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Tracking: an increasing challenge

= Tracking at LHC is a very complex procedure due to the high
track density. It needs specific implementation adapted to the
detector type and geometry

= Precise and efficient detector modules are required to measure
where the particle crossed the module

= Fast and radiation hard detectors and electronics are needed

= Track reconstruction requires specific software implementation:
= track finding (pattern recognition)
= estimation of track parameters (fitting)

= Precise alignment of detector modules is a prerequisite for
efficient tracking



Pattern Recognition

=The main goal of the pattern recognition
is to associate hits to tracks (particle
trajectories). It should be efficient (use
of all hits) and robust (no noise or hits
from other tracks)

Two approaches:

Global and Local pattern recognition
»Global methods:
Template matching, neural network techniques,
Hough space transform, ...
(Simultaneous consideration of all hits)
"Local methods (also called track following):
Combinatorial Kalman filter updates the
information (frack parameters and error matrix) of
candidates tracks along the track finding process and

gives a precise prediction of the next point to be
found. It is a progressive methods (boundary pattern
recognition/track fitting vanished). Track fit became
part of the track finding approach.



Track fitting

Process to estimate the kinematical parameters, such as position (or
impact parameter), direction of flight and momentum of a

particle starting from the measured hits which have been

correctly identified in the pattern recognition step.

v" Multiple scattering effects and energy loss are taken into
account in the track fitting procedure

v' In general the fitting methods assume Gaussian errors

Two approaches:

[ Least squares estimation: requires the global availability of all
measurements at fitting time

0 The Kalman filter technique: proceeds progressively from one
measurement to the next, improving the knowledge of the
trajectory with each new measurement (boundary pattern
recognition/track fitting vanishes)



Track finding / track fitting:

the combinatorial Kalman filter

Progressive method: track fitting works simultaneously with track finding.

The Kalman Filter consists of a succession of
alternating prediction and filter steps:

v' As one example, in CMS track
reconstruction is initiated by a seeding
in the innermost tracker layers: both
pixel and silicon strip hits.

v The szstem equation propagates the
track state in one surface to the
next.

v' Accuracy on the track state estimate seeds
increases after each new measurement
is added



Filtering and Smoothing

truth
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Is the Kalman Filter the last word?

O The Kalman filter is an optimal estimator

of track parameters in case of
- Unbiased measurements with Gaussian errors

- Gaussian process noise (multiple scattering etc.)
- No outliers (hits that don't belong to the track)

0 Reaches its limits when underlying statistics
are far from Gaussian. This problem is
enhanced in electron fitting with plenty of
material.

Dense environment will also be a challenge for
LHC reconstruction at full luminosity

d Non-Gaussian generalisations based on
adaptive algorithms exist and are used:

- Gaussian Sum Filter (6SF) Non-gaussian noise
(energy loss) can degrade the fit seriously

- Deterministic Annealing Filter (DAF) Ambiguous
situation require more advanced treatmen



Tracking

Each experiment needs specific software
implementation adapted to the detector type and
geometry to improve tracking efficiency.

A couble of examples from CMS:

:T'B layer x-y view 77;.' TIB layers R-z view ‘
== Overlapping modules in the same layer
/’ /)\C>“ =N I, Implementation obstacles:
/‘ / \ s /;T - Because of the different design, each of the 6 Tracker sub-detectors
overlapping” involves different types of “overlaps”.
| detectors - Sorting of hits along the trajectory is not trivial.
N < - Track parameters are “updated” on each layer with the information

: TOB layers x-y view

provided by a track segment (instead of a point).

Red = sinale-sided strip
I+ | Blue = double-sided strip
Green = pixel

Inefficiency due to pixel-based seeding

1K

Ly

Measurements used for
trajectory seeding

Measurements used for
trajectory building

Compared to the pixel-only seeder, the new implementation
had to cope with:

- position measurements with uncertainties spanning more
than order of magnitude.

- sensors with 4 different topologies arranged on 4
different types of “layers”.

- material budget in between Tracker sub-detectors had to
be optimally parameterized.




Iterative tracking

An iterative procedure performs the track reconstruction in stages, running different
times the CKF reconstruction

__l

First CKF iteration

High purity filter [ ——) First track collection

Hit removal \[/

Second CKF iteration

At each stage only hits which

are fully compatible with the Second step filter [—— Second track collection

reconstructed tracks are
removed. (higher fake rate level)






Tracking: an increasing challenge

= Tracking at LHC is a very complex procedure due to the high
track density. It needs specific implementation adapted to the
detector type and geometry

= Precise and efficient detector modules are required to measure
where the particle crossed the module

= Fast and radiation hard detectors and electronics are needed

= Track reconstruction requires specific software implementation:
= track finding (pattern recognition)
= estimation of track parameters (fitting)

= Precise alignment of detector modules is a prerequisite for
efficient tracking



Alignment

= Precise alignment of detector modules is a prerequisite for
efficient tracking.

= must be well monitored during the construction process from single
module assembly to final operation of the full tracking system
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Installed in Endcap Tracker
end plates (precise mechanical mounts)




Optical alignment / monitoring
CMS Si Tracker: Laser Alignment System
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2 x 8 beams for internal alignment of each Endcap
8 beams to align subdetectors (Inner/Outer Barrel and Endcaps)

= LAS operates globally on tracker substructures: TIB, TOB and TEC discs.
It does not attempt to determine the position of individual modules

= Laser measurements can be performed during physics data-taking

= Relative position monitoring of global tracker structures with a precision of
~100 um (needed to start track reconstruction)



CMS Silicon Tracker

Silicon is semitransparent to infrared light
('GSCI" pUlSCS )\. ~1080 nm) uncoated area

Sensor treatment:

- Silicon sensors polished on both sides

- ~ 10 pum hole in backplane metallization

- Antireflective coating on backside:
improves transmission and reduces
multiple reflections, interference, and
distortions of the beam profiles
No antireflective coating on strips due to

effects on interstrip capacitance S P -
50 it i H transmission

reflection

| Transmission and Reflection,A = 1083 nm |

Laser intensity adjusted for each layer to obtain an
optimal signal-over-noise ratio. Accumulate several
“laser events”
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CMS Tracker Endcap Alignment

Separate collective movements
from individual disc movements

Overall TEC movement Ax,

Overall TEC skew Ax;

T T T T T T 1
 ® CMS

- O LAS (this analysis)
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CMS Alignment System

Tracker internal alignment and monitoring the muon chambers relative
positions (barrel and endcap) with respect to the tracker.

Link Ali. Internal Barrel

Muon align components:

Light sources: 10000 LEDs

+ 150 lasers.

~900 Photosensors + ~ 600

analog sensors (position,

tilt sensors )

Temperature, humidity and
Diagonal Magnetic probes

°°“"e°“°“s > ~ 30000 parameters in

the geometrical reco.

Ali. Internal EndCap

Z-bar







10 September 2008:

= BTV - SPS.USER.LHCFAST2 =1
Eile Tools
9 D © 4 B ®Sep 10 10:26:13 SPS - LHCFAST2 (NGS5 - 03 @] 5 &
Selection LHCETVSLCSL2E1
Device: LHCETVSLASRSE2 [~ 1]+ 5| a of 1 acquisitions) Cyde: LHCFAST2 SCNp: 700 Date: 2008/09/10 10:25:26.197506 | 71
LHCETVSLCSL2BL =
LHCBTVELCSRE.82 Horizontal projection.
LHCETVSS.612.81 S ETERCaCTI
LHCETVSS.6RE2 61 m
LHCETVSTAdL2.81 3000 | AmPiRude = 64470 (]
LHCETVSTA4RS.E2
— 3 2500
Staws Fl
Device: LHC BTVSI.C5L2.81 u
£ 2000
Staus: H
Mo o Fim
Controk: REMOTE [
Setting 1000 |
Basic | Advanced | Expert
[ 500 °
-25-20-15-10-5 0 5 10 15 20
Acquisition Type:  |One extraction - X (mm)
Vertical projection
Acquisition Number: |1 ~ °
Cameraswitch: [N >
Sareen: At ~
Filter: out - _
3
Video Gain: K1 - 52400
Lamp Switch: on - Heem
PYve
First Lamp: 300 v £
vvy 2200
Povs
Second Lamp: 160 mv
160 2100 f
Motor Enable: enable ~
o d5-10 -5 0 5 10 15 20
Hardware Reading ) S 0
Acquisition Type:  One extraction Camera Switch: RAD ON Screen: Al Video Gan: x 1 First Lamp: 299
Acquisition Number: 1 Mire: oFF Filter: Out Second Lamp: 159
D Acquire || [ start Monitoring i save Continuous Saving
102552 Do,

First splash events seen by the experiments

20080910 00:37 A=helx

>
L1Calo Stream s Aais

N
ATLAS 2008-09-10 10:19:10 CEST event:Jive

ATI AC

sl AL el
CYPERIMENT

http://atlas.ch

e s T et .
first beam event seen in ATLAS

10 o 2am 10




19 September 2008 ...




Another full year (2008+2009) for commissioning with Cosmics

v Alignements
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Reconstruction of Cosmic ray data

Cosmic rays data have been very useful to align
the tracking detectors before the LHC start-up.

Data with magnet on can also be used to evaluate
the resolution of the momentum measurement.

_______ charged particle
trajectory

fully reconstructed
trajectory

| ® trajectory

’ measurement
Cosmic rays have the special feature The distribution of the differ'encg
of crossing the Tracker volume on of the momenta of the 2 tracks is
both hemispheres: The same particle an estimation of the resolution of

is reconstructed twice. the momentum measurement itself.



Results with Cosmics (CMS as example
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ic Runs At Four

Run 66637, Event 405, LS 1, Orbit
6674

Dataset: /Cosmics/Commissioning08-v1/RAW

Selection: DT,SIST,BFieldOn C Dataset: /Cosmics/CRAFT09-v1/RAW

Tot Events: 286825664 C Selection: DT,STRIP,BFieldON
250/ Tot Events: 322678592

CRAFT ‘08 - CRAFT ‘09
~290M events ~320M events

— 150 — —
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CMS: Tracker Performance at Vs = 900 GeV
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e I UL TG IR UL LA (R AL L [ ) = T 3 - ‘A CMS prelimi
5 s 8 F TIB S o \-500GeV
2 L _'E c u - - E: - " == Fit to reference data
£ © 3 woof CMS preliminary, 5 s riortene . 14407
ﬁ - 25000 'g E — Extrapolation
i g 900 GeV E 7
E C i F gE-kDsc
3 20000 — x 6 x
E . ] o B with K= 2.468 + 0.009
3 C ] ©  5E withC= 2,679 + 0.011 10°
CMS preliminary _ 15000;— S/N=259 B 45 :
Barrel Pixel E 10000 |- Peak Mode = 3
" ] 2 10
- r _- 2;
3 5000 - . :
% 10 20 30 40 5 60 70 80 90 100 S ] s
Cluster charge [ke] 0020 40 60 80 100 120 140 160 180 00511522 cevE e
E qgooF T T III_- 'Slgna"to-NOISe : : : : p[GéV/c]
% c’“n;“;: : 'sz— TOB LI I A I
2 1400 —nc -] A F [\ L. [cms Preliminary2000 ' 4T
Z E R e 3 CMS preliminary 600" meue ]
lu 1200 4 1m - C —e— 900 GeV data ]
: 16000 - 900 GeV 500/ 7
1000 ] 3 i :
800 c “0005_ E 4001 =
] :x S/N=32.6 E - :
600 CMS prelimina = 3 E 2 E
P " . 8000 - Peak Mode 3 F ’ ]
400 Endeap Pixel ] 6000 - 3 2007 E
200 . 4000 - E 100 v
0 e : t3 ST N, T 03 o4'"6'.=',"6'é"o7’"6'é"6'é'"4""1%"1;3
0 10 20 30 40 50 60 70 80 90 100 0020 40 60 80 100 120 140 160 180 =T T A M ass from dEJax (Gev)

p < 2 GeV
dE/dX > 4.15 MeV/cm



CMS: Tracker Performance at Vs = 900 GeV

Primary Vertex
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Track reconstruction:

» Track finding, or "pattern recognition”:
the attribution of hits to tracks

» Track fitting, or the determination of
the track parameters from a given set of hits

Track model and parameters

track
»
\.

The track model depends on:
Detector geometry
Measurement type (2D, 3D)

Straight tracks or Helix (depending on — 2
magnetic field) |

Forward geometry Cylindrical geometry
Assuming the z coordinate points down the In a homogenous axial solenoid field with the
spectrometer axis and x, y are the z coordinate oriented along the detector axis:
transverse coordinates: helix parameters

Track State Parametrization:

A track state can be represented as a point in 5D linear space (usually 2 positions, 2
angles and a curvature) and 5x5 symmetric error matrix.



Pattern Recognition

=The main goal of the pattern recognition
is to associate hits to tracks (particle
trajectories). It should be efficient (use
of all hits) and robust (no noise or hits
from other tracks)

Two approaches:

Global and Local pattern recognition
»Global methods:
Template matching, neural network techniques,
Hough space transform, ...
(Simultaneous consideration of all hits: can be
very inefficient in terms of speed)
"Local methods (also called track following):
Combinatorial Kalman filter updates the
information (tfrack parameters and error matrix) of

candidates tracks along the track finding process and
gives a precise prediction of the next point to be
found. It is a progressive methods (boundary pattern
recognition/track fitting vanished). Track fit became
part of the track finding approach.



Track fitting

Process to estimate the kinematical parameters, such as position (or
impact parameter), direction of flight and momentum of a

particle starting from the measured hits which have been

correctly identified in the pattern recognition step.

v" Multiple scattering effects and energy loss are taken into
account in the track fitting procedure

v' In general the fitting methods assume Gaussian errors

Two approaches:

[ Least squares estimation: requires the global availability of all
measurements at fitting time

0 The Kalman filter technique: proceeds progressively from one
measurement to the next, improving the knowledge of the
trajectory with each new measurement (boundary pattern
recognition/track fitting vanishes)



Track finding / track fitting:

the combinatorial Kalman filter

Progressive method: track fitting works simultaneously with track finding.

The Kalman Filter consists of a succession of
alternating prediction and filter steps:

v' As one example, in CMS track
reconstruction is initiated by a seeding
in the innermost tracker layers: both
pixel and silicon strip hits.

v The szstem equation propagates the
track state in one surface to the
next.

v' Accuracy on the track state estimate seeds
increases after each new measurement
is added



Kalman filter formalism for track fitting

Consider a track state p,,as known on a
surface n and represented as a point in 5D
linear space (usually 2 positions, 2 angles and
a curvature) and 5x5 symmetric error matrix.

detector|surface s , 4

Extrapolation on surface k of the
state known on surface k-1:

Puit = Eo Piiis
- J
Equations of
motion

Covariance matrix of the
extrapolated state:

S k

...... .
__________________ -

é" P ik

Cowa =CP)=F, C 'Fk_l + P, 'Qk 'Pk_l

_/

propagation of
errors

- _/

effect of
material

scattering

m g

material

Py is The result of the
combination of the
extrapolated state and
the information
provided by the
measured hit position




Kalman filter formalism for track fitting

Accuracy on the track state estimate increases after
each new measurement is added.

Sk+1 pk+1|k+1

The last track state p,, is determined with the
surface s, P best precision: it is the only one which is
estimated using the full information provided by
the detector, i.e. all the n measurements.

Sk | LT
S —
An increasing accuracy is adequate for
Sp-2 Pi-2ik-2 trajectory building. Nevertheless is of ten

desirable to have the best estimate of track's
parameters on all the detector surface.

In particular the track has to be know with
the best precision at the point of max
approach to the primary vertex of interaction.



Kalman smoothing for track fitting

At the end of the “forward in-out fit"”, the track parameters are known
precisely at the exit of the tracker, but completely unknown at the origin

We can perform a "backward out-in fit”, using only the hits from the
forward fit (no pattern recognition) to find the parameters at origin
- But we lose them at the other end

A procedure, called smoothing, allows to combine the forward and backward
fits in such a way that the parameters are optimally known at every

measurement

Pi = Pk C’? fk(p;<+llk+1)

!
Pritiks \

A statistically correct weighted
f.(Pliier) mean: Kalman smoother

P,

fk (pk—ll -1 )

Pr-iik-1 pklk Contains information from

measurements: 1,2,...k

! Contains information
pk+1|k+1 from measurements:
n,n-1,...,k+1

Contain the full information.
— pk All measurement from 1 ton

Both in-out filter and out-in one are run are used.

~—




Filtering and Smoothing

truth
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