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Super-brief reminder: Alignment

: : True trajectory
If our assumed detector geometry deviates from reality:

e Measurements systematically displaced Reconstructed !
e Loss of efficiency, biases, degradation trajectory "
Track-based Alignment: @
e Minimize hit-on-track residuals over many tracks to deduce I
real geometry e L
e Parametrise distortions by alignment corrections (moving e.g. L _._ @ !
sensors around) Mi _I = |1
e Applied as part of geometry transforms during reconstruction Isalighmen I
€.g. localToGlobal)
(e.g T@
Important: Tracks we use to align are biased. I

e For a correct solution, have to either iterate or (re-) fit track and
alignment parameters together ”’
e This talk: The latter ("global alignment") _ _
(O true hit locations

Typical alignment datasets: Millions to billions of tracks

DESY.
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Introduction: Millepede-l|

« S

MILLEPEDE: Experiment-independent alignment solver package
e Originally developed by Prof. Volker Blobel (U. Hamburg) around 1997
e Usedin H1 and early CMS studies

Assumed origin of the name: Mille Pede = Thousand feet
--> Large number (for the time) of parameters fit simultaneously

Your chance to make vour colleagues
feel old:

Raise your hand if you were born after

Millepede: any of numerous herbivorous nonpoisonous arthropods having a cylindrical 19 9 7’
body of 20 to 100 or more segments most with two pairs of legs.

V. Blobel — University of Hamburg Alignment for tracking detectors page 38

DESY. 3


https://www.desy.de/~sschmitt/blobel/mptalks.html
https://www.desy.de/~sschmitt/blobel/altalk.pdf
https://de.wikipedia.org/wiki/1997#/media/Datei:Comet-Hale-Bopp-29-03-1997_hires_adj.jpg

e Originally developed by Prof. Volker Blobel (U. Hamburg) around 1997
e Usedin H1 and early CMS studies

steps to the inverse matrix, keeping the symmetry property at every step. For a 1000-by-1000
symmetric matrix in double precision (about 4 Mbyte) a CPU time of a few minutes (on a
i“gfs'ide Pentium 266 MHz CPU) is required. The time (x n”) and space (x n?) requirements imply
at present a practical limit? of the size of the matrix (and number of parameters) between n =
1 000 and » = 10 000. Original MP_manual (Oct. 2000)

2For n = 10 000 the required space for the matrix is about 400 Mbyte and the CPU time for inversion is a few
days.
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https://www.desy.de/~sschmitt/blobel/millepede1.ps

Introduction: Millepede-l|

Sources still exist!

MILLEPEDE: Experiment-independent alignment solver package
e Originally developed by Prof. Volker Blobel (U. Hamburg) around 1997
e Used in H1 and early CMS studies

"Megapede"? (i~
Millepede-Ill: Redesign around 2005 to deal with large alignment problems.

e Splitinto two parts: Write out fit inputs to disk, then run separate solver routine
MILLEPEDE = MILLE + PEDE.

Multiple solving strategies available - process "huge" problems in finite time

Initially had to be recompiled with desired array capacity (now dynamically alloc'ed)
Allowed to scale up to LHC detector complexity

Constant improvements and maintenance by Claus Kleinwort (DESY) until 2025
-> MG took over following Claus' retirement

DESY.


https://www.desy.de/~sschmitt/blobel/mptalks.html
https://www.desy.de/~sschmitt/blobel/millepede1.f

The "Millepede principle”
Millepede solves large linear(ised) least square problems

=> such as alignment fits!

Target problems where parameters can be separated into two classes:

e Local parameters: Only affect subset of the data
o For alignment: track parameters - easily tens of billions!

e Global parameters: Parameters of interest, affect all the data
o For alignment: alignment corrections - Hundreds to hundred thousands

Goal: Solve for the global parameters we are interested in, fully accounting for
correlations with the local parameters

DESY.



The "Millepede principle”

Problem takes shape of block matrix equation of huge dimension

Second derivative matrix

X

> Nlocalm1 010

Solution vector

Residuals
Z 1 ory,
Py Om Gai
Residuals
IB Z 1 87’m
i = 5 'm
- O 04

First derivative vector

Residuals

Aij= Y

Residuals

Gi= ).

1 Or,, Orm,
Urzn 80@ 8aj

Residuals

1 or,, Or,

o2, Oa; 0q;

Tij= ),

1 Ory Orm

o2, 0q¢; 0g,
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The "Millepede principle”

Problem takes shape of block matrix equation of huge dimension

what we are interested in

> Nlocalm1 010

Second derivative matrix Solution vector First derivative vector

0O(10%%) elements: Matrix would not fit in memory on any computer

e Not even speaking of direct solution ~400 Exabytes of RAM needed.

~800 billion USD at current prices.

NVIDIA might manage...
DESY.



The "Millepede principle”

Local block: Typically block-diagonal (independent tracks)

If we ignore presence of alignment parameters for a moment:
Would be conveniently solvable on its own (individual track fits)

DESY.



The "Millepede principle”

|ldea not new. Early mention e.g.
Handbuch der Vermessungskunde (1895)

Millepede: Use repeated Schur Complements to reduce dimensionality

~

2

tracks

"

Reduced system: Na”X Nali

O -

N\

easy to invert

* ~
XX
.

~

Sub-matrices from measurements of one track ¢

Yields exact solution for global (=alignment) parameter updates

e At the price of not directly solving track parameter updates - but not required

DESY.
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https://digital.ub.uni-paderborn.de/download/pdf/7888372.pdf

|ldea not new. Early mention e.g.

The "M”Iepede pr|nC|p|e" Handbuch der Vermessungskunde (1895)

Millepede: Use repeated Schur Complements to reduce dimensionality

2

tracks

~

"

Reduced system: Na”X Nali

easy to invert

* ~
XX
.

~
Sub-matrices from measurements of one track t

O -

N\

Note: Mathematically equivalent to approach used by ATLAS / LHCb

da?
tracks
DESY.
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https://arxiv.org/pdf/2007.07624
https://iopscience.iop.org/article/10.1088/1742-6596/219/3/032028/pdf
https://digital.ub.uni-paderborn.de/download/pdf/7888372.pdf

|ldea not new. Early mention e.g.

The "M”Iepede p”ﬂC'pIe" Handbuch der Vermessungskunde (1895)

] wersicse MeNsionalit
ATLAS Introduction(1) e y
Each frack can be represented as q; = F(V,5;) , then x? = ¥; AqT W;Aq; here A =gmesured _ F(V, p.) "

Taylor expansion as usual: F(V°+8V, p!+8p;) = F(V°, p) + D;3V + E;p
Substituting this to the x? and minimizing it (see details in the Billoir's paper[1] or Friihwirth's book[2]) Ve rtex flttl ng . ExaCt|y
one can get a matrix equation: the same mathematiCS !

A B, B, o B, (¥ T
Bl C, 0 01|%:| |Y| A=YDIWD,B,=DIWE,C,=EWE,
BT 0 C, 0 0| |8p:] _|V: ! .
S of||7| | T=Eerwsa v=erwsa. Just different scale
BT 0 0 0 - ¢)l\sn v,
Sty -1

salution: = (- £8.67'8F) (T-£870) | 1 easrements of one track ¢

8p: . Cov(V,V), cov(V,B;), Cov(p; p;) can be obtained by substituting §V to the matrix equation. ATLAS / LHCDb

If the found displacements &V, 8p; happened to be big - all tracks should be extrapolated to the new point

8V and the 2 minimization step repeated.

| V. Kostyukhin i ACTS 2026 Amsterdam
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https://arxiv.org/pdf/2007.07624
https://iopscience.iop.org/article/10.1088/1742-6596/219/3/032028/pdf
https://digital.ub.uni-paderborn.de/download/pdf/7888372.pdf

Putting it into action

What MillePede-ll does:

Experiment SW uses Mille to write fit inputs to disk, from a (large) set of tracks / track pairs
Pede reads fit inputs from disk

Directly assembles the reduced matrix from inputs (approx. N_. x N_ )

Reparametrise to account for constraints / elimination

Solve the resulting system by a range of available methods

Deliver the solution and quality metrics

All of this highly optimised + Alot more "magic” | won't

e Easy application of equality constraints to inject hierarchy information cover today
e Problem analysis, suppression of unconstrained degrees of freedom
e Parallelised and hardware optimised (OpenBLAS, Intel MKL / PARDISO)

Performance Example: Full-granularity CMS tracker alignment (260k alignment parameters):
11h run time on a 24-core CPU, using ~500GB of RAM

DESY. 13



Millepede in 2026 - the packages

DESY.

Latest versions: Three components

Millepede-II: The alignment solver itself m

bindings

s A N
Mille: Library to write and read the alignment inputs @ GP

GeneralBrokenLines: Track refitter optimised for alignment problems (optional)

chlF]

Maintained / supported by DESY, open to contributions, GNU LGPL v2

14


https://gitlab.desy.de/millepede/millepede-ii
https://gitlab.desy.de/millepede/mille
https://gitlab.desy.de/millepede/general-broken-lines

Millepede in 2026 - selection of users

Logos are clickeable links

N

CMS PH: <ENIX

7NN
[:oi CrystFEL /3@/ 72\ %

HADES ALICE


https://doi.org/10.1140/epjc/s10052-023-11395-0
https://dspace.cuni.cz/handle/20.500.11956/178726
https://iopscience.iop.org/article/10.1088/1742-6596/1390/1/012122
http://dx.doi.org/10.1016/j.nima.2014.04.017
https://journals.iucr.org/j/issues/2026/02/00/jo5129/index.html
https://www.psi.ch/sites/default/files/2019-05/DissertationHartenstein.pdf
https://www.sciencedirect.com/science/article/pii/S0168900224006065?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168900215002934?via%3Dihub
http://iopscience.iop.org/1748-0221/5/03/P03003
http://doi.org/10.1016/j.nima.2022.166795

Millepede in 2026 - selection of users

Logos are clickeable links

N
PH-<ENIX

CMS

e

Z D\
[:oi CrystFEL /3@/ ZA\ %

HADES ALICE

Fun example from outside HEP: Serial X-Ray Crystallography
e Millepede directly applicable to align detector!
e Track parameters <-> crystal parameters (many!) --> Recent paper

DESY. 16


https://doi.org/10.1140/epjc/s10052-023-11395-0
https://dspace.cuni.cz/handle/20.500.11956/178726
https://iopscience.iop.org/article/10.1088/1742-6596/1390/1/012122
http://dx.doi.org/10.1016/j.nima.2014.04.017
https://journals.iucr.org/j/issues/2026/02/00/jo5129/index.html
https://www.psi.ch/sites/default/files/2019-05/DissertationHartenstein.pdf
https://www.sciencedirect.com/science/article/pii/S0168900224006065?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0168900215002934?via%3Dihub
https://journals.iucr.org/j/issues/2026/02/00/jo5129/index.html
http://iopscience.iop.org/1748-0221/5/03/P03003
http://doi.org/10.1016/j.nima.2022.166795

Millepede in 2026

Experiment-independent, open tracking software

Experiment-independent, open alignment toolkit

A match made in heaven!

\ 4




Let's do this! By invoking The Power Of Al

Source: ChatGPT-5.3, asked to combine the
ACTS and MP-Il logos, and summarise the
result as a Haiku

Blue tracks bend in sync,
Hits align through silent fits —

Two paths, one true frame.

Target group testing feedback:

"This actually makes me nauseous"
"| kate have an interesting relationship with it"
"Get this MP3 clown out of here"

Umm... ok... let's try again, this time using BNNs'
1: Biological Neural Networks
DESY. 18



Alignment workflow with Millepede-I|

Experiment software

Optional:
Refit with GBL

Write fit inputs

Tracks ‘\ with Mille

reconstructed by\\\
experiment

\
4

External software

Mille stores input
in binary format

.root

Detector geometry:
Alignment degrees of U ' '

freedom
and hierarchical
relations

Write steering file to tune
the fit, set starting values, ...

> | dat

4 )

Write alignment
inputs from
experimental
SW

Step 1:

Pede reads plain
text steering file

*
Ixt

J

Database: Store
alignment parameters
DESY.

\_
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Alignment workflow with Millepede-I|

Experiment software External software

4 )

) | i binary format Pede program
Tracks S Step 2: alignment fit
reconstructed by N
experiment . Run the alignment fit
Detector geometry: '\

freedom . )
text steering file

and hierarchical 9 Result§

relations output in

text file

Axt e

Alignment degrees of ' \\ / Pede reads plain
— 1 IIJ
A
|
|
|
|

Database: Store D B txt
alignment parameters

DESY.




Alignment workflow with Millepede-I|

Tracks \

reconstructed by\\\
experiment

Experiment software

Optional
Refit with GBL

Write fit inputs
with Mille

External software

Mille stores input

Pede program
in binary format Pog

Step 3:

Detector geometry:
Alignment degrees of
freedom

I

Read back, evaluate,

and hierarchical
relations

Database: Store
alignment parameters
DESY.

DB
Write

the fit\_

runs the
Q alignment fit
and deploy to Results
output in
/ text file
L/J Axt

DB ~—gzm -

21



What we need to do in ACTS

Step 1: Writing of alignment information

e Enable ACTS to talk to Mille library

e Write the needed information from ACTS Trajectories into Mille binaries:

o Residuals

o Alignment parameters affecting each measurement
o Derivatives of residuals by local track parameters

o Derivatives of residuals by alignment parameters

e \Write steering information for the fit:
o Hierarchy between alignables (results in constraints)
o Choice of active / deactivated alignment parameters

e Optionally: Enable GBL refit of tracks

DESY.
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What we need to do in ACTS

Step 1: Writing of alignment information

by means of a Plugin and an optional
e Enable ACTS to talk to Mille library ~—— thirdparty installer

e \Write the needed information from ACTS Trajectories into Mille binaries:
Residuals

Alignment parameters affecting each measurement

Derivatives of residuals by local track parameters

Derivatives of residuals by alignment parameters

o O O O

e \Write steering information for the fit:
o Hierarchy between alignables (results in constraints)
o Choice of active / deactivated alignment parameters

e Optionally: Enable GBL refit of tracks

DESY.
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What we need to do in ACTS

Step 1: Writing of alignment information

e Enable ACTS to talk to Mille library

e Write the needed information from ACTS Trajectories into Mille binaries:
Residuals

Alignment parameters affecting each measurement
Derivatives of residuals by local track parameters
Derivatives of residuals by alignment parameters

Implications:
e Track model linearisable as local
least-square fit
Alignment D.o.F. defined

e Write steering information for the fit: e Derivatives calculated

o Hierarchy between alignables (results in constraints)
o Choice of active / deactivated alignment parameters

O
O
O
O

e Optionally: Enable GBL refit of tracks

DESY. 24



What we need to do in ACTS

Step 1: Writing of alignment information

DESY.

Enable ACTS to talk to Mille library

Write the needed information from ACTS Trajectories into Mille binaries:
Residuals

Alignment parameters affecting each measurement

Derivatives of residuals by local track parameters

Derivatives of residuals by alignment parameters Closely related to previous:

o O O O

Requires geometry knowledge
e Overall list of alignables
e Hierarchies / constraints
e Granularity levels

Optionally: Enable GBL refit of tracks Should be easily configurable

Write steering information for the fit:
o Hierarchy between alignables (results in constraints)
o Choice of active / deactivated alignment parameters

25



What we need to do in ACTS

Step 1: Writing of alignment information

e Enable ACTS to talk to Mille library

e \Write the needed information from ACTS Trajectories into Mille binaries:
Residuals Two possibilities
Alignment parameters affecting each measurement _ _
Derivatives of residuals by local track parameters 1. GBL library (thirdparty)
A . . o fairly easy to do
Derivatives of residuals by alignment parameters o Convert ACTS trajectories to GBL

o O O O

. . . . . trajectories
e \Write steering information for the fit:
2. GBL inside ACTS

o Hierarchy between alignables (results in constraints) duplicate implementation
) .
o Choice of active / deactivated alignment parameters o Tigphter integ?ation into ACTS
e Optionally: Enable GBL refit of tracks

Personally, favor option 1.

Option 2 for a future GPU rewrite?

DESY. 26



What we need to do in ACTS

Step 2: Running the solver

e In principle: Can happen fully outside ACTS!

e Nicer: Make it easy for users
o thirdparty installation of millepede-ii to supply program

o Call to pede from ACTS workflows (e.g. in finalize() stage of an algorithm)
o Some helpers for monitoring of job execution

e Usually not run together with Step 1 - tend to require specialised (high-memory) nodes
> Can be developed independently from Step 1 components

DESY.
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What we need to do in ACTS

Step 3: Extracting results

DESY.

Experiment-independent sub-tasks: Pede exit code validation, built-in residual validation

o

Would make sense to facilitate within ACTS - every user should run these

Otherwise strongly linked to experiment software:

O

o O O O

Reverse-translate parameter hierarchies (possible to help in ACTS?)
Evaluate whether corrections seem "sane" - decide whether to deploy

Talk to experiment database to record the new corrections

Run experiment-specific validation (e.g. new track fits in full experiment stack)
Often embedded in central processing flows (prompt calibration)

From the ACTS side: Can facilitate these steps and provide examples - but final
implementation up to the experiments

28



Wait! Are you trying to sneak a bug into ACTS?
v

4

- ' 3 v millepedes bugs
ear not!

Millepedes are not bugs, and can be safely added ’ ;a: \ W )

to tracking software.

Impostors

Myriapoda

Not to be confused with centipedes, which are,
honestly, nasty critters and should not be let
anywhere near your precious tracking detector.

DESY. Blame Paul for this slide :) 29


https://en.wikipedia.org/wiki/Centipede

A first implementation

Prepared a minimal demonstrator using the Examples framework

e #5172 Mille available as thirdparty installer and Plugin
e #5256: Add real functionality to plugin and use in Examples demonstrator
e #5372 Millepede-Il available as thirdparty installer and used in demo

Addresses first parts of Step 1:

. - . . . . NB: Solves missing
e Use existing alignment component by Xiaocong as starting point piece in existing ACTS

o Provides all the needed derivatives - in Kalman track model infrastructure - had no
o New ActsToMille namespace provides function to write way of collecting inputs
ActsAlignment: :TrackAlignmentState to Mille binary over many events

e Extend Examples Framework with a demo algorithm
o Start from misaligned telescope detector

o Fit tracks with CKF, write alignment binaries
o Solve either in MillePede-ll or read back into ACTS and use built-in solver

DESY. 30


https://github.com/acts-project/acts/pull/5172
https://github.com/acts-project/acts/pull/5256
https://github.com/acts-project/acts/pull/5372

How we write TrackAlignmentStates to MillePede

How do our data need to look for Mille? Mille Binary

e Mille is designed to write out track fit input Mille Record (= Track) L

o ata per-measurement level
o grouped by tracks ("records")

Mille measurement

e Residual r

e Measurements originate from... e Measurement uncertainty o,,
0 Hits on track ° Local derivatives anm
m non-zero residual or

e Global derivatives 8—;

m (possibly) non-zero global derivatives
o Constraint / correlation terms in (12 [
m  zero residual
m  zero global derivatives L
m also called "pseudo-measurements” in the following |

e These get combined by Pede to form the alignment matrix

> Need to express our Kalman global covariance as an equivalent set of measurements

DESY. 31



How we write TrackAlignmentStates to MillePede

How to translate the global covariance to a set of measurements

Meas. on track
07|07 m

we know this

| H

we want these

DESY.



How we write TrackAlignmentStates to MillePede

How to translate the global covariance to a set of measurements

Global covariance: Express as mix of hit-on-track and correlation terms.

The first part comes "for free"!

ACTS - MillePede-II i
: Hits 1 - trk. par F -
Clcgll;l)r%fn : ‘ F Pcorrelations A = ?Hsz + Z ?dzd;r>

Local derivatives easily obtained - column vectors of ACTS projection matrices H

Hit-on-track terms:

Also have the global derivatives for these measurements - calculated for us in the TrackAlignmentState
Residuals directly stored in TAS, uncertainties on the diagonal of the measurement covariance matrix

=> Hits on track are easy to construct

DESY. 33



How we write TrackAlignmentStates to MillePede

How to translate the global covariance to a set of measurements

Global covariance: Express as mix of hit-on-track and correlation terms.
With the former known, can aim for the second

ACTS f MillePede-ll

Hits 1 trk. par 1
Globdl o
Kdlmdn : M_Hrcorrelations E _2H E O' d d
7

e

The missing piece: Terms in the X? describing the correlations coming from the track model

-1

e Collected implicitly during Kalman, no explicit form available (or needed!) in ACTS

We need to construct d, o, so that the total weight matrix reproduces the inverse global covariance

DESY.
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How we write TrackAlignmentStates to MillePede

Deriving appropriate pseudomeasurements

1. Calculate the correlation contribution to the total weight matrix

CI%;‘I’E‘ZIH = || LA | - ~1 Not safe to invert C directly and subtract.
Hits
- ; Global (Global
Instead, solve this form using Cholesky — Cg.me IUcorrelations| = O alenn (Z 3 )

"easy" hit-on-track part

DESY. 35



How we write TrackAlignmentStates to MillePede

Deriving appropriate pseudomeasurements

1. Calculate the correlation contribution to the total weight matrix

Hits 1 o
Global Global - -
CKa(l)rrsl [correlations|= 1 — CKa(fmc;n E —2H +H;

g;

7

2. Eigendecomposition of correlation weight matrix

Z o VDV for symmetric matrix,
1

I8 o
Icorrelations = ViU, split infto sum over EV

DESY.
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How we write TrackAlignmentStates to MillePede

Deriving appropriate pseudomeasurements

1. Calculate the correlation contribution to the total weight matrix

Hits 1 o
Global Global =
CKd.ln’ld, [correlations|= 1 — CKalman E ?Hsz
i z

2. Eigendecomposition of correlation weight matrix

trk.
ol - Each Eigenvector defines a
g — AU 0]
correlations pseudo-measurement.
Residual =0,
3. Identification of coefficients Uncertainty = 1/ sart(EV)
trk. par trk. par

— —oT
Iwcorrelations — g /\

DESY. 37
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How we write TrackAlignmentStates to MillePede

Pros and Cons of this strategy

Pros:
e Works for any track model yielding global cov. - powerful as a "general-purpose adapter"”
e Blends into existing TrackAlignmentState interface - minimal custom logic

Cons:
e Numerically difficult for overparametrised tracks (C poorly conditioned) - but regularisation in place

e Slow - reverting a fit we already solved

For later production use, likely consider more performant approaches (e.g. GBL)
e But for now, this works, and allows initial studies with any track model

NB: In the (farther) future, Mille may eventually "learn” how to store pre-calculated track covariances... :)

DESY. 38



What can we do already?

Already able to run first circle tests within ACTSExamples:

Produce biased tracks through injected misalignment

Write alignment fit inputs from them (see prev. slides)

Align - with MP-II or ACTS-internal solver

Compare resulting corrections to originally injected misalignment

N =

Layers 2 - 9: To be aligned (6 DoF each)

z B=2Te, A
y A - N\
X :
/
Single mu
(90k Note: Config in main
events) / bumps a different layer -

but functionally
Layer 1 fixed as reference Layer 3 bumped by 200 mu along 2 equivalent

DESY. 39



Toy alignment circle test - results

] o . -
— ]
0.00 1 | ]
#  ACTS solver 0.0015 4
4 . ACTS sol
0:0006 b MillePede-Ii t g —0.05 -
—$— injected i
jected
0.0004 0.0010 A -
o
i+t
0.0002 0.0005 1 I |
s c g -0.10
S 5 S
2 0.0000 A 8 sutto.
£ g o
o
~0.0002 |
—0.0005 { —0.15 1
~0.0004 | t t t ¥ ACTS solver
~0.0010 :
. t MillePede-ll
~0.0006 | e
X y —0.20 A e} Z —$— injected
; - ; . ; —0.0015 - . . :
0 10 20 30 40 T T T
0 10 20 30 40
Parameter label 10 20 30 40

Parameter label
Parameter label

ACTS ("ATLAS-Style") and MillePede-ll fits extremely consistent
e Expected: Same mathematics (derived in different ways)

Injected misalignment is found and mostly corrected
=> Non-closure seems linked to incorrect track parameter uncertainties from Kalman ﬂ ~

e <chi2/ndf> ~ 0.72, overestimating errors A

B 4

Hooray! We aligned our first detector with MillePede-ll in ACTS!
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The list of caveats

This is a demonstrator still relying on "duct tape" to hold together...

Currently, alignment degrees of freedom manually assigned, no hierarchy
Alignment DoF indexed "by hand"

Manual fixing of one layer to constrain global movement

Steering files written by hand

Step 2 steering file "hardcoded" in example script

Step 3 not really happening yet (direct python plotting of results from text file...

Also can make example algorithm itself nicer
e Currently, need to "hackily" override GeometryContext in alignment writing step
e Write some tooling to easily misalign entire superstructures

DESY. 41
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What comes next?

But: Have a fundamentally working demonstration that we can use MillePede-ll with ACTS

e Main missing piece: Connection to geometry - automatic constraints and parameter

labeling | | See Andi's talk!
o In principle: To large degree in hands of experiments

o In practice: Should have a working example in ACTS for people to experiment with
o How can we abstract the hierarchy logic in the most lightweight way possible?
m Also closely related to how alignment corrections are handled in track fit

e General Broken Lines refitter is natural companion to MillePede-II

o Plan to make available soon - opens ACTS -> GBL -> Mille route for alignment
o Should again be accompanied with a demo for users to test things with

e Most missing pieces are not specific to MillePede-lI
o Can work hand in hand with other alignment efforts (e.g. ATLAS solver) to make them happen :)

DESY.



What comes next?

e Main missing piece: Connection to geometry - automatic constraints and parameter
labeling

O

Non-urgent additional observation:

e Current ACTS alignment infrastructure hardcodes 6 alignment D.o.F per surface
e Should keep in mind that there may be more, depending on experiment
o Example: CMS - added surface distortion coefficients
o Gg o Example: Time offset ("4D tracking"), Drift time corrections, ...
e At some point, should make the dimensionality configurable (template par?)

O

O

(@)

O

e Most missing pieces are not specific to MillePede-Il
o Can work hand in hand with other alignment efforts (e.g. ATLAS solver) to make them happen :)
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Summary and Outlook

MillePede-Il: Highly optimised, experiment-independent alignment toolkit

e In production use in many experiments (some of which are also looking into ACTS...)
e Accompanied by powerful GeneralBrokenLines track refitter
e Share "open source toolkit" spirit and target audience with ACTS

Within ACTS, can use MPII to offer a compelling alignment option "out of the box"

e [f an experiments implements tracking and applying alignment corrections with ACTS, they already have
~all the pieces for an ACTS -> GBL -> MillePede pipeline !
e MillePede components can individually be useful as well:
o  Mille for storing (general purpose) alignment fit inputs (see example with ACTS solver)
o GBL as a fast, precise track refit accounting for multiple scattering and ELoss

Demonstrated feasibility - now evolve from "demo" to a useable product!
e Can naturally go hand in hand with other alignment efforts - many shared requirements

est. Looking forward to making this happen!
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Thank you for your attention!

Any questions?



The (even) more unhinged logo variant

Same ChatGPT, instructed to "go all out"
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