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What talki bout? : i
at are we talking abou Tracking version 0.0

v

O Hypothesis: ‘

~ Two sensors
. perfect positions

- Infinitely thin X,

~ 1 straight tracks X

0

- 2 parameters (a,b) |

| | 2
I 1 >
0 z (first point) z_(second point)

O Estimation of track parameters S0

a= b

~ Assuming track model is straight s Z)ihZn

CRRE e

- No uncertainty !
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What are we talking about?

Tracking version 1.0

0O Hypothesis: ;

~ Two sensors
- Positions with UNCERTAINTY o,
- Infinitely thin

~ 1 straight tracks

- 2 parameters (a,b)

v

|
I 1
0 z (first point) z_(second point)

0O Estimation of track parameters Y =X = Xoh = %o
a s OOiea 2 . =
~ Assuming track model is straight s Z)ihZn
= [
U . . f * — 2 — Zl + ZO
~ Uncertainties from error propagation S == S S G
a2 Zoles 2
_ NZ& Tz
COV,p =~ Syu
Z1 T 29
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What are we talking about?

Tracking version 1.1

O Hypothesis:

~ More than two sensors
- Positions with uncertainty o,
- Infinitely thin

~ 1 straight tracks

- 2 parameters (a,b)

0O Estimation of track parameters

~ Assuming track model is straight
« Need FITTING PROCEDURE least square

« Need covariance matrix of measurements

(here diagonal)

~ Uncertainties from error propagation

- Detail depends on geometry

— Both estimation & uncertainties improve
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i i
0 z, (first point) z, z

) z, (last point)
a= SleZ “ Ssz b o SXSZZ 1 SszZ
55,00 1 AR s
S,
S s =, Shi= s
Svl‘S'Z2 _(Sz) ‘SVI‘SZ2 _(Sz)
2 See LSM on
cov,, = SZ straight tracks
b SlSZZ = (SZ)2 later




What are we talking about?

Tracking version 2.0

0O Hypothesis: ‘

A X

~ More than two sensors

- Positions with uncertainty o,

+ With some THICKNESS
— physics effect

~ 1 straight tracks

v

- 2 parameters (a,b)

0O Estimation of track parameters

~ Assuming track model is straight
- Need fitting procedure least square

- Need covariance matrix of measurements

physics effect = NON DIAGONAL terms
~ Uncertainties from error propagation

= same estimators but increased uncertainties
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z, (last point)

i S St
LS e S O

SS.-(S.) " S8S.-(S.)

Complex covariant matrix expression
- correlation between sensors
- Various implemetations possible



What are we talking about?

L
x

Tracking RELOADED

O Hypothesis:

~ More than two sensors
- Positions with uncertainty G,

- With some thickness
~ MANY straight tracks

- Still 2 parameters (a,b)...per track!
- But may change along track path

O New step = FINDING
>~ Which hits to which tracks ?
~ Strongly depends on geometry

0O Estimation of track parameters
~ Happens after finder

~ Uncertainties involve correlation
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I | | —»
%x z_ (first point) z, z z, (last point)

Real life problem !

Bt

| | | | Z
I I I T y >
?\x zZ, (first point) z, 23 z (last point)

Optimizing geometry might help

I I 72
0 z (first point) z, z z, (last point) 6



Lecture outline

1. Basic concepts
first lecture

2. Position sensitive detectors
second lecture

3. Standard algorithms

4. Advanced algorithms
third lecture

e e o

5. Optimizing a tracking system

6. References
practice
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1. Motivations

& basic concepts

ESIPAP -

O Motivations

O Types of measurements

0O The 2 main tasks

0O Environmental considerations

0O Figures of merit
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1. Motivations & Basic
Concepts

Motivations

O Understanding an event
> Individualize tracks = particles

~ Measure their properties
~ LHC: ~1000 particles per 25 ns “event”

O Track properties

> Momentum <> curvature in B field
- Reconstruct invariant masses
- Contribute to jet energy estimation
- Energy <& range measurement
- Limited to low penetrating particle
> Mass < dE/dx measurement
~ Origin ¢ vertexing (connecting track)
- Identify decays
- Measure flight distance
~ Extension ¢ particle flow algorithm (pfa)

. Association with calorimetric shower

ESIPAP - Tracking -]J.Baudot

8 jets event (tt-bar h) @ 1 TeV ILC
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1. Motivations & Basic

& onets Momentum measurement

N
— 7

E e 2 PO GRSl
0O Magnetic field curves trajectories —=qv B

de
> In B=4T a 10 GeV/c particle will get a sagitta of 1.5 cm @ 1m

0O Fixed-target experiments

~ Dipole magnet on a restricted path segment

~ Measurement of deflection (angle variation) Pt 2 0.3.B(T)L
q Aa
O Collider experiment s | beam | =

~ Barrel-type with axial B over the whole path
~ Measurement of curvature (sagitta) p,(GeV/c)

q

=0.3« B(T)x R(m)
0O Other arrangements

~ Toroidal B... not covered

O Two consequences
> Position sensitive detectors needed

~ Perturbation effects on trajectories
limit precision on track parameters
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1. Motivations & Basic
Concepts

Vertex measurements 1/3

O Identifying through topology

~ Shortlived weakly decaying particles
« Charm ct~ 120 pm
+ Beauty ct~ 470 pm
- T, strange (Kg,A)/charmed (D)/beauty (B) particles

O Exclusive reconstruction
> Decay topology with secondary vertex

~ Exclusive = all particles in decay associated

O Inclusive “kink” reconstruction

~ Some particles are invisible (V)

+/-
y .

DO Decay

|
i
Typical 2-body topology ;| D° Decay
i
|

Detail
D K+

9

1
I
® Primary Vertex

OPERA v —Tevent

daughter

= V2
1 parent

500 um

v



1. Motivations & Basic

e b Vertex measurements 2/3
0O Inclusive reconstruction _CMS Preliminary 2010, \E=7TeV, ILI:1|5|nII:-'I1, |
~ Selecting parts of the daughter particles 10° ;g;ﬁ"ghu dﬁg
= flavor tagging for high energy colliders 107 ngm-ighirmﬁ) .
~ based on impact parameter (IP) % 10° b
> opp ~ 20-100 pm requested g 10
10°
0O Definition of impact parameter (IP) 10
~ Also DCA = distance of closest approach £ o8
@ 158 _
from the trajectory to the primary vertex S B
= I

| I AT PRI -
~ Full 3D or 2D (transverse plane d ) +1D (beam axis 2) S0 2 A0 ek 8D 1P Significance

~ Sign extremely useful for flavor-tagging

A
A y
y q<0 ‘
g>0 ‘
= J -
Pu e Pllix
Sign defined by 3 B
angle dca / jet momentum 1Y O Cos <0
: Cos >0
>
ESIPAP - Tracking -]J.Baudot X 12



1. Motivations & Basic

G rapts Vertex measurements 3/3

v

O Finding the event origin
>~ Where did the collision did occur?
= Primary vertex
~ (life)Time dependent measurements
- CP-asymmetries @ B factories (Az=60-120 pm)

~ Case of multiple collisions / event
« >> 10 (100) vertex @ LHC (HL-LHC)

O Remarks for collider
~ Usually no measurement below 1-2 cm / primary vertex
- Due to beam-pipe maintaining vacuum

~ Requires extrapolation = expect “unreducible” uncertainties



1. Motivations & Basic

G et Energy measurement

N
7

O Usually not a tracker task
~ CALORIMETERS (see dedicated lecture)

> Indeed calorimeters gather material to stop particles
while trackers try to avoid material (multiple scattering)

~ however...calorimetry tries to improve granularity = track-cal are “trendy”

O Particle flow algorithm
~ Colliders (pp and ee)

0O Energy evaluation by counting particles y‘i
> Clearly heretic for calorimetry experts $O

~ Requires to separate E, ;. in dense environment

0O Range measurement for low energy particles
~ Stack of tracking layers

~ Modern version of nuclear emulsion

14
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1. Motivations & Basic

Concepts

Multiple scattering - 1/4

O Reminder on the physics (see other courses)

~ Coulomb scattering mostly on nuclei

N
7

~ Moliere theory description as a centered gaussian process

- the thinner the material, the less true > large tails

O In-plane description (defined by vectors p, , p, )
~ Corresponds to (@, 0=0 ) with p, = p, and P = Py ¥ P

Highland formula:

Sy

_136 (MeV/c) 3!

thickness -{1+0.038 In(
bp Xo

X

x = thickness

Y
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—

—_—
_——

Splane ——-

}

Yplane

\

thickness)}

pout COS@ o pout,z
=W SN0 =it

out,I’
(note: £T[0,2p] uniform)

0 z = particle charge)

Xo = radiation length

Same definition as in calorimetry

Bplane

... though this is accidental
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1. Motivations & Basic
Concepts

Multiple scattering - 2/4

N
7

pout Sinex = poutex 2 e D 2
ar Gplane = 0x+0y

pout Sll’lHy s poutey

O In-space description (defined by fixed x/y axes)
~ Corresponds to (OX,OY) with me,T = pgut,x +p§ut,y {

~ Ox and By are independent gaussian processes

YA
6 E [paut’pout,T] plane

(D E [pnut,x’pnut,T] plane
gx E [pouﬂpomlx] plane
6}' E [pout’pgutly] plane

16
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1. Motivations & Basic
Concepts

Multiple scattering - 3/4

O Important remark when combining materials
~ Total thickness T = T, each material (i) with X;(i)

> Definition of effective radiation length =

~ Consider single gaussian process S

and never do variance addition
(which minimize deviation)

ESIPAP - Tracking -]J.Baudot

o s -
2 ar " X,()
XO,eﬁ 5 T
T
XO,ejj‘

N
7
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1. Motivations & Basic
Concepts

Multiple scattering - 4/4

v

O Impact on tracking algorithm
Remember

~ The track parameters evolves along the track ! vy
this simple case

~ May drive choice of reconstruction method

0O Photon conversion

~ Alternative definition of radiation length de
probability for a high-energy photon to generate a pair over a path dx: Prob =

> Y > e'e” = conversion vertex

» Generate troubles :

gso = &
SHO ; ‘,é“ 3 w~
. Additional unwanted tracks 0
Lo i % Er g,
« Decrease statistics for I g7 N IR e
electromagnetic calorimeter e ‘ Caad LRV e\
o 0/ vlo 00— J ."FW'.'.: i
s ¥ WS Ly
~ i N R B
> % > I 5 i |
& 2014 2§ 10
< i P I £
E ! : FE K
° : oot ° ¢
E 40— o £ E - ok
% -~ : : i % \ o ( 5 :
R T TR N R 10 20 3l
v conv., Data\'s=7TeV x (cm) nucl. int., Data\/'s=7TeV x (cm)

CMS “picture” of material budget
through photon conversion vertices

silicon tracker onl
ESIPAP - Tracking -]J.Baudot ( Y) 18



1. Motivations & Basic

Gt ot The two main tasks - 1/2

The collider paradigm

O Basic inputs from detectors
~ Succession of 2D or 3D points (or track segments)

— Who's who ?

O 2 steps process
~ Step 1: track identification = finding = pattern recognition
- Associating a set of points to a track
~ Step 2: track fitting

- Estimating trajectory parameters *> momentum

0O Both steps require
~ Track model (signal, background)
~ Knowledge of measurement uncertainties
~ Knowledge of materials traversed (Eloss, mult. scattering)

0O Vertexing needs same 2 steps
~ Identifying tracks belonging to same vertex

~ Estimating vertex properties (position + 4-vector)




1. Motivations & Basic

Gt ot The two main tasks - 2/2

The Telescope mode

0O Beam test

~ Single particle at a time

- Sole nuisances = noise and material budget
> Trigger from beam

- Often synchronous

~ Goal = get the particle incoming direction
ANTARES
Rur 81559, Fvent 25685

O The astroparticle way

~ Similar to telescope mode

o
3

Al K]
. .

> No synchronous timing

L

> Ex: deep-water v telescopes

=> For 2 last cases: mostly a fitting problem

> Usually with straight track model

ESIPAP - Tracking -]J.Baudot



1. Motivations & Basic

& Environmental conditions - 1/2

~
7

O Life in a real experiment is tough (for detectors of course, students are welcome))

> Chasing small cross-sections = large luminosity and/or energy

-
~ Short interval between beam crossing (LHC: 25 ns) — Finding more complicated!

~ Pile-up of events (HL-LHC >100 collisions / crossing) L ~ Requirements on detectors:
* Fast timing

~ Large amount of particles (could be > 108 part/cm?/s) b

— background, radiation =

>~ Vacuum could be required (space, very low momentum particles (CBM, LHCDb))

0O Radiation tolerance

~ Two types of energy loss
- lonizing (generate charges): dose in Gy = 100 Rad

- Non-ionizing (generate defects in solid): fluence in neq(lMeV)/ cm?

> The innermost the detection layer, the harder the radiation (radius? effect)

~ Examples for most inner layers:
- LHC: 10" to <107 1r16q(11\/le\/)/cm2 with 50 to 1 MGy
. ILC: <1012 neq(lMe\/)/cm2 with 5 kGy

ESIPAP - Tracking -]J.Baudot
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1. Motivations & Basic

& Environmental conditions - 2/2

N
7

0O Timing consideration
~ Integration time drives occupancy level (important for finding algorithm)

~ Time resolution offers time-stamping of tracks

- Tracks in one “acquisition event” could be associated to their proper collision
event if several have piled-up

> Key question = triggered or not-triggered experiment!

0O Heat concerns

~ Spatial resolution = segmentation— many channels Hot cotliml
Readout speed = power dissipation/channel

~ Efficient cooling techniques exist BUT
add material budget and may not work everywhere (space)

O  Summary

—  Tracker technology driven by environmental conditions: hadron colliders (LHC)

—  Tracker technology driven by physics performances: lepton colliders (B factories, ILC),
heavy-ion colliders (RHIC, LHC)

—  Of course, some intermediate cases: superB factories, CLIC

22
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1. Motivations & Basic A :
Concepts: Flgures of Merit

v

0O For detection layer
> Detection efficiency
- Mostly driven by Signal/Noise

~ “Speed” (time resolution, hit rate)

> Radiation tolerance
- Note: Noise = signal fluctuation € readout (electronic)

noise
~ Intrinsic spatial resolution
- Driven by segmentation (not only)
- Useful tracking domain 6< Imm
> Linearity and resolution on dE/dx for PID 4™\
> Material budget

0O For detection systems (multi-layers)
~ Track finding efficiency & purity

(&)

III‘IH‘H]‘HI‘III

>~ Two-track resolution

A~

- Ability to distinguish two nearby trajectories
LHCb Preliminary

EVT: 49700980
RUN: 70684

- Mostly governed by signal spread / segments

N

> Momentum resolutiog( )

D

T ’ T ‘ T ‘ [T | [T ’ T ‘ L1 | 1
2 4 6 8 0 T #
- Sometimes called “distance of closest approach” to a vertex

~L
s v [E=f=]
~ Impact parameter resolution /1

ESIPAP - Tracking -]J.Baudot 23



1. Motivations & Basic

ik Figures of Merit: initial estimates

v

0O Momentum resolution

~ Based on sagitta (s) measurement I
in collider geometry ol 8R = 0.038—
> L = lever arm of measurements ’
~ R = curvature radius pr/0.3B >> L Opr Og L
Pt S

O Impact parameter resolution
> Based on two layers measurements
~ assume track straight over small distance: R_ << curvature

fo4
int? cFext &

~ Each layer with spatial resolution: ¢

~ Material budget — o, 1
~ Telescope equation: R
5 2 beam / IRint
.. & \/Rextoiznt + Rintagxt Rintaﬁ(ms) """""""""""""" o
1P . 3/2
Rext S Rint pSlIl (0)

ESIPAP - Tracking -]J.Baudot 24



2. Detection technologies

O Spatial resolution

0O Single layer systems

~ Silicon & gas sensors, scintillators

O Multilayer systems

> Drift chambers and Time projection chambers
0O Tentative simplistic comparison
O Magnets
O Practical considerations

O Leftovers

ESIPAP - Tracking -]J.Baudot 25



2. Detector Technologies:

Spatial resolution

N
7

0O Position measurement comes from segmentation
~ Pitch
50 : _ pitch
0O Digital resolution S = ﬁ

O Improvement from signal sharing

~ Position = charge center of gravity

Sensitivel segments

¥
o
/sz'r” Signal generated

<
I I /ch§. Signals generated
I Sensitivel segments

pitch
~ Effects generated by signal/noise
. Secondary charges spread inside volume Ceb d
+ Inclined tracks (however, resol. limited at large angles) \ N ) ‘
Eep N\ . |
~ Potential optimization of segmentation / sharing o g
- Work like signal sampling theory (Fourier transform) . pitch

> Warnings: © B field

.’ Optimal 0 = tan™ thickness

[1,.‘L.,.Ll‘.A.|..\.|‘....4_._.,_._|_._‘_.1~_...J
e 2o a0 40 S0 e 7S] EL

B (in degrees)

p*implant

. Lorentz force from B mimic the effect

- counterproductive / 2-track resolution
|

holes

n-type
silicon

ESIPAP - Tracking -]J.Baudot particle track ¥

n* backplane 26



2. Detector Technologies:

Detection with silicon sensor

O Signal generation P——
f Particle Shapers
~ e-h pairs are generated
by ionization in silicon Metalisation > 5 A
- Average energy needed / e-h pair = 3.6 eV —
« 300 um thick Si generates .
H g Strip pitch, P — SiQ,

~22000 charges for MIP
BUT beware of Landau fluctuation

> Collection: P-N junction = diode

- Full depletion (10 to 0.5 kV)
generates a drift field (10* V/cm)

- Collection time ~ 15 ps/pm

depthgepleted % Jresistivity X Vyiqg

ESIPAP - Tracking -]J.Baudot

Implant width, W L@

-
electrons « *
a »

| (typ. 300um)

et

Backplane, it - type SI]ICOH+ Bias Voltage

27



2. Detector Technologies: S : ey
g Radiation effects in silicon sensors

v

O Non-ionizing energy loss 0O Cumulated ionizing dose

~ Damage crystal network ~ Parasitic charges trapped at interface

- Generates higher leakage current (noise) with oxides

- Generates charge traps (lower signal) + Released randomly = Noise !

~ Modifies doping

7 e : 10 ——————————r————rr————rrs
i # Irtype FZ - 7to 25 Klrm _ J
sl standard FZ o {400 2 @ wype FZ -7 EOom AI — CZA(I)I-;-
& n_eutmns ,,f o “"T 10-L B ntype FZ -4 Ko ’F N E
_ 5t pions B ; . = O n-type FZ -3 K =i
s s protons . oxygen rich FZ | E o f ® ptype EPI- 2and4 Kfrm Qﬁ?
£ s s neutrons 1300 = :l:‘ 10-L 4 -
o 4 . = pions = = ,,-':’j‘j
o e « protons ] —
= D > oo o p* o UngpFI-TOOWm
> n.;;«’ - e 1 g 3 o n-type FE- 410 Crm
= af : | " B n-type FZ- 130 (rm
o g {100 = 107 o* ntype FZ- 110 Crm.
1 ’.t‘ u o ® n-type CZ - 140 (rm
% ' ] ﬁ: + p-type EFI- 380 {rm
0 0.5 1 1.5 e 2.5 3 3.5 1|:|1|:|11 10 1013 104 1gLs
fl'-'Bq [-EDM Cm_g] (I:l [I::l_l_l_:]
&
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2. Detector Technologies:

Silicon sensors: strips

O Concept

~ Pattern P-N junction as collection electrodes

~ Exploit silicon industry lithographic technique

O Silicon strip detectors

~ Sensors “easily” manufactured
with pitch down to ~ 25 pm

~ 1D if single sided
> Pseudo-2D if double-sided

- Stereo-angle useful against ambiguities

~ Difficult to go below 100 pm thickness (low SNR)
~ Speed and radiation hardness: LHC-grade

ESIPAP - Tracking -J.Baudot

100%

.
=-reconstruction: =7

ambiguity area

front-end 4 — /T
electronics == == =

: ¢' 3
Je% p”
N"SUBSTRATE  *\- o P

fully depleted

Feol
L
AT
9
=

f. 3

e
o
Hew
i
F <

real particles

I

25% with 2 degrees 29



2. Detector Technologies: Silicon sensors: hYbI'Id’pIXClS

N
7

O Concept

. : i 4 7é
~ Strips — pixels on sensor "% !

- One to one connection from
electronic channels to pixels

v AR Awr A Awr A mw smw awr am A AW Solder bumps
| srororofeleoreoreorerera

Ab b 4b 4b 4> AN AN 4D Ab Ab AV
AV AV AV AV AV AV AV AV AV AV AV

O Performances
~ Real 2D detector

& keep performances of strips

Readout chip

- Can cope with LHC rate
(speed & radiation)

~ Pitch size limited by physical connection
and #transistors for treatment

- minimal (today): 50x50 pm?
typical: 100x150,/400 um?

- spatial resolution about10 um

~ Material budget
- Minimal(today): 100(sensor)+100(elec.) pm
~ Power budget: 10 nW/pixel environment

Currently the only technology
surviving LHC innermost layers

ESIPAP - Tracking -]J.Baudot 30



2. Detector Technologies: 3 ’
e Silicon sensors: CMOS Pixel Sensors

v

> Use industrial CMOS process

- Implement an array of sensing diode

micro—cireuits 4 / /
X - e -~

charge collecting
diode

- Amplify the signal with transistors near the diode
- Benefit to
- granularity: pixel pitch down to ~ 10 pm
- material: sensitive layer thickness as low as 10-20 ym

> Known as Monolitic Active Pixel Sensors (MAPS)

O Sensitive layer

~ If undepleted & thin (10-20 pm)

. Slow (100 ns) thermal drift of charges

- non-ionizing rad. tolerance < 10" n, (o) cm?
~ If fully depleted (from 10 to 100 pm)

- Fast ( few ns) field-driven drift of charges

- non-onizing rad. tolerance > 10" n_ .y cm?

31
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2. Detector Technologies: CMOS PiXGl Sensor

O ConCept in—pixel / s /"/ ¥ A
~ Use industrial CMOS process e == =

- Implement an array of sensing diode charge collecting
- Amplify the signal with transistors near the diode

~ Gain in granularity: pitch down to ~ 10 pm

~ Gain in sensitive layer thickness = 10-20 um

~ For undepleted thin sensitive layer
- Slow (100 ns) thermal drift of charges

- non-onizing rad. tolerance S 10° n_ (yeyy/cm?

~ For fully depleted thin to thick sensitive layer

Mimosa resolution vs pitch

- Fast ( few ns) field-driven drift of charges

- non-onizing rad. tolerance > 10" n_ (jpfeyy/cm? S qg| —=— 12018 anabog) ouput ‘
"'% C e 1 bit (digital) output g
O Performances E 10:_ """ *----  axpected with single pixel (pitch;’\"ﬁ)
~ Spatial resolution 1-10 pm (in 2 dimensions) 8- —
- Material budget: < 50 pm 6
C /(

~ Power budget: < pW/pixel L » :
~ Integration time =5-100 ps demonstrated - g _—

- 1 ps in development C .
8 Timestamping @ ns 1evel in development %l 1| |1U| 11 |15\ 11 |20\ 1| |25| 11 \30| 11 \35| 11 |40| 11 |'45

pitch (um)

32
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2. Detector Technologies: ’ '
S toly cCloloskes Other active pixel sensors

v

O DEPFET 0 Silicon On Insulator (SOI)
> Depleted p-channel FET
SOI Pixel Detector
FET . amplifier - - V/ | |
e gat clear gate -;27 \ Sox i-’/{ AOSI 1 NMOS//
pacleal p*drm"h’v (Buried Oxide) 5102 - ____
a{h n+ P+
7z = Sensor
L‘- ,//Eg\ (High Resistive
deep n-doping Substrate)
‘ \ ‘internal gate’ |

i deep p-
dep|e1’ed P p-wel|

N-Si bulk

~ Fully depleted sensitive layer

P+ bOCk COH?QCf

~ Fully monolithic

~ Fully depleted sensitive layer . Blactronicasimiliths NI ARS

~ Large amplification
~ Still require some read-out circuits
- Not fully monolithic

- Possibly limited in read-out speed

33
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2. Detector Technologies: Silicon sensors

v

O Increasing popularity

~ Initially restricted to vertexing = | |
- LEP, B-factories 100

O

==

m_
\

[9E0 NAI
1981 NAII
1982 NA14
1990 Mark 1T
1990 DELPHI
1991 ALEPH

> Gradually introduced for tracking

- Possible due to dvpmt of o
integration techniques (bonding, ...) o
o f :
k= » ;
£ [ 1991 OPAL i
0.1 1992 CDF =
experiment nb.of | nb.of  silicon : LT ]
- detectors | channelés area [m?] - 1999 BABAR .
NS 1595k | 10x 10 223 0.01 2001 CDF-II

2006 ATLAS

=
>

1602k |615x10° 60

OO0
2
ML

, | 23Kk | TS6K 6.5 g6 CMS

02 193K 4./
ICDESVAINlLL 720 | 405K | 0.001 =1 l | | | | +
Babar | T40K 0.95 1980 1985 1990 1995 2000 2005 2010
ﬁlgeph 15‘51 | ggt: 8 3% Year of ||[}£'I‘ait'[u]'|
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2. Detector Technologies:

Wire chambers

O Basic sensitive element
> Metallic wire, 1/t effect generated an avalanche

~ Signal depends on gain (proportional mode)

typically 10

~ Signal is fast, a few ns

O Gas proportional counters

> Multi-Wire Proportional Chamber
« Array of wires
.+ 1 or 2D positioning depending on readout
- Wire spacing (pitch) limited to 1-2 mm
~ Straw or drift tube
+ One wire in One tube
- Extremely fast (compared to Drift Chamber)
- Handle high rate
- Spatial resolution <200 pm
. Left/right ambiguity

ESIPAP - Tracking -]J.Baudot

A

Electric fields line
around anode wires

v
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2.D Technologies: A
A Wire chambers “advanced”

O Micro-pattern gas multipliers
- MSGC
- Replace wires with lithography micro-structures . D
& FAST TRIGGER

- Smaller anodes pitch 100-200 pm

- BUT Ageing difficulties due to high voltage
and manufacturing not so easy A

o e

~ GEM
. Gain 10°

Liultigern gam.cise harge
. Hit rate 10° Hz/cm?2 5 ] g
|I O =]
: Lo |
&4 (‘ . ]
£ / .' 3
= / s ; E’:
10* = : 105
(‘,1/ ,-'I ! g
TRIPLE GEM | : e
RIPLE GEM II.- ‘.,H:(" §
d ! =
(/;OD’BI{E GEN =
10° v/ ; 7 10° %
: ,-: SINGLE GEM " :
PR A S /
o----#-03- -5 16T :; /
10° 107
360 380 400 420 440 460 480 500 520
AVIV)
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2. Detector Technologies:

Wire chambers “advanced”

v

O Micro-pattern gas multipliers
- MSGC
- Replace wires with lithography micro-structures
- Smaller anodes pitch 100-200 pm

- BUT Ageing difficulties due to high voltage
and manufacturing not so easy

~ GEM
- Gain 10°
. Hit rate 10° Hz/cm?2

- MICROMEGAS oA,

- Even smaller distance anode-grid

. Hit rate 10° Hz/cm?2

> More development

- Electron emitting foil working in vacuum!

ESIPAP - Tracking -J.Baudot
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o
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2. Detector Technologies:

Drift chambers

v

O Basic principle

>~ Mix field and anode wires
« Generate a drift

~ Pressurize gas to increase
charge velocity (few atm)

~ 3D detector
2D from wire position

+ 1D from charge sharing
at both ends

O Spatial Resolution
~ Related to drift path
S H+/drift length
~ Typically 100-200 pm

O Remarks

~ Could not go to very small radius

ESIPAP - Tracking -J.Baudot
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: logies: : : :
& Detector Technologies Time Projection Chambers 1/2

N
7

. incident
particle field cage

O B enefits cathode segmented

anode (pads)

~ Large volume available

~ Multi-task: tracking + Part. Identification

O Basic operation principle

~ (Gas ionization — charges

> Electric field — charge drift along straight path

> Information collected
- 2D position of charges at end-cap
TPC wires Cathode
« 3rd dimension from drift time l
- Energy deposited from #charges
~ Different shapes:
- rectangles (ICARUS)
- Cylinders (colliders)

- Volumes can be small or very large

charged particle’s track
ESIPAP - Tracking -J.Baudot 39



2. Detector Technologies:

Time Projection Chambers 2/2

O End cap readout

~ Gas proportional counters
- Wirestpads, GEM, Micromegas

0O Performances
>~ Two-track resolution =~ lcm

~ Transverse spatial resolution = 100 - 200

> Longitudinal spatial resolution ~0.2 - 1 mm

~ Longitudinal drift velocity: 5 to 7 cm/us
- ALICE TPC (5m long): 92 ps drift time
-~ Pro

- Nice continuously spaced points
along trajectory

- Minimal multiple scattering (inside the vessel)

> Cons

- Limiting usage with respect to collision rate

ESIPAP - Tracking -J.Baudot
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2. Detector Technologies: ! :
g Conclusion on technologies

v

O Tentative Comparison
=

Q
—
=
@]
@ 4
[4b)

atial resolution

Afew 10 um

Spatial resolution

> <10 ns
&
Q@&Qo QG(' «Q{Q\QO ) : & <
per point Afew 0.1%X0
for many point
Silicon Gas with micro-pattern LargeGas volume

O Trend

~ Faster collision rates and higher particle multiplicities favour
- Fast silicon sensors and micro-pattern gas chambers
- pixelisation

- Still large gas ensemble for

Bellell (SuperKEKB) -> CDC and ILD (ILC) -> TPC

ESIPAP - Tracking -]J.Baudot
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2. Detector Technologies:

Magnets

N
7

0O Solenoid

~ Field depends on current [, length L, # turns N
- on the axis R MyNI
VL* +4R?

. Typically: 1 T needs 4 to 8 kA

> superconducting metal to limit heat

> Field uniformity needs flux return (iron structure)

- Mapping is required for fitting (remember B(x)?)

- Usually performed with numerical integration

> Calorimetry outside > limited material > superconducting

~ Fringe field calls for compensation Field (T Ra dlus Length | Energy
(m) M])

ALICE
ATLAS 2 2.5 5.3 700
O Superconduction CMS 4 5.9 12.5 2700
~ cryo-operation > quenching possible ! ILC 4 3.5 7.5 2000
~ Magnetic field induces energy: E U BRI

- Cold mass necessary to dissipate heat in case of quench

ESIPAP - Tracking -]J.Baudot 42



2. Detector Technologies: : ; .
g Practical considerations

N
7

O From a detection principle to a detector

... ATLAS Silicon tracker

— — 4

> Build large size or many elements

- Manufacture infrastructures
- Characterization capabilities
. Production monitoring

- New monolithic silicon pixel detector
tend to replace silicon strip technology

~ Integration in the experiment
- Mechanical support
- Electrical services (powering & data transmission)

- Cooling (signal treatment dissipates power)

~ Specific to trackers

- Internal parts of multi-detectors experiment

— limited space 400x 108 pixe
- Material budget is ALWAYS a concern over 16 cm
- = trade-offs required J’

ESIPAP - Tracking -J.Baudot



2. Detector Technologies:

[ eftovers

O Signal generation
> see Ramo’s theorem

O Silicon drift detectors
> Real 2D detectors made of strips

~ 1D is given by drift time

O Diamond detectors

> Could replace silicon for hybrid pixel
detectors

~ Very interesting for radiation tolerance

O Charge Coupled Devices (CCD)

~ Fragile/ radiation tolerance

ESIPAP - Tracking -]J.Baudot

0O  Nuclear emulsions

>

>

One of the most precise ~lum

No timing information = very
specific applications

0O  Scintillators

>

>

Extremely fast (100 ps)

Could be arranged like straw
tubes

But quite thick (X, = 2 cm)

v
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3. Standard algorithms

O Finders

O First evaluation of momentum resolution
O Fitters

0O Alignment

ESIPAP - Tracking -]J.Baudot 45



3. Standard algorithms: FINDING | 2 strategies

N
7

0O Global methods

> Transform the coordinate space into pattern space

- “pattern” = parameters used in track model
~ Identify the “best” solutions in the new phase space
~ Use all points at a time

- No history effect

~ Well adapted to evenly distributed points with same accuracy

O Local methods

~ Start with a track seed = restricted set of points
- Could require good accuracy from the beginning
~ Then extrapolate to next layer-point

- And so on...iterative procedure

« » . . . .
> “Wrong” solutions discarded at each iteration g
1g 4 ; FINDING drives
~ Possibly sensitive to “starting point N e
~ Well adapted to redundant information faloi s

46
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3. Standard algorithms: Track model

N
7

O A simple example
~ Straight line in 2D: model isx =a*z + b

~ Track parameters (a,b); N measurements x; at z, (i=1..N)

O A more complex example R ) Cr (11 :'ZCCDD)D/T

~ Helix in 3D with magnetic field
Track parameters (Y, zo, D, tanA, C=R) (r) = z, + B A C i
o L0 ’ Z\r) = 2 C asin 1+ 2CD

~ Measurements (r, @, 2)

y Y |
O Generalization R
~ Parameters: P-vector p Y /
» Measurements: N-vector ¢ L /
-~ Model: function f (RY>RN) ;J X Zﬁ/ 7
f(p) = ¢ > propagation ’ d /

ESIPAP - Tracking -]J.Baudot



3. Standard algorithms:

Helix model

0O Another view of the helix
~ s = track length
~ h = rotation direction
~ A= dip angle
~ Pivot point (s=0):

« position (xg, Yo, Zo)

- orientation @,

ESIPAP - Tracking -]J.Baudot

x(s) =z, + R cc}s(@n o
ysr =y, + R sin(‘I'ﬂr +
Z(8) = z, + &sin A

hscos A

R

hs cos A

R

) — cos P, ]

)—uin‘I'ﬂj

N
7
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3. Standard algorithms: Local method 1 / %

~
7

RN Frithwirth, Strandlie 2009
0O Track seed = initial segment 5 ——— . . .

~ Made of few (2 to 4) points
One point could be the expected primary vtx

~ Allows to initialize parameter for track model

~ Choose most precise layers first

usually inner layers

~ But if high hit density

Start farther from primary interaction
@ lowest density

Limit mixing points from different tracks

0O Extrapolation step
> Out or inward (=toward primary vtx) onto the next layer
~ Not necessarily very precise, especially only local model needed
Extrapolation uncertainty < layer point uncertainty
Computation speed important
~ Match (associate) nearest point on the new layer

Might skip the layer if point missing
Might reject a point: if worst track-fit or if fits better with another track

49
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3. Standard algorithms:

[Local method 2/2

O Variant with track segments

~ First build “tracklets” on natural segments

- Sub-detectors, or subparts with same resolution

> Then match segments together

~ Typical application:

- Segments large tracker (TPC) with vertex detector (Si)

> layers dedicated to matching

O Variant with track roads

~ Full track model used from start

O Variant with Kalman filter

> See later

O Figure of merit

S

eff, Seﬂ,z

I,

ckgrnd

N
7

~ 0.4 = o(sensor) @ o(track extrapolation) = effective spatial resolution

~ p = background hit density

ESIPAP - Tracking -]J.Baudot
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3. Standard algorithms: Global methods 1 / %

N
7

O Brute force = combinatorial way
~ Consider all possible combination of points to make a track

~ Keep only those compatible with model

~ Usually too time consuming... y[ Coordinate space

0O Hough transform

(]

(]

~ Example straight track:

[\]

- Coord. spacey =a*x+b < pattern space b =y-x*a

- Each point (y,x) defines a line in pattern space

- All lines, from points belonging to same straight-track,
cross at same point (a,b)

- In practice: Pattern space

discretize pattern space and search for maximum
~ Applicable to circle finder

- needs two parameters as well (r,¢ of center)
if track is assumed to originate from (0,0)

~ More difficult for more than 2 parameters...

51
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3. Standard algorithms: Global methods 2/ %

0O Conformal mapping for helix

> (X0,Y0,20) @ (pivot) point on the helix with (a,b) the center of the projected circle of radius r
. (xa)? + (y-b)? =17

: X—%g Y—Yo a B .
> Transforming to o ; y’ TR leads to y' = ——x' + — i.e. aline!

b

rz
- So all measured points (x,y) in circles are aligned in (x',y’) plane

~ Use Hough transform (x',y’) — (r,0) so that r = x' cos @ + y'sin 6

. To find the lines corresponding to true circles with| @ = r cos@ and b = rsin 8

~ Repeat for different z,

x [em] |
40 :
+ New Hough transforms o S 1
/ - A v 10} o B x'0.6
-, = orientation of pivot point o L
x-z projection of helical track 0} _ S T ) Dar
208 - . r
a0k - 0.2
i S T R D PP T PR P i -\\'w',
-30 -20 -10 0 10 20 30 40 o =
y [em] - AN
-u.z}
0.4-
I R FETTE P FETEE FPTTY P SRR I
,_v_, 040302 01 0 01 02 03 04
A
ESIPAP - Tracki... (PO . A - > 2



3. Standard algorithms: Global methods 2/ %

v

O Figure of merit

~ Search precision in pattern space depends on bin-size in the pattern space

- Such bin-size ~ uncertainty on the measurements

Sf(SenSOI/') 3 Sz (S@”SOV) i rbckgrnd

Axial
o o true ip=51.5" pr'1=-u.14GEU"l #=57.4°
e o pred =520 p;'=-0.21GeV!

oL

iyt GV
(=]

1 1 1 1 1 1
10 20 30 40 50 60 70 BOD
#°]



3. Standard algorithms:

FITTING

0O Why do we need to fit?

> Measurement error

~ Multiple scattering error

O Global fit

~ Assume knowledge of:
- all track points

« full correlation matrix

— difficult if o =0

mult. scatt. ™~ *~ meas.

~ Least square method

O Iterative (local) fit

> Iterative process:
- points included in the fit one by one

- could be merged with finder step

> Kalman filter

ESIPAP - Tracking -]J.Baudot

v

FITTING drives

track extrapolation
& momentum res.
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3. Standard algorithms:

Nb of measured points to start?

O The rule

~ For the fit: nb of constraints > nb of free parameters in the track

model

O Measurements

~ 1 point in 2D = 1 constraint (x <> y) or (r <> ¢)
~ 1 point in 3D = 2 constraints (x <> z & y <> 2)

O Models

~ Straight track in 2D = 2 parameters
- 1 position @ origin (z=0) , 1 slope

~ Straight track in 3D = 4 parameters
- 2 positions @ origin, 2 slopes

> Circle in 2D = 3 parameters
- 2 position for center, 1 radius

~ Helix in 3D = 5 parameters

- , 1 radius, 1 dip angle

ESIPAP - Tracking -]J.Baudot

O Minimal #points needed
"2 pointsingio

< 2 poitits 1’5 B

< 3 points in 2D

<= 3 points in 3D

v
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3. Standard algorithms: [ east Square Method (LSM)

7

O Linear model hypothesis “N measurements” means:
~ P track parameters p, with N measurements ¢ » K points (or layers)
A A e & * D coordinates at each point
C=CS+A(p_pS)+g e N = KxD

> p, = known starting point (pivot), A = track model NxP matrix,
€ = error vector corresponding to V = covariance NxN matrix

O Sum of squares:

é(model — measure)’ = SO -= (ES +A(p-p,) - E)TV_I(ES +A(p-p,) - 5)

uncertainty?

O Best estimator (minimizing variance)
s p=p +(ATVIA) ATV (G ¢
-0y P=Ppt c-¢)

~ Variance (= uncertainty) of the estimator: D%y Eni e
v, =(A"v4)

~ Estimator p follows a x* law with N-P degrees of freedom

O Problem © inversion of a PxP matrix (ATV1A)

~ But real difficulty could be computing V (NxN matrix)

+— layer correlations if multiple scattering non-negligible if 0. 1. cat. = Timeas

56
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3. Standard algorithms:

LSM on straight tracks

v

O Straight line model
> 2D case = D=2 coordinates (z,x)

~ 2 parameters: a = slobe, b = intercept at z=0

O General case

~ K+1 detection planes (i=0...k)
« located at z,

- Spatial resolution @,

~ Useful definitions

g 1 gZ gXZ gZ
Sv_ iy i = i< Sv — i
1—a—2,SZ—a—2,sz— N Zz_a

i=0 i i=0 i i=0 i i=0

~ Solutions - 59D e 00T TN S.S.-S.8

zZ Xz

Slszz o (SZ)Z &9 SlSzz LK (SZ)Z

> Uncertainties
Y. S, D¢ SZZ
S (S)
-S

58, -(S.)°

1
; SlSzz > (Sz)2 |

! correlation cov,, =

ESIPAP - Tracking -]J.Baudot

AXx K+1 detection planes

L
|
1

|
I
0 z, (first point) z z

c [

(telescope center)

O Case of uniformly distributed (K+1) planes
2, -2z=L/Keto, =0 Vi

-~ S, =0 = ab uncorrelated

12K s° K.z ss
G . ST —
(K+2)L° K+1 K+2 1L )K+1
> Uncertainties :
- 0,and oy, improve with 1/9/(K+1)
- 0,and g, improve with 1/L
- 0}, improve with z_
b 57



3. Standard algorithms: . SM on fixed target geometry

N

7

K/4 det. K/4 det. K/4 det. K/4 det.

cees

O Hypothesis

~ K detectors,
each with o single point accuracy

~ Uniform field over L from dipole
O.3qBL‘

P
- Bending:  Ap =p Ac

+ Trajectory: Aa-=

~ Geometrical arrangement optimized for resolution

- Angular determination on input and output angle: 52 =
s
0O Without multiple scattering

~ Uncertainty on momentum

NSRS S P RS

RN

~ Note proportionality to p!

O Multiple scattering contribution

13.6 (MeV/c) [thickness
> Bring additive term proportional to Kand gy = (ﬁp /) / >
0

ESIPAP - Tracking -]J.Baudot
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3. Standard algorithms:

LSM on collider geometry

7

O Hypothesis T

~ K detectors uniformly distributed
each with o single point accuracy ®

> Uniform field over path length L o

0O Without multiple scattering

~ Uncertainty on transverse momentum
(Gluckstern formula)

— L 4

K detection cylindrical layers
5 N :
o LR N e el

~ Works well with large K> 20

O Multiple scattering contribution

Opr 143 1 13.6 (MeV/c) [thickness
pr 0.3qBL Pp Xo 59

~ Brings additive contribution

ESIPAP - Tracking -]J.Baudot



3. Standard algorithms:

Kalman filter 1/2

~
7

O Dimensions
~ P parameters for track model
>~ D “coordinates” measured at each point (usually D<P)

>~ K measurement points (# total measures: N = KxD)

O Starting point

~ Initial set of parameters: first measurements

- With large uncertainties if unknowns

O Iterative method

~ Propagate to next layer = prediction

- Using the system equation

I

surface & — 1

9i—1|k—1

filtered state

scattering matter

surface k

filtered state g,

x predicted state gy,

= Zk—1

=G p +o,

- G =PxP matrix, ® = perturbation associated with covariance PxP matrix V,

- Update the covariance matrix with additional uncertainties

(ex: material budget between layers)

>~ Add new point to update parameters and covariance, using the measure equation

Vk|k1_Vk1+V

- H=DxP matrix, €= measure error associated with diagonal covariance DxD matrix V,

- Weighted means of prediction and measurement using variance <x? fit

ki (VkTIi—ll_iklk—l 2 HTV_I 1 ) (Vklk 1 o HTV_lH)

~ [terate...

ESIPAP - Tracking

- J.Baudot

m,=Hp, +¢,

o |
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3. Standard algorithms: Kalman filter 2/ o

O Forward and backward filters
~ Forward estimate of p;: from 1>k-1 measurements
~ Backward estimate of p;: from k+1>K measurements

> Independent estimates —combination with weighted mean = smoother step

0O Computation complexity

~ only PxP, DxP or DxD matrices computation (<KNxN)

O Mixing with finder
~ After propagation step: local finder

~ Some points can be discarded if considered as outliers in the fit (use x? value)

O Include exogenous measurements
> Like dE/dx, correlated to momentum
~ Additional measurement equation m',=H' p, +E'
4

13k = (VkTIi—ll;klk—l 3 HTVn;:ﬁflk +H" Vn;'lkﬁl'k). (V’J’i—l 2 HTV":H et bl V":«H)

ESIPAP - Tracking -]J.Baudot
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3. Standard algorithms:

Need for Alignment

O Let’s come back to one initial & implicit hypothesis
> “We know were the point are located.”

>~ True to the extent we know were the detector is!

>~ BUT, mechanical instability (magnetic field, temperature, air flow...) and also drift speed
variation (temperature, pressure, field inhomogeneity...) limit our knowledge

> Periodic determination of positions and deformations needed = alignment

Initial assumption for detector positions

True tracks & True detector positions & tracks built from these assumptions

—_—

Note hit position relative to detector are the same
tracks reconstructed are not even close to reality...
and this assuming hits can be properly associated
together!

ESIPAP - Tracking -]J.Baudot 62



3. Standard algorithms:

Alignment strategy 1/2

0O Alignment parameters

> Track model depends on additional “free” parameters, i.e. the sensor positions

0O Methods to find the relative position of individual sensors

>~ Global alignment:

Fit the new params. to minimize the overall x?

of a set of tracks

Beware: many parameters could be involved

(few 103 can easily be reached) — Millepede algo.

Local alignment:

A

N
7

Use tracks reconstructed with reference detectors

Align other detectors by minimizing the “residual” (track-hit distance) width

4 #0 bias = shift needed

Fminimal width = tilt needed

Track pos. - Hit posi = residual

ESIPAP - Tracking -]J.Baudot

true det.
orientation

]

til

s\

Ny

assumed. det.

N

A &@%

orientation
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3. Standard algorithms: Ahgnment strategy 2/ 2

N
7

O In both methods (global or local alignment)
~ Use a set of well know tracks and tracking-"friendly” environment to avoid bias
- Muons (very traversing) and no magnetic field

- Low multiplicity events

O Global deformations also possible

~ affect overall positions & momentum

~ Corrected through observing

+ Mass peak positions E F
VA /A
- Systematic differences at various track angles E i AV e [D )|
L) /] ] RN S v
or detector positions N (A
H
/,\.‘:_.T_.____""“ﬂ/ \
IR
e m
\ '\‘._'35".'.'.'.'---; _%ﬁ
v 1 J
NN TN
r”"/fiL )
|k = f '
o
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4. Advanced methods

(brief illustrations)

0O Why?
O Neural network

O Cellular automaton

ESIPAP - Tracking -J.Baudot 65



4, Advanced methods

Adaptive methods

N
7

O Shall we do better?
~ Higher track/vertex density,

less efficient the classical method

~ Allows for many options and best choice

0O Adaptive features

> Dynamic change of track parameters during

finding/fitting

~ Measurements are weighted according to their uncertainty

- Allows to take into account
several “normally excluded” info

~ Many hypothesis are handled simultaneously

. But their number decrease with iterations

(annealing like behavior)

~ Non-linearity

~ Often CPU-time costly (is that still a problem?)

O Examples

Initial Distribution with 100% Noise

- s - A% & . -
- - - e s = - »
" 8 = sas & L] - "
- G AR SE S =8 L - -
" B MEESE BE B L
- SR B B e 8 ==
e S @es SESe &5 & &8
P EE SNE & S e .

e & &8 o= -
mEeE & W e - = .

- e - eas e a e S
sEsen sEes W Sm & - - -

Frithwirth, Strandlie 2009

Denby-Peterson net Elastic Tracking

~ Neural network, Elastic nets, Gaussian-sum filters, Deterministic annealing, Cellular automaton

66

ESIPAP - Tracking -]J.Baudot



4. Advanced methods

Cellular automaton

0O Cellular automaton
> Initialization
- built any cell (= segment of 2 points)
~ [terative step
. associate neighbour cells (more inner)
- Raise “state” with associated cells

- Kill lowest state cells

ESIPAP - Tracking -]J.Baudot

J. Lettenbichler et al., 2013

S T AN
i )’\ NN "\‘ :
o—3—7 -\\“"'

LA T

N
7
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5. Deconstructing some
tracking systems

O CMS (colliders)

0O AMS, ANTARES (telescopes)

ESIPAP - Tracking -J.Baudot



5. Some tracking systems:

CMS

O Superconducting CALORIMETERS
Coll, 4 Tesla e ECAL 76k
W= (. scintillatin
) > N X g
R | 75y )\ HCAL Plastic i
£ a N R , scintillator/brass
> AN ' 4 sandwich Jo
IRON YOKE
TRACKER Pixels 7
Silicon Microstrips
210 m? of silicon sensors
9 6 M channels 1
.  + 3
T(())tim ter |2|§(r»i\t MUON BARREL sirips
Overall length 21.6.m0 Drift Tube Resistive Plate
Chambers (DT)  Chambers (RPC) > MUON
2900 scientists from E - S—— '_;‘: — ENDCAPS
182 Institutes from - l B Cathode Strip Chambers (CSC)
38 countries CH—.— T — o — Resistive Plate Chambers (RPC)
ESIPAP - Tracking -J.Baudot
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5. Some tracking systems: CMS

0O The trackerS

R Double Sided
em] Single Sided
== Z LT T4del T 1
= | | e - N
— Z 1o
20
—<— | |
>
50 120 280 z[cm]

ESIPAP - Tracking -]J.Baudot
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5. Some tracking systems:

v

O Alignment residual width

CMS 7TeV 2010

BPIX 13

e .i. l
|
i

BPIX 12

ESIPAP - Tracking -]J.Baudot
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5. Some tracking systems:

. . . —EGO T b iy
O Taking a picture of the material budget e « %
~ Using secondary vertices from y > e*e wit AR RGN o
E Pl 7E |
g 40— % : : A g -20:
% : g _; -- e % r e A el
%o -4oD t-gﬁ" 7Tbv %0 a0 ( r;w 30 , -_20t l;-io "'7<'3r g 10 20 ‘( 5;1
A £ o o v conv., Data\/s=7Te X (cm nucl. int., Data\'s=7Te x (cm,
O Measuring it by data/simulation
Comparison cl:vlslslirlnlllllal.til':lrll LI I L I LI I LI I LI | LI
§Q 2 5[] support Tube [JJj ToB rixet -
L[] TEC TIB and TID [JJJ] Beam Pipe _
CMS Preliminary 2010,\/s=7TeV Statistical errors only - |:| . . -
2 1.6 e 7Conv. O Nucl. Int. 2__ ]
= - - ]
® 1.4 - ]
Q - :# - i
1.2 = e 15 - -
I g e 5 ¢ b [ ]
= —— o —e— - :
0.8 — [ -
i b= t 1~ —
0.6 2 oo 2 - o o < 8 o i ]
"Eaxx & m o o m 5 i ]
0.4— m oo 7] = - - = th - [ i
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5. Some tracking systems: CMS

0O Tracking algorithm = multi-iteration process

CMS simulation s =7 TeV
:"\. 1 L L | L | L | | L | L
o i i
o 0o
209 i Iteration 0
5::3 I + Iteration 1
L] 0.8 g + Iteration 2

[ + lteration 3
i + Iteration 4
[]+ teration 5
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5. Some tracking systems: CMS

O Tracking efficiency
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5. Some tracking systems:

CMS

O Tracking efficiency

~ Sinlge, isolated muons

CMS simulation CMS simulation
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5. Some tracking systems: CMS

O Tracking efficiency

~ All pions
CMS simulation CMS simulation
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5. Some tracking systems: CMS

v

O Tracking purity

~ All pions
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5. Some tracking systems: CMS

. . CMS simulation Vs =7 TeV
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5. Some tracking systems: CMS

. . CMS simulation Vs =7 TeV
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5. Some tracking systems:

Impact parameter resolution
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5. Some tracking systems: AMS

AMS: A TeV precision, multipurpose particle physics
TRD spectrometer In space.
Identify e+, e- Particles and nuclei are defined by their EOE
charge (£) and energy (E ~ P) ’ =
";‘“";& —“—_” . -
Mai%net
.' [i‘} ."
¢l
Z, P are measured independently by
the Tracker, RICH, TOF and ECAL Gl
81
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5. Some tracking systems:

AMS

v

Silicon st§{p¥
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Fig. 5. The effective position resolution (weighted average of two Gaussian
widths) in the y-coordinate for different inclination angles (top), the Maximum
Detectable Rigidity (MDR, 100% rigidity measurement error) as a function of the
inclination angle estimated for 1TV proton incidence with the simulation
(middle), and the inclination angle distribution in the geometric acceptance of
the tracker (bottom).
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ANTARES

5. Some tracking systems:

Cherenkov cone
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5. Some tracking systems: OPERA

v

Target Tracker with scintillator strips:

1 strip = 6.86m long,
10.6mm thick, 26.3mm wide
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Summary

O Fundamental characteristics of any tracking & vertexing device:

~ (efficiency), granularity, material budget, power dissipation, “timing”,
radiation tolerance

~ All those figures are intricated: each technology has its own limits

O Many technologies available
~ None is adapted to all projects (physics + environment choose, in principle)
~ Developments are ongoing for upgrades & future experiments

- Goal is to extent limits of each techno. = convergence to a single one!

O Reconstruction algorithms
>~ Enormous boost (variety and performances) in the last 10 years

- Each tracking system has its optimal algorithm

O Development trend
~ Always higher hit rates call for more data reduction

~ Tracking info in trigger = high quality online tracking/vertexing

O Link with:
~ PID: obvious with TPC, TRD, topological reco.

~ Calorimetry: Particle flow algorithm, granular calo. using position sensors
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Was not discussed
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Backups: OPAL drift chamber
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Backups: ALICE - TPC
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Sign of Impact Parameter

0O Geometrical sign

~
7

~ Not helpful for b-tagging dprO dp:O
long-lived particles oY /\CPO R q<0
B (o By %
S
Sign defined by charge + traj. Position /VP
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(ALICE) TPC dE/dx
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Backups: ICARUS - TPC
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Backups:

NA-50 fixed target
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Backups: ATLAS tracking setup
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Backups: ATLAS tracking setup
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Backups: ALICE setup
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Backups:
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Backups: A s
B More position sensitive detectors
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