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On the example of ATLAS..




On the example of ATLAS..




Placed in the very
heart of the ATLAS
spectrometer...
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ATLAS Pixel detector
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ATLAS
§'¢ Semiconductor
S| Tracker (SCT)

P AT R A I KIS

“» 4 concentric cylinders
< 2x9 discs in the forward
region
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Straws:

- 350,000 proportional
drift tubes, 4mm-in
diameter, arranged in
“» 96 barrel sectors
 2x20 end-cap wheels




Inner Detector at a closer look

High resolution
Silicon & gas detectors
TRT (gas proportional):

ATLAS  -350,048 straws (701,696 par’s)
-Size: 4 mm x 71/39 cm

TRT < | - Resolution: 130 um
| i

r R =1082mm

SCT (Si ministrips):
}:;5::: _5;.3 - 4088 modules (24,528 par’s)
e | ' - Strip dimensions: 80 pm x 12 cm
S wr - Resolution: 17 um x 580 um

A

SCT
R=371mm

L R =299mm

Pixels+IBL (Si pads):

R =122.5mm - _

pixels{ R=ss5mm 7 S ~=mmmEl - 1744+224 modules (11,808 par’s)
RSEISM [P e - Pixel size: 50 um x 400(250) pm

- Resolution : 10 um x 115(72) um




Reconstruction of charged particle trajectories

positional
ionisation
detectors

N\
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Track r""‘e\xcons’rr'ucfion - kinematical parameters

pr[MeV]=

=0.3gB[T]R[mm]
- transverse momentum ™,
(In practice we use: Q/p) ™|
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dO — transverse impact parameter
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Track reconstruction - kinematical parameters

R

positional /

ionisation _—

detectors

. 0 —polar angle

Huizhou, 23 July 2025

VA

z0 — longitudinal impact parameter
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How does it work?

<+*Cannot see trajectories, only scattered ..footprints”.
“*Have to .reconstruct” them on this basis.




How does it work?

<+*Cannot see trajectories, only scattered ..footprints”.
“*Have to .reconstruct” them on this basis.

“*Each .footprint” is ,photographed” separately.
“+To reconstruct trajectories one has to know how to
arrange the pictures:

“+Only one hypothesis is correct!
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When did the issue of geometry reconstruction
(alignment) became relevant?

1. Detector consists of more than one position-sensitive
element,

2. Intrinsic resolution of sensors is better than the
placing accuracy or their positions survey.

Adl: The ATLAS Inner Detector consists of ~360,000
sensing devices.
Each has 6 Degrees of Freedom (DoF).

Ad2: In ATLAS ID the survey precision is from one to two
orders of magnitude worse than the intrinsic resolution.
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Why do we care?

CATLAS |

4 EXPERIMENT ‘-,‘

2009-12-06, 10:24 CET
Run 141749, Event 460665

Event with
Kg— mtm—
Candidate

http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html

Example of on of the first
measurements in ATLAS:

<+ invariant mass,
<+ K0 decay vertex,
< primary event vertex.

Minimum Bias Stream, Data 2009 §/s=900 GeV)

> —IIII|IIII|IIII|lIIII]III|IIII|IIII|IIII_
© 6000 ATLAS Preliminary Both tracks: p_ > 100 MeV, Si hits > 6
E Kg Invariant Mass cos(0) > 0.8, flight distance > 0.2 mm
N'5000 o Daf

0 ata

2 - 1 Simulation

S — Gauss (+poly) fit

p= 497.5+0.1 (stat) MeV
c= 8.2+ 0.1 (stat) MeV

PDG (2009) me = 497.614 £ 0.024 MeV

lIIIIIIIIlIIIIIIIIIlIIIII

II|IIII|II]I|IIII|IIII|IIII|

lIII|III|IIII|IIIIIIl|I

IIIlIIIlIlIIIIlI
A?OO 450 500 550 600 650 700 750 800
my,  [MeV]
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Inferring the actual geometry

-Alignment
1 Kinematical parameters are reconstructed from
the recorded spacepoints:

Ko

A ) @ oL X B oK
ydh ) e ™
? ./ * /././o/'/
®

v

Assumed geometry ® True geometry ©
resolution (fit quality), resolution,
parameter estimator parameters

d Alignment should bring us from A to Bl
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How can we do that?



Basically two approaches on the market

1. Local: optimise sensor positions to previously
reconstructed tracks (inherently iterative)

4 .:f
Track fit // \\ J
6 DoF A S 9’:
A . ]
}%; /\ residuals F)
&
: H j \ > =%’
: : N .I' updated position
/ N/
g £
| ‘ 2l é
— L > 77 7
p—1 — :- o
ri - mi ei (ﬂ,a) reco-track &/ real track refitted track £ real track
Ny '3

2. Global: simultaneous optimisation (fit) of all track

parameters AND geometry DoF's (~instantaneous +
constraints naturally integrated)

Huizhou, 23 July 2025 p21 P. Brickman de Renstrom



Global 2 approach

2 _ 2 dy?
XGlobal = ZXTracki do 0, p=p(r(a),a)
]
d 0 dﬂ' 0 0 0 9
— =+ —a-=—— AV HC— 3 =
do 8 T da or O« o s =
_ __ 0 d’ 2 -1 Tvr—1 77\ 1 ¥
Cov(7r) % S
R =V — HCH?'" | full covariance of the residuals of the track fit % §
d)(2 '
Y = g’l"bal =2 ) ATVI(V - HCHT)V p, =2 > ATVp
@ tracks _0 tracks
d2 ) “locality ansatz”
_ T XGlobal To—1 a1 big simplification!!!
M= —% =2 ATV(V- HCH)VA

tracks

p22 R



vector of size N

/

Global 2 approach

2
d*x¢ Global

da2

NxN

@

-1

symmetrlc matr|x

p23

2
dX Globar
da
() §
Y| ©
S
. /J ¢

T

=-MY
@
N = numer of DoF’s
(align pars.)



Fetch the current ID geometry

§  ACCUMULATION 4

Full tracking event Accumulate alignment

reconstruction: for the event:
- full covariance of the

using current ID geometry measurements

pattern recognition calculate derivatives w.r.t
track fit or

_ . alignment parameters —
may include constraints on da

track parameters (pseudo- ?Cfcu;nu!citeta“gltment fit
measurements) INTO TOr the tracks

2 2.,2

or dyx< d<y

Y — Increment: )
Get: 1, 5 \Y da ' da?

V)
Z
S,
—
<
o
Ll
=

SOLVING

« Solve for allgnment

Create updated ID geometr
P & y corrections: da
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.Weak modes” - underbelly of alignment

mmmmm - Eigen-spectrum

//

\\\\\\\\\\\\\\\
8] _

:\\\\\\\\\\\\\\\\\\\\\\\
0 1000 4elele; 3000 4000 5000 6000

» Weak modes correspond to the lowest eigenvalues
in the spectrum (including degenerate 6 DoF's!).

» They contribute the most to the uncertainty of
the solution.

> Have next to no impact on the fit quality - the 2.

» Most importantly, they are source of biases on the
reconstructed track parameters (systematicsl!).
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Singular (and weak) modes need to be removed from the
solution.
What can we do for very large systems? - soft-mode-cut

MX =Y, UMU'UX=UY=DX, =Y,

1
X=ZE17YD M—>M+kl, Do>D+xl, 1L >1+xk
Fﬂ.l ] o+ Eigen-spectrum
Ay 102
Az 102

i [ ‘ I B | ‘ | I ‘ | I ‘ I ‘ I | ‘
O 1000 2000 3000 4000 5000 6000




Singular (and weak) modes need to be removed from the

solution.
What can we do for very large systems - soft-mode-cut

pr—

/11+K

/12+K
/13+K

MX =Y, UMU'UX=UY=DX, =Y,

(..and use fast solvers)

M->M+xkl, D>D+xl, 4 >4 +x

10°

104

10°

102k

Eigen-spectrum

= | [ ‘ I B | ‘ | I ‘ | I ‘ I ‘ I | ‘
O 1000 2000 3000 4000 5000 6000




The Local solution: solve for small blocks on the diagonal (e.g. 6x6 for
individual modules). d o

The Local accumulation: accumulate assuming Jor :>8_a

The solution is numerically simple
quick and stable.

The nice properties of the Global
approach is lost, however.

The method needs to resort to
multiple iterations.

Jacobian

(mode itself)
The alignment . Levels” T~ g v
J M, =4-Q7 & dr _ dr da
)/i — cZ’; Q—lr dA] dak dAl
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SCT EndCap A

SCT EndCap C SCT Barrel

Level 1 (11): 4 (5) alignable structures Level 2: 32 alignable structures Level 3: 6112 modules
SCT ECC, Barrel, ECA, Pixel, (IBL) 2x9 SCT discs, 4 SCT Barrel layers, 4088 SCT modules
2x3 Pixel discs, 3 Pixel layers, 1744 Pixel modules

IBL layer 280 IBL modules




Strategy adopted by ATLAS:

Sequential procedure of alignment at
different levels of granularity - starting from
big structures down to individual modules.

Heavily rely on the Beam Spot constraint.

Global 2 employed to systems not larger than
Pixel + SCT ~35,000 DoF's (diagonalisation
, or .fast solvers” L3)

TRT straw-level alignment (currently 2
DoF's/straw => ~700,000 parameters) utilises
the Local method.
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Low-level corrections from 2010 Vs=7 TeV data

Correcting for
out-of-the-plane
Pixel sensor &

Y
(8]

—_
o

Average local x res [um]

deformations
as of the survey =%
] 10
' 3 1 2 3 4 5 6 5
ring
(IBL measurement) !

1 —_ 1000 —
E E 3 :
E = E.950 2
: g

TRT straw
(L3) alignment

-0.1

5 10 15 20 25 30 35 40 O-1°
End-cap 4-plane wheel

5 10 15 20 25 30 35 40 O-1°
End-cap 4-plane wheel
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Hits on tracks / 2 um

Alignment of 2010 data (Vs=7 TeV)

e ——— —

60 __° Sl OQAL'I'S]"me"' ATLAS Preliminary
[ O Pythia Dijet Monte Carlo Pixel barrel 1

50 FWHM/2.35=8 um e Vs=7TeV 3
- o* Track p,>15 GeV

40 ¢ 1
u s e

30[- s e -
o s o

20— e o —
I ® .

10F s 3 =

-0.15 -0.1 -0.05 0 0.05 0.1 0.1

Local x residual [mm]

5

Hits on tracks / 4 um

100—

80_—

60

40

20

><10"IHH =
- ?w:r&r;zzggozghgnmem ATLAS Prellmlnary i
I O Pythia Dijet Mont:"Carl & SCT barrel 4
FWHM/2.35=24 pm 3% Vs=7Tev -
8 Tracka> 15GeV
¢
" & ]
¢
" 2 = ]
. .
. e
_ : 7
8
. 4—2 [Tl ¢ ey )
-0.2 -0.1 0 0.1 0.2

Local x residual [mm]

Hits on tracks / 12 um

120

100

20

80
60f

40

x1 03 T — T T
re Autumn 2010Allgnment ATLAS Preliminary 1
I FWHM/2.35=118um TRTb | ]
O Pythia Dijet Monte Carlo arre -
L FWHM/2.35=122 um ¢ % \s=7TeV 1
r ¢ & Trackp >15GeV
. 8
L]

% ]
iy . B ]
e .

']
= ]

:_ ;
E Jx -
-0.5 0

-1

.
Residual [mm]

As a result of the Global 2 procedure we got
a seemingly perfect detector...

..well not necesarily. Do we really know where

our sensors are?

Additional constraints on track parameters

are needed!

p32



Most relevant distortions

A Charge-antisymmetric momentum bias (sagitta):

q/pr — Q/pT + 5sagitta or PT — pT(l + qu 6sagi[[a)_l.
p— p(l +gpr (‘)‘sagina)_l .

A Charge-symmetric momentum bias (radial):

r — (1 + €agia(d, n))r.

pr — P11l + 2€n4diq)  for small €y4iq.

Pz — Pz(1 + €radial)-

dBias on the Impact Parameter (dO or zO)
I — t+ ddp,
Ad[rad] = @
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Kg mass - World Average [MeV]

Use physics signals to understand and
constrain the tracker geometry?

a
| — 71
B
R=R,+sinp*a*z, z=R,*cotf
F 1.05<n<25 . R=Ry(1+sinp*a*cot 0)
-1~ ©2010 Data -
_155| ...20.1.1 pata Which mimicks exactly the .radial” &
T3 -2 -1 0 1 2 3 deformation proportional to cot(6).

¢ [rad]

Rotate the B-field by +0.55 mrad around X

This way we measured and corrected the relative

alignment of the tracker and the B-field to better
than 0.1 mrad!
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M, [GeV]

¢ [rad]

98

96

94

92

90

88

86

Decay of the Z boson to two muons

L D L 55 S A B B e B B e I B e B B N O B e B B B ) D B B B
. Spring 2011 alignment ATLAS Preliminary E 3000 - e Spring 2011 alignment : ATLAS Pre|iminary_:
- o Summer 2011 alignment Data 2011, \s = 7 TeV— et E o Summer 2011 alignment Data 2011, \§ = 7 TeV E
i 1Z-oppMC > C1Z > ppMC ]
. . JLdt—O?Ofb ] g 2500 _ a4
L — %g‘ - D track Ldt=0.70fb = o
- = = - racks ]
- - . S 2000 =
__ — ] 3 - 1.05< n,. < 25 -
[ g ; " N 1500 — 105<n <25 —
:_ - 1000 :— -
- i : :
n - 500 —
= 1.05<n<25 _ - .
PR S (N U S SS U (NS ST SN NSNS S S NS SN A s &5 e e T B oA S RS Trtat s St ":I:':::i S e e *
-3 -2 -1 0 1 2 3 0 70 80 90 100 110 120
Negative muon ¢ M, [GeV]
2 2 + o+ - -
muyy—mz= mz (pT sagltta(n , @ ) — Pr 5sag1tta(77 , P ))

Slice 1.30<! <1.50, -3.14<  <3.14
T T T T

160
140
120

Events / (0.03)

100

-3
— B g T

¢ [rad]

N
4]
8sagit\a [TeV"]

o

'
N

" Alignment with constraints n

Huizhou, 23 July 2025
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Alignment of 2022 (Vs=13.6 TeV)

Standard procedure:

1.  create (¢,n) maps of dO, z0, sagitta biases based on Z — u*u~ decay events.

2. impose track parameter constraints (add pseudo-measurements) on subsequent
alignment iteration.

before d0 bias [mm] after q
(dyvsp dyvsp
(0 T — 0005 !
T 0008 T o L
£ E E = = 3
E E E = 0.004F- E
o oo04E = s 2 E
" 0o03f = 0.003[— =
E —— - E 3
0.0025- ¢ _oeet e T _+_€ 3 E
0.001f— 3 o001 E
E E T e P N U -
N E ‘ e A —
~0.001F- = o001 E
-o.oozé E *0-002; E
~0.003 ; E ~0.008 ; E
-0.004 ; E -0.004 ; =
E E _0.005E | | | | | | e
) cHU A S AP PR A W T - R T R T R FT)
o) Qev) P, [GeV]
B . . -1 _
8agita MaP fOr Z - pitp Sagitta dist. [TeV] 8sagita MaP for Z — pp
., S A A 06 o o G L 06—
S r 3
£ 5 E
s 04 % o 04 %
' r R
1 0.2 1= 0.2
1 C
0.2 1= -0.2
04 C
21 -0.4
3 F
o5 2 45 4 05 0 05 1 . 25 06 Bl b b b L L 06
. 25 =2 45 -4 =05 0 05 1 15 25 O
Huizhou, 23 __.., ____ ! |
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Alignment of 2018 (Ns=13.0 TeV)

Study of the radial distortion (or B-field miscalibration)

- TII’lll][lITIIlIlllll]flIT]'|]TII’IIII[IIT|\II||| n TlIl]'l‘Tl]l|'l]'l1[]1|III]TI]Tlil]lllfl]l|']]ll1
w’ 0.0015[ - « 0.0015F -
s ATLAS . s ATLAS ]

0,001/ * Data 2018 Vs=13 TeV B 0.001/ * Data 2018 Vs=13 TeV R
E Jhp = s . T Z— .
0.0005} - 0.0005(— N
Qf E i ;
-0.0005[— N -0.0005[— =
e et ; - - i
-0.001— — -0.001— -
—0.0015 = | e —0.0015 1 | e e LT

The overall scale bias was found to be < 1x10-3
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| Level 1 alignment |

Is our detector at rest?

10

- Pixel

'ATLAS preliminary

N T T T O A

e [ ‘

= - ;

8 — |-¥- SCT Barrel

= [~ | € SCTEndCapA f @i - April - May 2011 ;

(—(g I~ |-@-SCTEndCapC @ O“@---@g pri ay :
c - |-¥ TRT Barrel P kY

© 5 —1{-63 TRTEnd CapA ied

= v :

— |-@- TRTEndCapC v : :

x Pt 2 B i s --Q

—_ — : o S, = Y ) : @G)@“O : "“. '

- o e : BRGNS 4

3 o e o -9

o - SO - Tk - Y L 2

o 0 5—%= N A N WL ¥ e

5[ i N & ¥

L : O--@--'@-._ i :

1 & : i i

- Gond

B 3 3 i o

-10 . . o — . Toroid

T ool oigon§orsorefosdfoufos (90 oacon e e e peade s §en gendgengondfondoos

Cooling malfunction

- Magnet cycling
- Power cut

- efc.

6

Run number

Unfortunately not!

One needs to
understand the extent
of the motions and
identify the affected
DoF's - mostly L1.

Each .seismic event” requires re-evaluation of the geometry
A run-by-run L1 corrections run prior to the bulk reconstruction

were introduced in Run 1.

Huizhou, 23 July 2025
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Fast movements and the Calibration Loop

'g : 900( *‘ — : LA L L L L L B B t
% o ATLASV— _§ € 03 -5 T,=-10°C(Sep2015) ATLAS -
2 o005 [ 4 Data 2016, s =13TeV 8000 o £ E o Taq=+15"C(May2016) . 5045.5016 .
P o *# *H ++ e Pixel vertical posmlon elvery 20 rrl'nnutes - }%3 0.2 [ T = +5 °C (June 2016) =
£ L } H * Instantaneous luminosity (LHC fill 5030) > = gan IBL m
s - * H+ ----- LHC fill average Pixel vertical position ] [&] C ]
§ 0% H*HH*H " 6000 £ 2 o.4F IBLlocal x residuals =
2 & B o F o ]
g s { “eﬂ* * fﬁ*} """""""""""" 00! g o%—’-r‘.’i e e e '""’"-'"’.““-"‘-:- =
P i, 2 Ll e
§ 0002: * * H{#H 3 -0.1F QD\ Ahpa, a e -
g0 B 300 b r Dxm - ]
© = B r . -t ]
< B 200¢ = -021 e g L 0.0 0 -
0001 Global Y position of Pixel package o E o ]
- —03__ -]
S I [ B [P AR [P "

% 260 460 660 360 10‘00 12‘00 14‘00 1e|00 Y —300 -200 -1 00 0 1 00 200 300

Time [min] .
Global z position [mm]

Dynamic L11/L16 per lumi-block interval (every 20/100 minutes )

prior to the bulk reconstruction were introduced in Run 2.
- correct positions of all subsystems (SCT Barrel as reference) during a fill,
- correct the IBL stave bowing during a fill.

x10°
T r g F T — T
= ) ATLAS o, F ATLAS 1
2 IBL bOWIng Data 2015 (LHC fill 4560) =z 1000~ |BL local x Data 2015 (LHC fill 4560) |
2 - . ¢ dynamic alignment 2 - . ) dynamlc alignment
S 1 o magnitu de o fill-averaged alignment 3] - residuals &% usoum, FWHM2.35=13 um E
© - o & baseline alignment g 800 L o o o fIII -averaged alignment ™|
E r —Oo—o c [ u=0 um, F!NHMIE.(?S:N um
S C B o - e © baseline alignment
'E 0 :— e ST CHISPCERIEEPEPr - SPer.°C e % 600 - =14 pm, FWHM?2.35=27 um —
7] )
5 r - d,;yn.h 7
5-10r 400[-
“é, C o 200f- ]
S -20 _— —o—T——0—_ o B
2 | ! . o di—
0 200 400 600 800 B 000 1200 1 400 1 600 R).1 -0.05 0 0.05 0.1
Luminosity block Local x residual [mm]
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Conclusions

A Alignment is an indispensable element of
modern experiments but potentially hazardous.
d In large systems Global x¢ approach is
preferred.

1 Achieve good quality track fit is the easy
part of the game (although involves solving
linear systems with O(10-100)k parameters.
d Complete determination of the ..true”
geometry quasi impossible.

1 Be pragmatic with systematics: try to
measure relevant biases and eliminate them.
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Solving the alignment problem

In the most general case diagonalisation is the approach:
> Allows to control statistical significance of individual modes
»Full covariance matrix readily available
»Memory-demanding
» Time consuming (~N3)

» Can be used for problems < O(10,000)

Sparse problems (usually the case) can be tackled using
fast solvers (Gaussian elimination - MA27, Numerical

norm minimization GMRES)):
»Much faster (<N?) and less memory-demanding
»Require preconditioning to remove weak modes
»No direct error control - indirectly using soft-cuts

Local method does not present any numerical challenge
(except for large number of iterations).
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Basic track fit (linearization)

r=d,z,0,3,0/p,;), e=e(r)

A

rack fi 2_ T -1 — (5 A
ety =r'Vr, r=(e—-m)ek

6 DoF
?ﬁ' or linear exp.
Co r(ﬂ-):rﬂ T (72-_7[0) aro. seed
/ =| orn
/) 2
. dy” 0 minimization
S T - condition

or’ or B or’
T—-rm,=|— V —| — VTr,
o o
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Basic track fit

r=d,z,0,9,0/ p;)

CAUTION:

Lots of simplifications in the above. In reality at least two

more effects need to be accounted for:

A)Multiple Coulomb Scattering (tfrack deflects at every
intersected material)

B)Energy Loss (particle losses energy for ionisation -
changes momentum)

or’ or B or’
T—rm,=|— V' — | — VTr,
o or
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Global x2 approach

or or dy? dy?
r(z)=r,+—(r—-my)+—(@—a,) L2 —9
O oa dm da
Simultaneous fit of all tracks & the geometry N+n*k parameters!
Practically unfeasible !l & dr
Way out!: da
Explicit solution for alighment { : \
only: or drmr or
r(r)=r,+ — (a—a,)
o da Oa

-1

T T
a—a, = Zﬁ V_lﬁ Zﬁ V_lro

tracks dCl da tracks dCl
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.Locality ansatz" in the Global x2 approach

Having fitted the track, one satisfies:

-1

T T 2 2
0= @ V—lﬁ @ V_lro dL:dLO

on or | oOx dr da

Most importantly, residuals not explicitly dependent on
alignment parameters drop out. Only ,,actual” residuals
survive:

-1

T T
a—a, = Zﬁ V_1£ Z@ Vo,

tracks da d a tracks aa
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Idea of the Local 2 approach

((7) =T, +j—:;>r<

Fit of alignment parameters ignoring the correlations via tracks.

or

=7,)+—(a—a,)

oa

2
a
da

Numerically a lot easier. Problem breaks down to local (n=6)

equations . Requires multiple iterations over the full reconstruction !

tracks

mac.
r(r)=r,+ +—
T oa
~1
or' _ _ or or'
—a, = — V. — — V'r
‘T Z@a oa m%s@a ’
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Example: cosmic alignment with Global y?

’ (e Spemvaie i i
2808 DoF’s Before alignment | ¥ After alignment |
Corrections due to modes >1500 bl 3
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Example: cosmic alignment with Global y?

e Possible trap: Do not try to
exploit all apparent information:

Eigenmode Pulls

e Alignment quality the
same for -1500!!!
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Residual distribution
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Example: cosmic alignment with Global y?

...but the resulting geometry is dramatically different!
-10 modes -100 modes -1500 modes

Corrections x100

| claim this one is
physically justified!
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