed run for 2016, 2017 and 2018 data-taking period, respectively. The vertical dotted lines indicate change in
the tracker pixel calibration.The blue points correspond to the results with the alignment constants used during
data-taking, the red points show the results with the alignment constants used during the 2016, 2017 and 2018
End-Of-Year (EOY) re-reconstruction (notice there is no EOY re-reconstruction for the last 33 fb�1 of data-taking), the
green points show the results with the alignment constants as obtained in the Run-2 Legacy alignment procedure. After
the dedicated Run-2 Legacy alignment, the mean di⇥erence shows improved stability.

Tracker DPG conveners (CMS) CMS Tracker Alignment Performance results February 2020 16 / 25

Legacy results
Tracking performance (DMR validation)
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Difference in the mean of a Gaussian fit to the distribution of normalized median residuals for local-x coordinate in the barrel 
pixel as a function of processed luminosity for the modules with electric field pointing radially inwards or outwards

> ∆μ: indicator of residual bias due to accumulated effects from radiation in the silicon sensors
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Tracker alignment strategy for simulation 

| CMS Tracker Alignment: Legacy results from LHC Run-II and Run-III prospects | Sandra Consuegra Rodríguez (DESY)

> Simulated events passed through same reconstruction chain used for data

> Full set of detector calibrations, including the tracker alignment conditions, derived for the processing of simulated events

> Tracker alignment constants provided

> Alignment for end-of-year re-reconstruction:

- scenarios derived separately for each data-taking year 

- reasonably reproduce average performance observed in the end-of-year re-reconstruction data alignment

> Alignment for legacy reprocessing: 

- emulate the effects of residual misalignment left in data after the alignment for the legacy reprocessing is derived
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Layer 1
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Layer 2

Contribution from the misalignment of the sensors to the total hit resolution for the inner ladders of the first and 
second pixel barrel layer in local y-direction

𝜎.# = 𝜎# + 𝜎/0!12#
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Layer 1

Disk 1

Contribution from the misalignment of the sensors to the total hit resolution for the outer ladders of the first pixel 
barrel layer and the first disk of the forward pixel in local y-direction

𝜎.# = 𝜎# + 𝜎/0!12#
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Mean distance in the longitudinal plane of the tracks at their point of closest approach to a refit unbiased primary vertex

Mean difference in 𝜙 residuals for modules overlapping in the 𝑧-direction in the barrel pixel

Monitoring of systematic distortions (Overlap validation) 
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Uniformity of the reconstructed 𝐙 → 𝝁𝝁 mass
unrefined alignment constants affect the reconstructed Z boson mass

observed as non-desired dependence on the azimuthal angle
𝜙 of positively and negatively charged muons

> Improvement in the uniformity of the reconstructed Z → 𝜇𝜇 mass 
observed for the legacy reprocessing

> Analysis relying on a very accurate determination of the mass 
of the Z boson benefit from the improved performance
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amplitude A:  obtained from fit to invariant mass of dimuon system versus 𝜙µ+ as function of processed luminosity 
A cos (𝜙 + 𝜙0 ) + b


