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- Track fitting
Basic ideas & concepts
 Basic formulae
« Signal handling and processing
 Global and Local reference frames
 Pattern recognition
e Track fitting with 2 and Kalman techniques

 Multiple Coulomb Scattering
- Vertex fitting

 Basic ideas & concepts
* Billoir vertex fitting
 Adaptative vertex fitting

- Detector alignment
 Basic ideas & concepts
 Basic formulae
 Alighment strategy

Disclaimer: the detector
geometry description is an
important issue that is not

treated in this lectures




Sensors react to the passage of particles and produce signals

Usually as electric pulses
Digitization: convert those pulse into digits

Trigger
Whenever an interesting event happens
Whatever “interesting” means

Record the data

In digital format
In disk or tape

95% CL Limiton p

Local P,

Event reconstruction
Tracker hits — tracks
Calorimetry — energy deposition
Bear in mind the calibration, geometry, etc.
Vertexing, particle identification, jet clustering,...

Event analysis & selection
According to the reconstructed objects

Signal strength (u)

Physics results
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Eureka !
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total weight : 14500 tonne
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5TOF
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8 PHOS CP
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13 MUON FILTER
14 TRIGGER CHAMBERS

15 DIPOLE MAGNET

16 PMD
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187DC

New Small Wheel (NSW)

muon chambers muon chambers

endcap toroid
magnet

W YATLAS

endcap calorimeters

barrel electromagnetic calorimeter

solenoid magnet
barrel hadronic calorimeter
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Key:

Muon
Electron

Charged Hadron (e.g. Pion)

— = — - Neutral Hadron (e.g. Neutron)
---- Photon

—

: Electromagnetic
. }ﬁl Calorimeter

Hadron Superconducting
Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers
through CMS Ju Uy

s
2
D Barney, CERN, Fobrwary 20040
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Tracking allows to determine the properties of those charged particles present in an experiment
« Where is the particle ?

« From where does it come from?

* Where does it go ?

 Which is its velocity ?

Tracking is possible because charged particles interact with detector material

« Energy loss by ionization: radiation detection ————ar— | - ——
« Bethe-Bloch formula i ro—
= u” on Cu
NEI -
202..2 l ° Bethe-Bloch Radiative .
<dE> K2 ,Z 1 1ln 2m,c* By T ax 262 S(By) 3 L/ 1
— ) — o Ziegler f
dx AB? |2 I 2 5 | EE
i 108 3 - ek
g? — o Radiative
a2 L Minimum  effects -4~ losses
Q ionization reach 1% e ———-x
S  [Nuclear - 2
“ | losses B g T ———————
¢ Without &
1 | | | |
0.001 0.01 0.1 1 10 8 100 1000 104 10° 106
| 1 1 | 1 ! 1 | 1 |
0.1 1 10 100 | 1 10 100 | 11 10 100 |
[MeV/c] [GeV/c] [TeV/c]

Muon momentum

Side effect: the interaction with the sensor alters the particle properties
« Energy loss — this can be use for particle identification
 Scattering angles — altering the trajectory direction
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- Tracking allows to determine the properties of those charged particles present in an
experiment
« Where is the particle ?
« From where does it come from?
* Where does it go ?
 Which is its velocity ?

+  Need to match the reconstructed points of a particle trajectory
e (X,Y, z) set of reconstructed points

Reve File Camera

Reve | Files | Macros | GLViewer NLT Projectad |
- Extract the track parameters o,
« And their uncertainties! émw

:1I~70‘
I‘CI vent
I IR ITS Cluetmﬂ
[ -+ TPC Clusters @
FCIPrmw %0
~W/(JSPD Vertex @
A

CircularFishEye (0.0):Reve:NLTProjector
RenderElement
[v RnrSelf B RnrChildren

NLTErojection

Type |cr hEy |

Axis
coor HHI|-
StepModa Foslllon 7'
Splittevel I_‘il
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A good performance of the Track Fitting is a key ingredient of the success of the physics
program of the HEP experiments
 An accurate determination of the charged particles properties is necessary

~~~~~~

or? [FIC

Invariant masses have to be determined with precision and well estimated errors

Secondary vertices must be fully reconstructed: evaluate short lifetimes
 Kink reconstruction: on flight decays

35 fb (13 TeV, 2017
> 1012 = | — T T | | (| T T T 1] )E
@ = CMS Online Reconstructed Dimuon Events 5 X 0 zm m
(\3) 1011 §_ Preliminary p_(u) >3 GeV, n(u) < 2.4, opposite sign _§ [ ] YZ P r OieCtion
D = — ]
> o [ — 53—
LL] 10 = Y(nS) = i —
107 I ~ 2 —
10° b = 15—
105k = —=
10t L 4 5= -
: S = K l
| L] "'2 = llll’llllllllllll‘llll‘lllllllll‘lIII\
1 10 10 ) '1 2 3 4 5 6 7

u* u invariant mass [GeV] [mm]
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- Challenges for the tracking systems of the LHC detectors
« Momenta of particles in the final state ranging from MeV to TeV
« High multiplicity of charged particles (up to 1000 for £ - 1034cm-1s-1)
« Even higher for heavy ion collisions and expect even more at HL-LHC
 Large background from secondary activities of the particles
 Multiple Coulomb Scattering in detector frames, supports, cables, pipes...
« Complex modular tracking systems combining different detecting technologies, different resolutions
 Resolutions that vary as a function of the momentum (p), polar angle (8) or pseudorapidity (n)

 Very high event rates leading to large amount of data with very demanding requirements of CPU and storage
« — Tracking CPU budget

o | . MDT RPC/TGC
= w h
& %
5 1
G| magnet MDT RPC/TGC
O 4 i
AR
5 “ _maghet
T +
LLUESS Muon spectrometer
@ - 2 1IO 15 m 2-’.(_1 m
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The vertexing capabilities of an experiment strongly depend depend on the trackmg

performance
o specially in impact parameter and space point resolution

[FIC

Finding where the particle was originated tell us much about the physics and the detector
primary vertex (hard scattering processes)

« secondary vertex (long lived particles)
material interactions (material distribution in the detector)

Tl (nienll (TnEen]
S HEE - -
\/ y VAR, N VAN 3 S 2 \/
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- The vertexing capabilities of an experiment strongly depend depend on the tracking

performance
o specially in impact parameter and space point resolution

- Finding where the particle was originated tell us much about the physics and the detector
« primary vertex (hard scattering processes)
« secondary vertex (long lived particles)
 material interactions (material distribution in the detector)

primary vertex

15/6/26 11
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The vertexing capabilities of an experiment strongly depend depend on the tracking

performance
o specially in impact parameter and space point resolution

or? [FIC

Finding where the particle was originated tell us much about the physics and the detector
« primary vertex (hard scattering processes)

« secondary vertex (long lived particles)

« material interactions (material distribution in the detector)

Secondary vertex

— /

\—F \@m“ ,
==
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The vertexing capabilities of an experiment strongly depend depend on the tracking
performance
o specially in impact parameter and space point resolution

Finding where the particle was originated tell us much about the physics and the detector
« primary vertex (hard scattering processes)
« secondary vertex (long lived particles)
« material interactions (material distribution in the detector)

ATLAS Preliminary
Data Vs = 13 TeV (2015) Insvl <24
O 1 1 II T T ]’ T ”“"‘I" T 01 1

Material interaction
I' T 17 177 T
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nt

£ | LT f =
= I T B o ] >
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Basic ingredients of the tracking system

Charged particles (+ve or -ve) ads
* lal=1,2(e u, Nk p,aq,d,..)

lonization detector

Continuous (e.g.: gas detectors)
Discrete (e.g.: silicon planar detectors)

propottional
chamber

Magnetic field

No strictly necessary
Necessary if momentum determination is required

Lorentz force: bending of the trajectory

F=g(E+vXxB)

_ diift of ionisation electtons

track of a charged patticle
chamber wall
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Warning:
usually E+0 inside detectors but quite small
as it is necessary for ionization charge collection.
Negligible effects on tracks
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-+ Charged particle trajectory follows a helicoidal path

 Describe circles in the XY (transverse plane)
* Due to the Lorentz force

« Move uniformly along Z axis

dv
F=m—=qgvVvXB
dt
i j k
F = V.. Vy V,
O O B Warning:

In general B is non uniform. Therefore the
differential equations are solved numerically

+Helix circle radius or curvature radius ( p) related with transverse momentum
pr 1GeV/e]l = 0.3 B[T] p[m]
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Parametric form of the trajectory equation using the path length: s = vt
* Apologize for using again s in the notation ds = vdt
e vV considered constant: no electric field & neglect energy loss
e s=()is an arbitrary choice
S COS A
x(s) = x5+ p | cos <q§0+ 1 ) — COS @
p
, gs cos A ,
y(8) =yo+p [sin| ¢y p — sin ¢,
Z2(s) = Zg+ ssIn 4
> X
pPr = P COS A SO —
(XO! yO) ‘." ¢0
p
(xc, yc)
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A trajectory can be parametrized with just 5 parameters at
a surface

* X, Y, ¢,0,vV

The track is characterized by its 5 parameters as given at
the “perigee surface” & using the global reference
coordinate system 9
e do, Zo, Po, eO, q/p n=—1In (tan—)
* do, Zo, ®o, cotBo, q-pT

* do, Zo, Po, N, G/p

The track extrapolation to detector surfaces usually

requires a different parametrization
 Optimization

Track parameters given in the local reference frame of the

surface
« Error matrix propagation |

Track extrapolation
 Heavily used in tracking code and alignment code
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-+ The basic way to determine the momentum of a particle is by measuring the Sagitta

It is a measure of the bending of the particle trajectory

o It tell us how much the particle path deviated from a straight trajectory

 Actually, the sagitta gives information of the transverse momentum with respect to the B field axis

[FIC

2 2 R? R? d d
p=<R—+i> , K dpr=-03 B —ds=—-03B o 2

8s 2 8s 852 8s s s
R? Op; Oy O 3 O
pr =03Bp=03B — — = A s
85 P p% 0.3 BR?

Gluckstern formula:
Relative uncertainty of the pr for N equidistant measurements

on sensors with resolution o,

GPT 720 O-y
P N + 4 BR?
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Impact parameter resolution is an important figure of merit that has an impact in the physics

goals of the experiment
Secondary vertex reconstruction, B-tagging, life-time, ...

In practice impact parameter resolution depends on

Sensor resolution (0y) A (. )
Extrapolation distance Y (x, ») - o e
Material interactions with ancillary structures and sensors e -
e« Supporting structures, beam pipe, cooling pipes, power cables,... d| —— X
e Multiple Scattering effects — —
2 2
X7+ X
\/ T2 n®+1 , X,
Od, = O, Oy, = o, with n=—
Xy — Xq \ (I”l — 1)2 X1

As factor in front gy is >1 — the spatial resolution of our sensors must be better than the
targeted impact parameter resolution
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Transform recorded signals into a space points to be used by track fitter

Hit = sensor channel with signal
« —Detector specific
« —Channel ID & pulse height

%

Single channel: position = channel centre -
error: width / v 12

Cluster = group of channels

 From 1 channel to many Many channels: position & error depend - m—
« 3D information: on clustering algorithm
hit info (analog or
- . L] |
-+ Global or local coordinates bma:jr_z_), strategy and o o
", conditions
* Position: (x, y, z) '
« Error / uncertainty: (ox, 0y, 0:) in @ covariance matrix form — 5
o O v austers B 50w clasters &
g n . g N -row clusters -row clusters 7]
° CIUSter pOSItIOn may depend- g0'18:_ B 4-row clusters Bl 3-row clusters = 90FTL T T I J T T T T T T T T T T T T T T T T T TT 13
_ _ S0.16F MM 2-row clusters [l 1-row clusters E " b ATLAS Proliminary -
® Hlt data: blna I"y Or analOg ?( E ATLAS Preliminar E — 80 m Cosmic-ray data 2008 Local x =
. C t f t & h h . E_O.M:— Js = 7 TeV y - é 70;_ ANs = 7 TeV 2-rowclusters_§
enter of gravity & charge sharing : o B o E
 Lorentz angle corrections S 505 - o E
» Charge carriers drift g o - e E
» Track incident angle > or  * *F..w-* .
e MCS corrections | O 10p E
I I - . Y A I I I e
® Radlatlon damage effeCtS 910 _5 0 5 10 15 20 25 6 I_4I_OI_3IO|_2IOI_1I6I_1I2I _I8I_I4I (I) [ i | 8I I1I2I1I6I2IO|3I0I4I0I60
o Track inci . -50-35-25-18-14-10 -6 -2 2 6 10 14 18 25 35 50
rack incident angle (¢,) [°] Track incident angle (¢) [°]
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- Transform recorded signals into a space points to be used by track fitter
- Hit — sensor channel with signal ourmaien | e G FTTTTTTTTTTTT
» —Detector specific ! g % £
* —Channel ID & pulse height S Lot E
depleted (Spi!iggg) 2 2%—++9Lorentz =(211.3 = 1.6) mrad E
+ Cluster = group of channels e - el Detoctor
» From 1 channel to many sl s o
« 3D information: g\ T It e TR

*. implant (-300V) |
v p Track incident angle [rad]

GIObaI Or IOcaI COOrdinateS 3005\/'-3°d690'5°neq/°m2'1055nm'°d@ERT -39°CI4TI880nmI0d@RT

E 40: ‘ Lm n-i ulk — € 200: : e O0n. /cm?
[ ] POS i ti O n : (x, y, Z) :f" 20; ............ ................ ______ : ....... éoo.u 5 - ;Ik % g 180;_ ........................ ................. - :_g::‘:fj:‘nlfaﬁon)

: - : : S| | asestenon cmuion

* Error / uncertainty: (ox, 0y, 0z) in a covariance matrix forn g N D R S oy
-405_,_ _______________ &y i - . 100; 4444444444444 """"""" ‘‘‘‘‘‘‘‘ —— ““““““““ —
- Cluster position may depend: HBOLER R I rves
° H it d a ta : b i n a ry O r a n a I O g _120&0‘..1...;‘.4‘,2' i I2il . léll ....... 4 ” ....... éll“é|lll7lll.‘l;| 23 EOI ...... 2 OIOI ll40|0| I1600|II80| l I1000
Magnetic field [T] Bias voltage [V]

 Center of gravity & charge sharing
Figure 6. Lorentz shift as a function of the magnetic =~ Figure 7. Lorentz shift of electrons in 320 um thick

. .
Lorentz an g I € Co rr_eCtI ons field obtained in unirradiated sensors with different = sensors as a function of the applied bias voltage for
e Cha rge carriers drift bulk doping and different active thickness. For elec-  three different irradiation fluences. The solid lines

- - trons, sensors with either p-stop or p-spray strip iso-  are representing the simulation model.
o
Tra C k INCi d € nt dan g Ie lation are shown. The solid lines show the shifts
e MCS corrections obtained by the simulation model outlined in 3.2.

« Radiation damage effects From: Lorentz angle measurements as part of the sensor R&D for the CMS Tracker upgrade
https://cds.cern.ch/record/1478135/files/CR2012_224 . pdf



https://cds.cern.ch/record/1478135/files/CR2012_224.pdf
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Lorentz angle corrections example:
« ATLAS strip detector: p-in-n BELLE |l
 ATLAS Pixel detector: n-in-n

p* n*
readout
holes
p+ ] ) n'l'
readout

G. Kramberger, Vertex 2012

Three dimensional view along the z axis Three dimensional side view




[ (] ™ ° ATLAS Inner Detector Volume |
Technical Design Report 30 April 1997

>

- Lorentz angle corrections example:
« ATLAS strip detector: p-in-n
« ATLAS Pixel detector: n-in-n

p* nt
readout
p+ R R n*
large (Ew- E ) readout

G. Kramberger, Vertex 2012

(a) planar n™-in-n sensor

/

Figure 3-iv Transverse view of a quadrant of the ATLAS Inner Detector (precision layers only). From the centre
(lower left-hand corner) are: a) the beam pipe, b) three layers of the barrel pixel tracker: ladder support structure
(green), silicon crystal (black) with the active regions (red) and support cylinders (dark blue), c) the overall cylin-
drical stiffener of the barrel pixel detector (dark blue), d) four layers of the SCT tracker: support (green), lumped
power cables and cooling (red circles), active silicon (pink) and electronics boards (pale blue), and e) the SCT’s
insulating layer (black).
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- Lorentz angle corrections example:
« ATLAS strip detector: p-in-n
« ATLAS Pixel detector: n-in-n

p+ n*
readout
holes
p+ n+
readout

G. Kramberger, Vertex 2012

(a) planar n™-in-n sensor
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- Transform recorded signals into a space points to be used by track fitter o
- Hit = sensor channel with signal AR
» -Detector specific ZNE-
» -Channel ID & pulse height P e 1 5
- Cluster — group of channels s g
* From 1 channel to many e | ER=
« 3D information: E, . wd 2
- Global or local coordinates E et st | 2
» Position: (x, ), 2) N e iy
» Error / uncertainty: (ox, 0y, 0z) in a covariance matrix form I S R
o 70
- Cluster position may depend: &

[~ Hamburg model ® Fluka transport

 Hit data: binary or analog
 Center of gravity & charge sharing
 Lorentz angle corrections
 Charge carriers drift ;
 Track incident angle L SN N

. Endcafp—A Inner disfc—5
(r=30.6cm, 2=140.0cm )

Leakage current [uA/cm’] at 0°C Ts [°C]

ATLAS

N

o

o
III|IIII|IIII|III

|IIII|IIII|IIII|III

easurements of sensor radiation dama
s://iopscience.iop.org/article/10.1088/1748-0221/16/08/P08025

1 !

 MCS corrections By SRR SN SN

 Radiation damage effects S oot Mambwomedel :

® é 1.0 E "-""'"'“"'- =
§ ,sC Sheffield model =

2014 2015 2016 2017 2018
Year
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Transform recorded signals into a space points to be used by track fitter

Hit = sensor channel with signal
—Detector specific
—Channel ID & pulse height

Cluster = group of channels
From 1 channel to many
3D information:

Global or local coordinates
Position: (x, y, z)
Error / uncertainty: (ox, 0y, 0z) in a covariance matrix form

Cluster position may depend:
Hit data: binary or analog
Center of gravity & charge sharing
Lorentz angle corrections
Charge carriers drift
Track incident angle
MCS corrections
Radiation damage effects

Use of NN (tracking in dense environments)

P pz

® B charged particle charged
particles

charged particle

¢
(b) ()

¢: Track incident angle
¢L: Lorentz angle

Figure 1: Left:(a) In presence of ATLAS solenoid magnet the charges get diffused and drifted to nearby
pixels. (b) Charge clusters of two very close charge particles get merged. (c) & rays extend the charge
cluster size [5]. Right: a schematic diagram where the clusters from two nearby tracks get merged.

Replaced in new algorithm
*.ﬂ
/
S : ' Output of th
o e Feed-forward Network ap o e Output Layer
AY etwork
/ . @) 2D Gaussian Kernel (s)
: 2-particle|cluster i l
A ' 2 1 kernel
Number k?% 1-pértic|é clusters
Network % : 2 kerners
e S %y /\ /\
' e : 2-particle clusters
Position 3 kernels
Networks Error /\ [ /\_/\
Networks 3-particle clusters

Figure 2: Left: schematic diagram of the current work flow. Right: a schematic diagram of the MDN.

From:ATLAS pixel cluster splitting using Mixture Density Networks
https://pos.sissa.it/350/009/pdf
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Transform recorded signals into a space points to be used by track fitter

+ Hit = sensor channel with signal
« —Detector specific
« —Channel ID & pulse height

Cluster = group of channels
e From 1 channel to many
« 3D information:

-+ Global or local coordinates
« Position: (x, y, z)
 Error / uncertainty: (ox, 0y, 0z) in a covariance matrix form

dE/dx in TPC (arb. units)

Cluster position may depend:
 Hit data: binary or analog
 Center of gravity & charge sharing
« Lorentz angle corrections
« Charge carriers drift . .
 Track incident angle N T T T
« MCS corrections 2 : a ‘ 2
e Radiation damage effects p/z (GeV/c)
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Reference frame transforms may be heavily used in track fitting

Points and their uncertainties are needed/computed in the local and global reference frames
« Measurements (sensor hits)
 Predictions (track extrapolation)
 Track-hit residuals are usually given in the local reference frame

The transform from the global-to-local reference frame includes: H=[1,R]
« A translation (of the origin of the local frame w.r.t the global frame) G=HL=T+RL
» A rotation (orientation of the axis of the local frame w.r.t. the global frame) L=H'G=R" (G-T)

o Still the possibility to use cartesian, cylindric, spherical,... coordinates in either frame

-~

TX
T=|T, R =R(a,p,y) = R(a) R(f) R(y)
TZ

L e
Ty
A I 1 0 0 —cosf 0 sinf cosy —smny 0O
A
z y G R(a)=|0 cosa -—sina R(p) = 0 1 O R(y) =|siny cosy O
0 sina cosa smfF 0 cosp 0 0 1
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The R matrices are change of base matrices
Unitary matrices RT=R-!
The norm of the vectors is kept

The translation is given just by a 3D vector

The covariance matrix of the measurements/extrapolations in the local and global reference

frame are related via
Usually local covariance matrix is diagonal

cZ 0 0
RPN Vg=RTV,R=RT |0 o 0 |R
V, = (;C ayz 0 0 0 o
0 0 o’

VL=R VGRT




0% VNIVERSITAT
£ % D VALENCIA

‘&!ﬂf’!
24
INSTITUT DE FiS$ Y
CONSEJO SUPERIOR DE INVESTIGACIONES CIENTIFICAS

CORPUSCU A.‘\Ii

............

‘ Local frame ’ 0 ) 0 0 0
S > Oy Oy 1 O Oy 1 O
V, = V=RV, R=RT R =
=5 ) vemmur=r (T2 )= 1)(5 2 ) 0)

2 . 2 .
o, O cosy sin o 0O cosy —sin
V=RV, R=RT [ " Jr=("7 "TUU(r ) (T r
0 o, —Ssmy Ccosy 0 o, siIny Ccosy
‘ Localirame 62 cos’y + o-y2 sin’ y —cZcosysiny + 0y2 CoSy siny
......... .|. VG = 5 . 5 . 5

—0; cosysiny + o;cosy siny oy sin’y + oy cos’y

Global frame

.............
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The main goal of the pattern recognition is to associate hits to tracks
o Efficient: all hits
e Robust: no noise and no hits from other tracks

Pattern recognition is a field of applied mathematics
It makes use of statistics, cluster analysis, combinatorial optimization, etc

« The choice of the algorithm depends heavily in the type of measurements
« 2D vs 3D points

e And in the track model

Detector shape and B field
Hough space transform
template matching
minimum spanning tree
local pattern recognition

Hit-to-track association
« Defined by pattern recognition
« Later may be altered by tracking

Removing bad hits & outliers

 Noisy channels tend to be the “party spoilers”
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The main goal of the pattern recognition is to associate hits to tracks
o Efficient: all hits
e Robust: no noise and no hits from other tracks

Pattern recognition is a field of applied mathematics
It makes use of statistics, cluster analysis, combinatorial optimization, etc

« The choice of the algorithm depends heavily in the type of measurements
« 2D vs 3D points

e And in the track model

Detector shape and B field
Hough space transform
template matching
minimum spanning tree
local pattern recognition

Hit-to-track association

« Defined by pattern recognition
« Later may be altered by tracking

Removing bad hits & outliers
 Noisy channels tend to be the “party spoilers”
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It is possible to perform an online pattern recognition for a fast online tracking
Why fast tracking ?

Online one has a limited time to decide if the event is stored or discarded
A finite set of track topologies is used

Possibility to implement a “fast tracking” based trigger

Trigger on secondary vertices — online B-tagging

[FIC

Preferred methods
« Template matching using predefined roads

This field is evolving fast
 Use of Machine Learning algorithms

PATTERN 5
PATTERN 4
0,.

PATTERN 2
PATTERN 1 PATTERN 3 PATTERN N
) 1IN
P oo ce0 00 & \)
Ay

/ A & & & 4




Pattern recognition: Hough transform

Hough transform it is a technique for digital image detection
« It can detect the points that belong to a line (straight, circle, ellipse, helix...)

So the coordinates of the track points satisfy the line equation

« The Hough space has as many dimensions as the number of parameters to determine
 Straight line (2D): 2. Circle (2D): 3. Helix (3D): 5

« Then take all possible tuples (of track parameters) that will pass by each point

Infinite combinations — discretize &/or use constraints
« (e.qg.: particles were originated at the center of the detector).
« Count how many times a given parameter tuple is possible / find intersections
 Select the most frequent parameter tuple (more intersections)

Use the matched points for the track fit
« Initial track parameters — use most frequent parameter tuple

Example: straight line 2D space (X,y): y = x tanB + yo
 Points are given as many available (X, y) tuples. _
» Lines are given as (tan®, y0) tuples Hough space (tanB,yo): yo =y — X tanf

« Solve: draw lines in Hough space and check for intersections

15/6/26 36
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Table 2: List of hits recorded in this
event. In total 5 hits: 4 hits from the
track plus a noise hit. Units are arbi-

trary.
X Y
-1 | -0.18
O | 0.39
1 | 1.02
1 | 0.77
2 | 1.57

Warning: points have been randomised around their real y-coordinate
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Table 2: List of hits recorded in this
event. In total 5 hits: 4 hits from the
track plus a noise hit. Units are arbi-
trary.
X y
A y -1 | -0.18
0.39
1.02
0.77
1.57

N R R O

2D space (x,y): y = x tan@ + yo Hough space (tanB,yo): Yo=Y — X tan®
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-+ 3 points seed

 Adding other measurements: (inside-out or outside-in) L
may use 3 consecutive measurements (compute a circle) 7
and extrapolate the track (outwards or inwards) attaching x\f1 \'
near-by measurements g
 Extrapolation uses a Kalman filter to define the search area h\ I/ \/7\
. -
—p—~s

- Cellular Automaton
 Implemented to cope with the increase of luminosity —
quadruplet pixel track seeds

« Parallelism, keep high efficiency and low fake rate
e Avoid O(n3) combinatorics

 pr and interaction region
e Documentation: F. Pantaleo



https://ediss.sub.uni-hamburg.de/volltexte/2018/9070/pdf/Dissertation.pdf
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Pattern recognition: IFIC

- Pattern recognition algorithms being tuned for HL- LHC

6000 T T T 6000 ': SOOF LN L L N L L L N N B B B B B |
« Expecting ~200 collisions per beam crossing - f 2018 (13 TeV): <> = 39 S T N
S = - ATLAS Vs =13 TeV, 147 b .
2 sooolss = 2017 (13 TeV): <p>=38 | 0 o ggof E
- . _ =" . 2015: <u> = 13.4
o [ 2016 (13 TeV): <u> = 27 - .
‘ M 2015 (13 TeV): <u> = 13 =3 : 2016: <pi>=25.1 -
2 000! PEREERI 00 8 4000 2017: <u> = 37.8
> 2012 (8 TeV): <u> =21 c - 2018: <u> =361
= B 2011 (7 TeV): <up> =10 E - Total: <p> = 33.7
© 3000} 13000 4 300 =
E o (13 TeV) =80.0 mb 3 C N
< 5000l ol (8 TeV) =730 mb | 2000 g 200 —
0 oi? (7T TeV) =715 mb o N ]
£ E - .
§ 1000 1000 100 —
:: . by N i
o e E : L“L_h_ _l:':,_|; ) : e 1. ol ™ Lo a “

% - o r r =° % 0 20 30 40 50 60 70 80
Mean number of interactions per crossing Mean Number of Interactions per Crossing

- Extreme conditions already encountered in Pb-Pb collisions

\\\
e

[Heavy ions collision with a Z—e+e- candidate] ATLAS
i 3 EXPERIMENT

15/6/26
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Track fitting with y2 minimization
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The Least Squares Method best meets the requirements of track fitting:
 Rather simple formulation (usual 2 definition) and statistical properties

« Easy implementation of measurements (hits) and their errors

 Quite fast numerically (even for large number of degrees of freedom)

 Provides solution to track parameters and their uncertainties

An important ingredient is the track model which has to:
« Be well approximated by a linear model in the neighborhood of the measurements
« (— second and higher order derivatives negligible)

The track model requires that (generic to all track fitters):
« The equation of motion can be solved with sufficient precision

When B is in use, this implies that B is well known — accurate propagation

« Remember if B is not uniform, the differential equation of the motion must be solved numerically
« This adds extra computing time

« The material traversed by the particles is well known

Allow the accurate evaluation of energy loss and multiple scattering
« No wrong measurements (noisy hits) have been associated to the track during the pattern recognition

15/6/26 42
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Use well known technigue of residual minimization for track parameters determination via a 2
functional

Usual y2 definition
* Residuals () and their errors (o) & ¥2 minimization w.r.t. track parameters (7)

Np 2 ) Np r; = e(T) — m;
2 Vi d){ F; dr
— > — 2 > p— O
=1 6(7’ i) dt i—1 9 (I’ i) dr a—l e;~1(1)
Rewrite the 2 using matrix algebra: =
2 _ W7 1
i o 0 Yy =r''V—-r -2
2 : . : }
r(r) =m-—e(7) =| . V= : g : \T
' 0 ( )2 1) V. may contain correlation coefficients as well. Therefore V is not necessarily diagonal
Iy O\I'N, | N . .
R 2) The residuals errors are taken as the intrinsic uncertainty of the detector elements. Each hit may come

from a different tracking device, therefore each one has its own uncertainty

Apply the ¥2 minimization w.r.t. track parameters (7)

do or, or,
T — coe
dxz dr T T; ZO dl. 01’1 ot N
—~—=0 - 2(—) Vv'ir=0 =] 7= —= =
d’t d’t T. 90 T 07y, Oy,
Nr oty o 0Ty,
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| . . L. _ P
Taylor's expansion up to first order derivatives: () = r(z;) + (_l’) 5
Computed with the initial track parameters (70) estimation 7 T/ 1=,
Neglect second and higher order derivatives: ' 0o

drdz;

The minimum condition equation becomes (system of linear equatlons)

dy? dar\' dar\' d dar\'
Y -0 — 2 (_l‘) Vierb=0 > 2 (_I‘) vl (—r) 0T + (_l‘) y-1 (7)) = ()
dt dt T dt =1, dt =1, dt =1,

Nr x Nr matrix Nr vector Nr vector Nr vector
Solving the above system requires to invert a N7 x N1 matrix
—1
(dr)T _l(dr> (dr)T »
ot =— || — V7| — — V7>ir(ry)| - t=1+01
Pros & cons: W e W e W/
Pros:

« The covariance matrix of the track parameters is just the inverse of the track derivatives matrix. So track parameters
uncertainties are computed for free :)
« If the problem is linear then the solution is exact

cons:

« The derivatives of the residuals wrt track parameters may be hard to compute and suffer from long extrapolation uncertainties
 If the problem is not linear then one needs to iterate
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- Track fit with constrained track parameters 2 1 1
— pl T
« Beam spot, secondary vertices, invariant masses, ... X =T V>ir + RRWT R
n ( R, R, ) /ao_AO aO_AON
( dy — dy \ (0(d0)2 0 ) IR ZTI aarNT (dadod) (daq/pd) (1 . 0
R = 20~ %o W = : . : — = : . | = : - : = : - =1
- 0 - olg/p)? T dalp o Hap—gip | O e T
\a/r —a/p, \ / | 7 )\ o0 %lp )
— __1 — -
dr\' __ [dr dR\' _ (dR ) N dR\'
0T = — — |V — )+ — ) W — — )] Vir(t)+|— ) V R(ry)| — T=7+07
dt dt dt dt dt dt
- Compacted notation and calculation
() (6(r)> 0 ‘
: P : 0
= ry rNR , V 0 B 0 U(FNR)Z 2 _ 'I' _1 'I' _1 _ /'I' /_1 /
= (&)= v=(y w)- o y=rTV'r + RW'R =TV r
") \ 0 o(q/p)’)




- Track fit with constrained track parameters
Beam spot, secondary vertices, invariant masses, ...

[FIC
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( 5 ) (R, R\ ody—dy) oy —dp)
dy — dj ( 2 \ 0 0 ( \
A o(d,) JR g Ny ad, dq/p 1 0
R=| 0% W= : : —= : : : : =1: =1
. ' ' dt ORy, ORy, 7 0 1
A 0 0(q/p)2 T T 9q/p d(q/p — q/p) \ )
\a/p —alp, | 7 o )\ o0 Wp
i T T 17T T T |
dr _, [ dr dR [ dR dr i dR i
0T = — — |V — |+ | — —_ — )] Vir(t)+|— ) V R(ry)| — T=7+07
dt dt dt dt dt dt

-+ Goodness of the fit: evaluate the pull quantities
« When fit is correct: pulls follow a Normal distribution (u=0, o=1)

 Three conditions must be fulfilled
e 1)The track model must be correct
« 2)The covariance matrix of the measurement uncertainties must be correct
« 3)The reconstruction software must work properly
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The Kalman filter was developed by R.E. Kalman during the
1950's

To solve differential matrix equations without large matrix inversions
It is a method of estimating the states of dynamic systems

Applied by the NASA in the rocket trajectory control for the
Apollo program
Military applications: compute plane trajectory by radar tracking
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Filter starts with Estimate improves
rough estimate as more data used
Kalman l
® filter ¥ 3 ._

" AN True Onboard
B trajectory measurements @

Assumption: ”

The trajectory of a particle between two adjacent surfaces is described 7T %

by a deterministic function plus random disturbances (material effects, 5 . .é/@'

etC) ............................................ -

The system equation: propagates the estate in one surface to the next | | .~ S R '/8:'

surface I I K

................... >
T, = Fkalk—l + Pkﬁk <6k> = () Qk COV(ﬁk) m _. 'é-.//.@;:lkl ..................... m,
The measurement equation: mapping the track in the surface
and considers some measurement error B
scatterer sensor k

mk — Hka + 8]{ <8k> — O Vk COV(gk)
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The aim is to estimate the track parameters from the observations
 From k—1 observations and T x-1 estate plus a k-th measurement: obtain a new k estimate

{{ml,mz,...,mk_l},rk_l}+mk -

Prediction:
* Propagate the previous state to the new surfgce L r
 and its covariance matrix (error): 5 e s
Tt = Bt PO 7 S . .é./e/
oL Copo1 = F Gy FT+PLQPT Bt | =4
Filtering: | @t .
» In the k surface one has two estimates of the particle track ST L
1) the prediction Tir1 (blue point) |
e« 2) the measurement myx (red point) g
Sensor K- scatterer sensor k

The Kalman filter consists in combining both: prediction and measurement
e minimizing the following:

L(ty) = (m— Hig)" Vi' (my — Hym) + (Tei-1 = T)" Crpi—1 (g1 — %)

: V=r"V'r + RRWIR
The solution of the track parameters should be well known by now:
« And its covariance matrix (track parameter uncertainties):
' 1-1
_ ~1
Tk = Tup—1 — |H, Vo Hy+ Gy

H! V, (m— Him) Cup = [H] Vi Hi+ Gyt




Estimate of the track parameters and state at the detector surfaces
Filtering from estimate k-1 to k
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Estimate of the track parameters and state at the detector surfaces

Filtering from estimate k-1 to k
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Estimate of the track parameters and state at the detector surfaces

Filtering from estimate k-1 to k

——P» truth

+ measurement

2

3

..-.
......
st
.'..
L L
......
.'..
et
o

.....

——P» Previous state —P» Fit result

+ prediction

+ filtered

INSTITUT DE SICA
kk) }'\I '\k ‘ . \'\ |\

l-.




Estimate of the track parameters and state at the detector surfaces
Filtering from estimate k-1 to k
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Estimate of the track parameters and state at the detector surfaces
 Filtering from estimate k-1 to k
Issue: Outer points predictions have m0re__ﬂ_,i_nf?-rm'é'fi'bn than inner points

ar
-t .
a ..,-' ....
" - aant

e

1 2 3 4
——Pp» truth ——P» Previous state—P» Fit result

+ measurement + prediction + filtered
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- Filtering + Smoothing
 Moving outwards from estimate k-1 to k  Moving inwards from estimate k to k-1
 Final step of the Kalman filter
 Ensure the equivalent weight of all points

..-P""
-
-"""
-
-

I_, * Prediction ® Measurement * Filtered

® Measurement ¢ Smoothing
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Multiple Coulomb Scattering

When travelling in the interior of a detector a particle interacts with the material of the sensors

and the ancillary structures
« Coulomb scattering of the incident particles with the sensors and structures material
« The particles undergoes successive deflections altering the particle trajectory

« The energy loss (dE/dx),
 If severe, may affect the curvature radius (mainly for electrons)
« It also helps to particle identification

Assumption: MCS angles follow a Gaussian distribution
It is well known that MCS tails are larger that those of the Gaussian

WV
calennE

13.6 MeV X X
pep Xo

The interaction of the particles with the detector has to be included in the tracking model

15/6/26 55
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- The MCS deflects the tracks. Therefore it affects the detector residuals
« The scattering angles depend on particle momentum
 Residuals become momentum dependent M
» Residuals depend also on the detector structure o Cl |S Rimafion FXAMnALy
5 o 5" Support Tube TOB -Pixel Phase1 |
X =YL . l
| |TEC | |mBandTiID [ Beam Pipe
o? A i l
) § 02=c§+% i i
_.J\A/: IG g/ 2__ 1] r’ h __
p* 1.5
Eo.oz4;—'.'ALt;rAn'2616Angn&,{en{  ATLAS P,e'",'m'n'ar;, — - ; 1
gooosi E:O Pythia Dijet Monte Carlo . . P:( jl7b$23| :; 1‘_ _‘
J§:0.018§— oo = I 1
E0.016:— 0 ° - - i
X - ; o4 . B =
§0.014:— _.-8 Ou. = 0.5_ - U
2 0.012F - . = I | i
&J - — O = - ' | L
= 001 , ——o— —o— o = B Ul
O ~ ~ —_—— —_—— n . B |
30.0085— © v —E 0
0.006F -4 -3 -2 -1 0 1 2 3 4
30 20  -10 0 10 20 30 M

Track aq.p; [GeV]
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- Inclusion of the MCS angles in the tracking
 Extra parameters to be fitted
« 2 angles per tracking surface

« In case of tracking with ¥2, matrix size may be an issue

« Example: 10 surfaces — 20 extra degrees of freedom
 Larger inversion CPU times and error propagation

 For Kalman filter, 2 extra degrees of freedom per step

2 _ T /1 T —
Iyics = x =rVor + Fvics Ymes Tmces




Consider circular tracks in 2D (x, y)

Detector formed by 4 circular sensor layers centred at (0,0)
First layer at R1. Rest of layers uniformly spaced by AR

Spatial resolution: o (same for all layers)

Track parameters: do, p & @o
Estimate track parameters uncertainties by inverting the track fit matrix of the 2 fit

A R layers [m]

d, resolution vs first layer radius & distance between layers (AR)
=4 p.= 10.0 GeV pitch= 50 um

IIII

250

T €
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P, resolution vs sensor pitch & distance between layers (AR)

Nayers= 4 P =10.0 GeV R, ,=0.03 um
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Summar

Track reconstruction is a key ingredient of the High Energy Physics experiments

Reaching the Physics goals of the experiment depend on the tracking
 Invariant masses, life-time, flavour tagging, particle identification... and triggering

Tracking starts with performant detectors

 Converting sensor signals in 3D space points

e Signal processing: clustering, Lorentz angle, radiation damage, ...
« Sensors and supporting structure: MCS

Tracking can be quite complex as experiment combine
 Different detection technologies
 Different sensor resolutions

The challenge of extracting the most of information of the track particles is a field in evolution

« Machine Learning and Al algorithm for pattern recognition
« Specially important for HL-LHC and track trigger

In todays experiments every aspect of particles interaction with the detectors is considered in
the tracking

« Aim: reach best performance as possible

15/6/26 59
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