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Data analysis flow in HEP experiments
e Goal is to record the data register

ed by sensors when beams collide
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Data anal

is flow in HEP experiments

e Sensors react to the passage of particles and produce S|gnals

- Usually as electric pulses gl

- Digitization: convert those pulse into digits

Trigger

: @l‘- -
k
i"-..

"'{'"-'l-'l:'-_.r;'.-" --: ik W, & .
- Whenever an interesting event happens I f.-.:-:i-_' \ A
f ., w0
* Whatever “interesting” means I|' L yﬁ;'_-m"‘—-{ -

 Record the data =N
- In digital format PP mmn g 1\
« Event reconstruction i ' 1 i
- Tracker hits - tracks : B CLS“”‘“S; i
- Calorimetry - energy depositor g
- Bear in mind the calibration, geometry, etc. E -------
« Event analysis & selection I — —_—
- According to the reconstructed objects f’ :
« Physics results z
- Eureka! |
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Introduction: tracking what for ?

« Tracking allows to determine the properties of those charged
particles present in an experiment

- Where is the particle ?

- Where does it go ?
- Which is its velocity ?

e Tracking is possible because charged particles interact with detector

material

- Energy loss by ionization: radiation detection

* Bethe-Bloch formula

Muon momentum
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Introduction: tracking what for ?

* 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
* 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

LHCh B*—J/¥ K*
310° Jiy  CMS Preliminary, \/s = 7 TeV I
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&' E vt Y(1S) 05— \ _—— Lch —
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103 —— 0.4 — 7 \
; 0.3 — w
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= Lol IR L , ‘l T 0.2 0.4 06 08 1 12|
1 10 102, 10° [mm]

p*u- mass (GeVic®)
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Introduction: tracking what for ?

* Tracking allows to determine the properties of those charged
particles present in an experiment
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Introduction: tracking what for ?

* 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's™)

* Even higher for heavy ion collisions
Large background from secondary activities of the particles
Multiple Coulomb Scattering in detector frames, supports, cables, pipes...
Complex modular tracking systems combining different detection technologies,
different resolutions
Resolutions that vary as a function of the momentum (p), polar angle (0) or
pseudorapidity (n)
Very high event rates leading to large amount of data

 with demanding requirements of [ MDT | == RPC/TGC

CPU and storage — Tracking CPU budget £
| 3
*8 fagnet MDT RPC/TGC
= f
S u
SN 4 Lottt
. magnet
calorimeter "~
N By
V

Muon spectrometer
@)
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Introduction: tracking what for ?

* Finding where the particle was originated tell us much about the
physics: primary vertex, secondary vertex or material interactions

Vertex fitting capabilities depend
on tracking performance
(specially in impact parameter
and space point resolution)

24 EXPERIMENT

2un P 151616

Primary vertex

N/

N1 /)
N ——
//

07/10/19

Track fitting in HEP experiments



Introduction: tracking what for ?

* Finding where the particle was originated tell us much about the
physics: primary vertex, secondary vertex or material interactions

Vertex fitting capabilities depend
on tracking performance
(specially in impact parameter
and space point resolution)
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Introduction: tracking what for ?

* Finding where the particle was originated tell us much about the
physics: primary vertex, secondary vertex or material interactions

Vertex fitting capabilities depend
on tracking performance
(specially in impact parameter
and space point resolution)
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Basic ingredients

e Basic ingredients of the tracking system -
- Charged particles (+ve or -ve) wepltcuen ez Y
* |ql=1,2(e, u, 1, K, p, & d,...) Peamais

drift of ionisation slections

track of a chatged patticle
chambet wall

- lonization detector
* Continuous (e.g.: gas detectors)

* Discrete (e.g.: silicon planar detectors)

- Magnetic field (no strictly necessary) P
* Necessary if momentum determination is rguﬁbﬁired

Lorentz force

-

F=q(E+VXB)

Lorentz Force

R =0.668m ®q=-e
Oq=0

Og=+e

Example: Nice Java applet

- http://www.lon-capa.org/~mmp/kap21/cd533capp.htm  — 19900 fon
* Usually E=0 inside detectors or quite small st

® B into screen
O B out of scree

- Negligible effects on tracks

- E > 0 necessary for ionization charge collection

The bending of the trajectory is due to B field
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Track parameters

* A trajectory can be parametrized with just 5 parameters at a surface
- XY, 0,0,V
* 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 !
 The track is characterized by its 5 parameters as given at the
“perigee surface” & using the global reference coordinate system
- dy Zy, 9, 8, A/p wak

track

- dO’ ZOa (P(), COteO’ qu \
- d01 201 (p01 n1 q/p

The choice of parametrization dependsm._’_ _—
on the detector layout -_ \

* Track extrapolation
* Heavily used in tracking code

d alignment code
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Track parameters

« Remember: The track is characterized by its 5 parameters as given
at the “perigee surface”

- At each sensor surface one can use a different parametrization
* Track parameters given in the local reference frame of the surface

* Error/Covariance matrix

-
. / ' saraitive davices
I . f N R —
sensitive devices \d\\ (detectors)
endilive device py [MeV]=0.3g8R (detectors) J ‘\\
detectors ) o

radius of

/ the curvature ,.".
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reciprocal signed by /

the charge is used

/ Q/p, //
&
g p0 - arimuthal angle
" ~

>

/ L ) _____-f"/.;:/transverse impact parameter

‘ﬂf_‘l"-l"i

00- polar angle

z0 - longitudinal

) impact parameter
Fi —__aiTY sy
& e Lt e

The choice of parametrization depends
on the detector layout
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Votion of a charyed particle in a uniform magnetic field

CATLAS
A EXPERIMENT

LEFGERD. Dvent Mumber: 4

F=gvXB p(GeV1c)=03gB(T)p(m)
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Pattern recognition

« The main goal of the pattern recognition is to associate hits to tracks
- Efficient: all hits
- 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

- 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 altered by tracking
* Removing bad hits & outliers

- Noisy channels tend to be the “party spoilers”

07/10/19 Track fitting in HEP experiments 17
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Pattern recognition

« The main goal of the pattern recognition is to associate hits to tracks
- Efficient: all hits
- 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

- 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 altered by tracking
* Removing bad hits & outliers
- Noisy channels tend to be the “party spoilers”
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Pattern recognition:

e 3 points seed:

- Adding other measurements: (inside-out or outside-in) may use 3 consecutive
measurements (compute a circle) and extrapolate the track (outwards or
inwards) attaching near-by measurements

3 space point seed A

radius

hat,
14 Center
\‘\
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Pattern recognition

* |tis 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.

- pt based and possible routes from collision point

- Possibility to implement a “fast tracking” based trigger
* Trigger on secondary vertices — online B-tagging

PATTERN 5
PATTERN 4
PATTERN N

PATTERN 2

PATTERN 1 PATTERN 3
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Pattern recognition: Hough transfornm

 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 points coordinates satisfy the line equation
- The Hough space has as many dimensions as the number of parameters to
determine
e 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.g.: 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 points for the track fitting
* Initial track parameters - use most frequent parameter tuple

 Example: straight line
- Points are given as many available (x, y) tuples. 2D space: y = xtanf + yg

- Lines are given as (tan®, yg) tuples Hough space: yp =y - xtanb

- Solve: draw lines in Hough space and check for intersections
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Pattern re nition: H

Ay
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Pattern recognition: Hough transfornm

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
0 0.39
1 1.02
1 0.77
2 1.57
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Pattern recognition: Hough transfornm

Ay
m I = m Table 2: List of hits recorded in this
event. In total 5 hits: 4 hits from the
L track plus a noise hit. Units are arbi-
trary.
x| X X
> Y
k
N -1 | -0.18
* o | 0.39
1| 1.02
L] L | L 1] 077
-1 0 1 2 2 1.57
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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.

-
<
E

“
1 0 1 i
2D space: y = xtanb + yq Hough space: yg =1y -xtan6

- oQ710M9  Trackfitting in HEP experiments 27



Pattern recognition: Houah transform

Table 3: List of hits recorded in this
event. In total 4 hits: 3 hits from the
track plus a noise hit.

x [mm] | y [mm]

61.3 79.0

101.6 172.3

137.8 145.0

-y 117.1 276.2

r? —2r (p-+do)sin(a — o) + (p + do)? = p?
(dg = 0):r—2 psin(a— ¢g) =0
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Pattern recognition: Houah transform

X [mm] | y [mm] | » [m] | « [rad]

61.3 79.0 0.1 0.9107

101.6 172.3 0.2 1.0381

137.8 145.0 0.2 0.8107

117.1 276.2 0.3 1.1698

r? =27 (p+do)sin(a — ¢o) + (p +do)* = p?
(dg = 0):r—2 psin(a— ¢g) =0
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Pattern recognition: Houah transform

r? =27 (p+do)sin(a — ¢o) + (p +do)* = p?
(dg = 0):r—2 psin(a— ¢g) =0

X [mm] | y [mm] | » [m] | « [rad]
61.3 79.0 0.1 0.9107
101.6 172.3 0.2 1.0381
137.8 145.0 0.2 0.8107
117.1 276.2 0.3 1.1698
Hough transform for a cercle
- 10_ H
£ - — (61.3, 79.0)
= 8 — (101.6, 172.3) |
6? (137.8,145.0) |
c — (117.1, 276.2)
4:_ NN\ e e
D N ——.-
oF
2
-4
—6}
—8;—-
-100_
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Example of event with many tracks

[Heavy lon collision with Z candidate]

Run Number: 169206, Event Number: 310336
Date: 2010-11-14 18:20:52 CET

07/10/19 Track fitting in HEP experiments



Track fitting with Kalman filter
 The Kalman filter was developed by R.E. Kalman during the 1950's

- To solve differential matrix equations without 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

e Assumption:

- The trajectory of a particle between two adjacent surfaces is described by a

deterministic function plus random disturbances (material effects, etc)

- The system equation: propagates the
estate in one surface to the next

Tk:Fk(Tk—1)+Pk5k <6k>:O COV(Sk):Qk

- The measurement equation: mapping the
track in the surface and considers
some measurement error

m,=H,(t,)+¢g <Ek>:O Cov(g,)=V,

Warning: i

s
-~
-
-
-
-
-
-
-
-
-
-
-
-
=
-
-
-
-
-
-
=

n th

e drawing:| T

Detector k—1 Scatterer

T

Detector k
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Track fitting with Kalman filter

 The aim is to estimate the track parameters from the observations
- From k-1 observations and a A" measurement: obtain a new k estimate
|{ml,...,mk_1}, ‘ck_l} +m, - T,
- Prediction Tik—1=F (T4 + P8y
« and its covariance matrix (error): Copor=FCy o Fi+ PO Py
- Filtering, based on 7., ; and m,.
* |t consists in minimizing the following:
L (Tk):<mk_Hk<Tk))T V; (mk_Hk(tk))+<Tk|k—1_Tk)TCk|k—l (Tk|k—1_Tk)
* The solution should be well known by now:
Tk|k:Tk|k—1_[(H/€ v Hk)+ck|k—1]_1[H£ v (mk_Hk(Tk))}
* And its covariance matrix (error):
Ck|k:[(H17; V_lHk)+Ck|k—l]_l
- The residual is thus:

Frp=m—H, Ty,

« Which allows to compute a x? in order to test the goodness of the fit

that needs some smoothing. Xi=r Vi re A= %
k
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Track fitting with Kalman filter

» Estimate of the track parameters and state at the detector surfaces

- Filtering from estimate k-1 to k
* Quter points estimates have more information than inner points

+,

L.

® Prediction

B

® Measurement

ot

® Filtered

i

e

- Smoothing: from estimate k to k-1 (sort of backward filter)
* All points estimates have the same information

/

® Measurement

At

/

pr

® Smoothing

/

4

truth

/
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Track fitting summa

 From detector hits to particle trajectories

Detector
hits

Geometry
description

Pattern recognit%

Error model

Reject track & reuse hits

Magnetic
Field B

Track elements

Track model

<<i’rack Fittin>

Success ?
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- R. Fruawirth et al.

o “Statistical Methods in Experimental Physics”
- F. James

e “Introduction to experimental particle physics”
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* “Techniques for Nuclear and Particle Physics Experiments”
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» “Inner Detector Reconstruction: tracking”
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Tracking ML challenge

/t'* Summary from Phase 1 & Phase 2
a‘\.§/ A. Salzburger (CERN)
@SaltyBurger
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Tracking ML challenge

The challenge

Simulated hits

!

Reconstructed tracks,
Sequence of
labelled hits

Submission

truth.csv

I I + scoring ™|
ull

hits on track have weights

truth track

strip detector found track

high weight

mid weight
low weight

kagglé

low weight
low weight

mid weight
high weight
highest weight

pixel detector

platform

s
submission
solution.csv
hit_id track_id track 2
5 1
272 1
982 1
1231 1
8771 1
43 2
66 2
176 2
667 2
participant

particle origin

track 1
high weight

low weight

low weight

mid weight

highest weight

- oQ710M9  Trackfitting in HEP experiments

38




Example: circular tracks

« Consider circular tracks in 2D (X,Y)
« 4 circular sensor layers centered at (0,0)
- Firstlayer at R , the rest uniformly spaced by AR

- Resolution: o (same for all layers)

. Track parameters: d , p & P,

« Estimate track parameter uncertainties by
inverting the track fit matrix of the ChiZ2 fit

- Residuals: arc difference between measurements
and extrapolations

- Tracks emerging,from the center (d_ —O) 52
- Neglect MCS r*2r(p—dy)sin(0—¢,) Hp—d,)'=

R1<O‘m1_ae1)
R= (Rl +AR>(O(‘m2_O(‘e2>
(Rl +2 A1€)<0Lm3_(xe3>

il dr |
dt

a’r

oT=- dt

Vo r(ro)
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