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An ancient tale!

• since 2010: used for ("simultaneous") alignment of all tracking detectors in LHCb
• since 2015: used as part of 'online calibration'
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The LHCb alignment algorithm

•  'global least squares' algorithm using as input
• tracks fitted with the same track fit as for normal data processing
• primary vertices
• vertices from decays with mass constraints (D0, J/psi, Z, B->J/psiK)
• constraints from detector survey or design
• Lagrange constraints (as few as possible)

• 'global' means that it is essentially just like millepede
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Why use K-filter track fit? Why in alignment?
• why KF?

• efficient linear estimator
• very effective when dealing with multiple scattering and energy loss

• but why use it for alignment?
because (in LHCb) it is the fit used for nominal reconstruction!
• no need to maintain separate track fit
• can align all tracking systems, eventually simultaneously
• consistent track model between calibration and reconstruction
• proper multiple-scattering and energy-loss

à can use (also) low-momentum tracks for calibration

• downside: KF track fit result not out-of-the-box suitable for alignment 4



Making the KF fast (I)

• most time in track fitting spent in transport
• accumulation of scattering
• integration through (inhomogeneous) magnetic field
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Kalman filter for our toy simulation
●

this animation shows how the track state changes when hits are added

●
the result of the global fit is shown in blue
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Scattering parametrization
• went through various levels of optimization
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pre 2006: full geometry (identical to simulation) à many volumes

2007: implemented "simplified geometry" --> O(20) volumes for entire tracker

2022: fully parametrized 
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O(20) "5x5 matrices"
for entire tracker 



Track fit in the LHCb trigger
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HLT1: GPU
single floating point precision, 
parametrized scattering,
parametrized field integration

HLT2: CPU
double floating point precision, 
parametrized scattering,
full Runge-Kutta field integration



Extended Kalman filter? use a reference!
• track fit in HEP experiments usually deploys non-linear model

• use iterations to minimize the chi2 
• sometimes called 'extended Kalman filter'

• what you should NOT do: compute derivatives using the predicted state

• instead, always linearize along reference trajectory
• first iteration: use what ever comes out of track finding
• subsequent iterations: use the `smoothed' track states 

• this makes the result of the extended Kalman filter numerically identical to 
the (iterated) global fit fit8



Summary of formalism
• minimize a total chi2

simultaneously with respect to track and alignment parameters

• leads to set of coupled non-linear differential equations
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solved iteratively by linearisation (Newton–Raphson).
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Master equations for the total derivatives

The ingredients for each track are:

• r — vector of residuals

• V — measurement covariance matrix (diagonal)

• H — derivatives of residuals to track parameters

• C — track parameter covariance matrix

• @r/@↵ — derivatives of residuals to alignment parameters
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Summary of formalism (II)
• can reduce to Newton-Raphson-like formula for alignment parameters only

provided that you use a 'total derivative':
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Summary of formalism (III)
leads to the 'master formulas'

Linearised system (solve for �↵)
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Master equations for the total derivatives

The ingredients for each track are:
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This is essential: it means that residuals from scattering angles, hits in external detectors, and
vertex constraints do not need to be added explicitly—their information is already contained in
the “active” residuals and in the track covariance C.

2 Including Multiple Coulomb Scattering (Slide 7)
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This is essential: it means that residuals from scattering angles, hits in external detectors, and
vertex constraints do not need to be added explicitly—their information is already contained in
the “active” residuals and in the track covariance C.
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where ✓̂j = 0 is the expected scattering angle and ⇥jj is its variance (a function of material type
and track momentum).

2

derivatives of residuals
to alignment parameters

Fruhwirth's notation:
r: residual
V: measurement cov matrix
x: track parameters
H: dr/dx
C: track cov matrix

α: alignment paremeters

"global covariance matrix οf 
residuals" (a.k.a. R)
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Why this is hard for the KF?
• KF track model: independent states along track
• à global covariance matrix C is incomplete: correlations are missing

missing in standard KF
implementation

• in LHCb we can use the KF because we implemented missing math (NIMA 600 (2009) 471 )

• time-consuming, so only executed inside alignment procedure
12
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Vertex (and mass) constraints
• going one step further, add 'multi-track' objects to alignment

• in LHCb extremely useful to link detectors and resolve weak modes in 
spectrometer alignment

• we use primary vertices, but also 'mass-constrained' vertices  from decays

• requires compution of 'vertex-constrained' hit residuals among multiple tracks
• very expensive: dimension of covariance matrix easily exceeds 100s
• in LHCb: split primary vertices in smaller vertices to keep things 

manageable

• for details see NIMA 712 (2013) 48-55 (arxiv:1207.4756) 
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'metrology' constraints (survey)
• LHCb alignment algorithm makes extensive use of survey constraints

• even without tracks, we know something about every alignment 
degree of freedom
• construction requirements
• measurements

• this is essential to constrain misalignments that cannot be resolved 
with just tracks and vertices  ("weak modes")

• to use that efficiently, it is important that alignment degrees of freedom in 
your detector geometry actually represent what you built
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example

• in LHCb we align 'sensors', 
'modules' and 'halves' of 
vertex detector all 
simultaneously

• algorithm exploits that metrology has different levels of accuracy
• position of sensors inside modules known with 20 micron accuracy
• position of modules inside a half known with 100 micron accuracy
• position of halves inside the LHCb frame known with 1mm accuracy 15



Summary of formalism (IV)
• step 1: run full track reconstruction

• step 2: accumulate contribution to           and               from tracks and vertices

• step 3: add contributions from metrology constraints

• step 4: (eventually) extend the linear system with Lagrange constraints

• step 5: invert                   using SVD (Lapack, Eigen, ROOT, gsl, …)

• step 6: compute the update of the alignment parameters --> repeat

Linearised system (solve for �↵)
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Master equations for the total derivatives

The ingredients for each track are:

• r — vector of residuals

• V — measurement covariance matrix (diagonal)

• H — derivatives of residuals to track parameters

• C — track parameter covariance matrix
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This is essential: it means that residuals from scattering angles, hits in external detectors, and
vertex constraints do not need to be added explicitly—their information is already contained in
the “active” residuals and in the track covariance C.

2 Including Multiple Coulomb Scattering (Slide 7)
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Master equations for the total derivatives

The ingredients for each track are:

• r — vector of residuals

• V — measurement covariance matrix (diagonal)

• H — derivatives of residuals to track parameters
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This is essential: it means that residuals from scattering angles, hits in external detectors, and
vertex constraints do not need to be added explicitly—their information is already contained in
the “active” residuals and in the track covariance C.
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How do you test the implementation?
• the "alignment math" is not too difficult, but implementation non-trivial

• how do you test that what you did it right?

• our 'math' test: show that you can identify "perfect weak modes"

graph shows eigenvalues for alignment of two LHCb 
Velo halves without reference system
 12 alignment parameters
 6 global unconstrained dofs
 about 10k tracks + primary vertices
 scaling recipe from ATLAS-INDET-PUB-2007-009

note that small eigenvalues are not numerically zero:
that's mostly because of the Kalman seed! 17
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"configuration"
• we have few actual developers, but we many people working with algorithm

• students with varying background
• experts on very different sub-systems

• we spent a lot of time on making interface reasonably generic and flexible
• configuration fully in python (as for the rest of Gaudi)
• specify which degrees of freedom are aligned for

• extensive use of wildcards
• names of elements are 'paths' in the geometry

• metrology constraints and Lagrange constraints also all set via python
• no sub-detector specific C++ code

18



LHCb Alignment in practise: what do we do when?
• every ~10 minutes: align the velo halves

• only 6 degrees of freedom (!)
• time: a minute

• every ~few days: align all modules of the tracking system
• about 2000 degrees of freedom
• time: typically 20 minutes

• offline (rarely done)
• redo alignment using samples of rare tracks Z->mumu and a lot of data
• time: typically 20 hours
• but … LHCb does not have offline reconstruction:

this alignment is effective only used for 'track refitting' for subset of analyses
19



lessons learned (I)

• track model and detector model are approximations
• scattering outliers, noise hits, imperfect knowledge of magnetic field, …
• non planar sensors, banana shaped modules, …

• à "rigid body approximation" (3 translations, 3 rotations) is not perfect

• as a result, alignment 'solution' is depends on choice of input data
(pT-eta-phi distributions, …)

• in LHCb we see this most clearly when we vary pT threshold for tracks used 
in alignment: detector only perfectly aligned for subset of all tracks 

20



lessons learned (II)
• "automation" is not straightforward

• because different detectors parts need to be realigned on different time-
scales, it takes big effort to develop the alignment strategy

• difficult to develop in simulated data, because we usually don't know what 
to expect

• in LHCb it took time before "sub-detectors" gave in to idea that everything 
should at least once be aligned together 

• few experts, lot's of old code … not many left that can actually read, develop 
and debug the C++

21



Summary
• LHCb is has sophisticated alignment algorithm

• uses nominal reconstruction and track fit to get hit residuals 
• aligns all subdetectors in one go (if needed)
• uses vertex fits and mass constraints
• uses all available survey information (at least in theory)
• integrated in online calibration

• main take-aways for this workshop
• aim for consistency between 'reconstruction' and 'calibration' track model
• make granularity in your detector geometry reflects how detector was built
• develop a system in which all tracking detectors can be aligned together
• use a 'reference' in your Kalman filter 22



DecayTreeFitter
• DecayTreeFitter (DTF) is decay chain fit for multi-level weak decays

• developed for Babar (see arxiv: physics/0503191 (2005) )
• heavily used in LHCb, and a few other experiments

• recently got requests from FCC-ee and from CMS to share implementation

• the problem is: C++ code is old(fashioned) and (lightly) bound to event 
model

• is there any interest in developing something like this in ACTS?

23
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