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Tracking: what is that about ¢




Tracking version 0.0

= Hypothesis:

* TWO sensors
—perfect position measurement
—Infinitely thin

* 1 straight track
-2 parameters (a,b)

® Estimation of track parameters

* Assuming tfrack model is straight

* No uncertainty |
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Tracking version 1.0

" Hypothesis:
* TWO sensors
—Positions with UNCERTAINTY cget
—Infinitely thin
* 1 straight track
-2 parameters (a,b)

- - | |
= Estimation of track parameters 0z (firstpoint) z, (second point)
* Assuming track model is straight
g g q= xl - XO _ XOZl - xl‘ZO
Zl - ZO Zl - ZO

* Uncertainties from error propagation

—Decreases will lever arm (z;-zy) o = o, ,0,=""——20,,
a
<~ % <~ %
V2 +2,
COVa,b - Odet
)
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Tracking version 1.1

" Hypothesis:

* More than two sensors
—Positions with uncertainty oy,
—Infinitely thin

* 1 straight track
—2 parameters (a,b)

| | | !
= Estimation of track parameters 0 mlistpont) 2z, 2 (last poin
* Assuming track model is straight $S S $S _SS
_ MMxz xMz _ TxT g i
Need FITTINQ PROCEDQRE least square SS. () SS.-(5.)
—Need covariance matrix (4x4) of measurements ‘ ‘
(here diagonal) , S, ) S
* Uncertainties from error propagation Ta = SS,—(S) T = SS, (S )
—Detail depends on geometry ) S Z ____________
=> Both estimation & uncertainties improve cov,, = Bl . ;Sﬂm): e [z
Slszz — (SZ) L i=firstpoint _ 7det _|
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Tracking version 2.0

= Hypothesis:
* More than two sensors
—Positions with uncertainty oy,
—With some THICKNESS — physics effect
* 1 straight track
-2 parameters (a,b)
—But may change along track path

= Estimation of track parameters 0z (stpoint) z, 7, , (last point)

| T

N +—

* Assuming frack model is straight
—Need fitting procedure — least square
—Global AND local estimations

—Need covariance matrix (4x4) of measurements
physics effect — NON DIAGONAL terms Complex covariant matrix expression

* Uncertainties from error propagation - correlation between sensors
. . - - Various implementations possible
=> same estimators but increased uncertainties

a= Slez B Ssz b - SXSZ2 B SZSxZ
$,S. (5. SS.-(S)

(Global estimation)
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Tracking version 2.1

AX

= Hypothesis: 3 ®
* More than two sensors
—Positions with uncertainty oy,
—With some THICKNESS — physics effect
* No more straight track
—Magnetic field — helicoidal model

————
—
—~—

X

—5 parameters — one is the momentum < 3 - %’@(z)
- . . | | | ! y
= Estimation of track parameters 0 2 (first point) z. 2, 25 (last point)
* As before:

—non-diagonal covariance matrix
—Increased uncertainties from physics effect
e But FITTING more complex:
, , , Influence of geomeitry from
—higher dimensions ~ Overall layout
—non-linearities - Shape of sensing layers
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Tracking RELOADED

= Hypothesis:

* More than two sensors
—Positions with uncertainty oy,
—With some thickness

* SEVERAL straight tracks < depends on sensor timing perf. i
=Still 2 parameters (Q,b)...per track!

| |
T T T >
z (first point) z, z z, (last point)

Real life problem !

—But may change along track path l I

" New step = FINDING
* Which hits fo which tracks ¢ ; ot R
° S.I.rongly depeﬂds on geome_l_ry (A)ux z, (first point) z, z, z, (last point)

Optimizing geometry might help

= Uncertainties on track parameters (FITTING)
* Involve correlation
* Depend on level of wrong hit-track association

| | | >Z
J.Baudot - Tracking detectors 1/2 -  GdR Intensity Frontier lecture, November 2021 0 éo(firstpoint) 21 z z, (last point) 8



Tracking ... additional real life tfroubles

= Alignment

What you mechanically C?ns’rruc’red

ik

ALIGMENT procedure needed

= Radiation environment

* Intensity & energy frontiers => |large radiation exposure
* Total ionizing dose

— Possible effects starting ~1 kGy

— Worst conditions ~Ggy
* Non ionizing energy loss fluence

— Possible effects starting ~10'2 Ngq1mev)/CM?

— Worst conditions ~ 10 ngq1mev)/CM?

¥

Hardening/Monitoring needed

= Temperature
* Electronics heat-up => perf. can degrades with temp.
* Radiation tolerance depends on temperature

¥

cooling => additional material
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Lessons from simple considerations

= Goals of tracking
* |dentifying particles
* Measuring particle properties from track parameters

e W

®= Detector performance = Algorithms
e Granularity = res. on track parameters * FITING
* Thickness = res. on track parameters See P.Billoir's lecture

* Timing — easier finding * FINDING

Multi-layer system — fitting & finding performance
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Qutline of lecture 1

— |nfroduction (done already)

— Figures of merit

— Some fracking systems
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Figures of merit (simplistic approach)

— Physics drivers:
—pbending power & multiple scattering
— System
— resolution on Momentum & track Origin (vertex)
— Single layer
— resolution on Position & Time
— Finding power
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Bending power

= Magnetic field for momentum measurement

—

dp N (r-¢) plane circle pr = 0.3zBR L
e LorentzForce —— =qV X B =>helix (R,A) o P =Dprtp;
dr for homogeneous B (r-z) plane Straight line  pr = pcos A
= Collider » Fixed target pr _ 03.B(1)L
q Aa

Creation point
pr(GeV/c) 12 BL? é At given py: large BLZ or BL = large s or Aa

=0.3- B(T) R(m) s~ —=0.038——
8R pbr

=> eqsier measurements
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Multiple scattering

" Reminder on the physics process o thickness .

* Coulomb scattering mostly on nuclei => angular deviation - x > &

. - X/2— = S

* Deviation in 3D space (®, 0=0pgne) (note: ¢ €[0,27] uniform) Pin ’ £

where plane=(p;, Pout) s Y \P;lane A
- .;pTa?le‘ _ \V — .); plane\

" Moliere theory for the distribution of 6, gne A - Oplane

e central part (multiple small angles) ~ centered gaussian process A S
 Tails driven by single scatter, larger than gaussian

— the thinner the material, the more important the tails

= The Highland formula

* Approximates std. dev. of central part in Moliere theory o, = 13'%V/°)-Z--
p

Deviation probability increases for large angle with:
— Decreasing momentum

1+0.038 In( thlc;ness )

0

B. p. z = particle boost, momentum, charge

— Increasing ¥(material budge’r=thwkﬂ) ______________________________________________________________________

- Xo_= radiation length
\ Same definition as in calorimetry... though this is accidental
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Multiple scattering — some numbers

* Variousmotericls NN T

Silicon 9.4cm 100 pm 0.1% 50 um
Epoxy 30cm 1 mm 0.3% 90 um
Nal 2.6cm 1 mm 3.8% 350 um
Gas (air-CH4) 300-700m 10cm <103 -

* For tfracking purpose, material budget/measurement point ~ % or lower

= Forlayers made of various material coumpounds
* Total thickness T = 1T, each material (i) with Xq(i)
* Summing o2 undershoots the deviation

TiXo (i
* Definition of effective radiation length => X o¢p = 2 lTO( )
T
then ¢ =
eff Xo,eff
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Momentum res., fixed target geometry

= Hypothesis

* K detectors, each with o single point accuracy

* Uniform field over L from dipole

* Geometrical arrangement optimized for resolution
— Angular determination on input/output angle:

= Without multiple scattering

o, 38 1 o

b 03qBLIVK "

* Note relative uncertainty proportional to p!

= Multiple scattering contribution

0_2

K/4 det. K/4 det.

~

16 0°
“ KI*

Same power for L and ©
Expected statistical behaviour VK
Large lever arm | beneficial

) .. i 13.6 (MeV/c) |thickness h
* Bring additive term proportional fo K and og = Bp X oy 13.6 (MeV/c) |thickness
0 > ? (MS) = Ay X,

* Factor A depends on layer arrangement

B

=> |arge length | without measurement detrimentall ~ Constant with p!
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Momentum res., collider geometry

= Hypothesis
* K detectors uniformly distributed => compulsory to measure sagitta
each with ¢ single point accuracy

* Uniform field over path length L

= Without multiple scattering
* (GlUckstern formula, Works well with large K > 20)

Opr V720 1 o
pr _ 03q BI2JK 16 "

* Note relative uncertainty proportional to p!

L2 stronger than o
Expected statistical behaviour VK

= Multiple scattering contribution
* Brings additive conftribution

Op

r 143 1 13.6 (MeV/c) |thickness -
~ = 0.3¢ BL B X, Constant with p!

— —

K detection cylindrical layers

Note: numerical factors will change for:
« Smaller # layers
* Non-uniform arrangement
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Resolution on position vertices

|
-

PV

* Vertex position = intersection of several tracks
=>resolution depends on #fracks, angles between tracks & track parameter resolutio

HMHLHDX

= Distance of closest approach to collision (impact parameter)
* One of the parameter of the helix / similar to telescope extrapolation

e 2 crude approximations
— close to the point of extrapolation — straight tfrack

LHCb Preliminary

EVT: 49700980
RUN: 70684

HNHN

— Only 2 measurement layers g
posmon res. Distance to collision %,7
S
L AR (>+Rm@ o (Rl Materio - u
3/2 budget
psm (0) / Rext
] Lever arm beam A 0 IRmt
""""" ghessesss el
b IP or origin
* Standard parametrization gy, :@@ :
psin?6
Critical addition: SIGN
. Geomelry  Geometry - Significant help to separate
+ Defined against a direction (secondaty vtx, jet)
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FiInding power

lterative local algorithms

 Start from small track seed, then extrapolate track to next layers
* Power ~ probability to match correct hit

=> decided on distance hit to track-extrapolation (x? test) — oftrack) sensor i+1
1 -
Proba =
4 ERegrXOer 0Pk

c(sensor)

e
= Note:
o® . .
3 Giack X inter-layer distance
Pss
-
o

~

ceif = o(sensor) @ o(track extrapolation) = effective spatial resolution
* Pokg = Packground hit density = bkg rate x integration time

= Global algorithms

* Transform hit position — parameter-space (=pattern-space)
— Each hit shapes potential location of associated track
— Large enough intersection of shapes = real track

Granularity of pattern space = uncertainty on hit position
Power ~ probability to intersect true-hit-shapes
1

Proba =
1+2 Osensor,z X Osensor,p X Pbk

J.Baudot - Tracking detectors 1/2

o7 [Gev-]

GdR Intensity Frontier lecture, November 2021
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Lessons from figures of merit

m Excellent track finder requires Can a single algorithm all frack search?
e Granular sensors in space & time <= hit rate
* Layer close to each other <= intrinsic resolution of layer W
NO
real tracking is done with many steps

" Excellent momentum resolution requires

* Many measurement poinfs Can we get all that with a single sub-detector?
* Measurement over large lever arm

* Low material budget @

(depending on momentum range)
NO

= Excellent vertexing requires (though they are similarifies)
* Very granular sensors in space

* Short & long distances Qg

* Low material budget
d Trackers Vertex locators
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Some real/future tracking systems
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LHCDb setup

idisciplinaire

bert %URIEN
STRASBOURG

* Fixed-target-like experiment at LHC p+p collisions @ 13 TeV

=
o
~

N
o

10

Instantaneous Luminosity [10% cm2 s°1)

« Collision rate 40 MHz
« Triggerrates (hw & sw)
1 MHz / 100 KHz / 12 Khz

~ LHC Fill 2651
i \\ L 7.6
LHCb Run3 A0 ) | ATLAS&CMS (Runl &2)
rEEBER
| =18
| LHCb Runl & 2
W £ i’ \
1 1 1 i 1 L | 1 1 1 1 1 1 1 ]
0 5 10 15

20
Fill duration [h]

November 2021
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LHCb tracking

Institut Pluridiscipl
Hubert C

inaire
URIEN

0r- T
- [
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o~ [V
4L | I
<o) - : Lo
m .06LC | o
| L
of | .
|
-LOE Lo
-1.2 E 1 -! L | 1 L l L 1 1 1 1 II I| ||
B 4 6 '8 1z (m)
| |
: : Upstream track
| .
| | s
| | “  Long track
b

-
-

-, ————

v ———

23

0 1 2 3 4 5 6 7 8 9 10 M
z (m)
) TI'T3 3
Occupancies:
« VELO:0.5-1%
« TT1:0.2-1.9%
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Institut Pluridiscipl
Hubert

inaire
bert CURIEN
STRASBOURG

LHCB tracking performance

P - po— T T T T T T T T T ]
9 104 LHCb preliminary X ' ' + =
() - —]
‘D 1.02— S ]
il = :
5 1F < ‘ —:
098 gy 29 ++ =
0.96 5= ¢++ =
0.94 5
0.92 ;— _E
0.9 E ——2018 Data E
1 —— 2018 MC &
0.86 '._I 1 I 1 1 1 I 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 I 1 1 1 l 1 1 1 I 1 1 1 _E
20 40 60 80 100 120 140 160 180 200 3
p [GeV/c] =
) = e
2 1.04 LHCb preliminary g
;g 1.02 :
5 ! :
0.98 . , E
0.96 fr— c— 2
0.94 o
0.92
0.9 ——2018 Data —— 2012 data
0.88 —— 2018 MC 10E- High pr —=— Simulation
0.86 | | | | | | | 0 S e T
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 ’) 7 &
0 50 100 150 200 250 300 350 400 450 0 0.5 ! 1.5 = 1/ .E.GSeV'l C]3
# hits in scintillating pad det. SPD hits P
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Belle Il setup

* e*+e- collisions ..
e Belle | ~7x7x7 m? KLong and muon detector (KLM) * C.O||ISIOn rate 250 MHz
« Triggerrates (hw & sw)

et e 30 kHz / 6 KHz
[ EM Calorimeter (Ecal) )
e/ Particle Identification
€ctrop RICH + TOP
S (7G
. eV) Y
[Bervllium beam pipe c0150{ _ Z > i
2cm diameter S| = SRt T e
50.125 — K i %
' M : 2 0.100
» — =l
pOSltronS (4 $o.075
H Ge V) -‘_“ 0.050
SuperCond. Solenoids g ;
1.5 T magnetic field B e
0.000 4= iy I
0.01 0.05 0.10 0.501.00 3.00
Central Drift Chamber Transverse Particle Momentum in GeV/c

He(50%):C2Hs(50%), small cells,
long lever arm, fast electronics

25

Vertex Detector (VXD = PXD+SVD)
2 layers DEPFET pixels + 4 layers DSSD

25
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Belle Il tracking

* Elementary collisions produce few tracks (~10/evts) Occupancies for Lumi > 103> cm-2.s!

* Beam induced background largely dominates occupancies. => ¢ PXD:~1%, SVD: 1-3%
at peak luminosities > 103> cm2.s!

CDC hits AM
A AN Current occupancies for Lumi ~ few 1034 cm=™2.s-!

CDC CDC Cellular

>
— Remammg g 0975 %‘
CDC hits SVD hits (<} 0.950
— S nY
ANEW Ty
e VXDTF2 (SVD LcL:Jw o 0823
\ Standalone) , CDC ’ % g 51666
Q— .
v T S e / Background Level
5 I g- : ;
L) Meraing PXCKF PXD not in FINDING step! g / —+— x0
= 0.850 —t x1
ok 6 " -
Combinatorial 0.825 X2
Kalman Filter .
0.1 0.2 0.5 1.0 2.0

pt Truth in GeV/c
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Belle Il tracking performance

t
<00 Background Lewel 0.100 Background Lewel
1.000
- + x0 § 0.050 —I— x0
£ 0500 i ] S o ke £
< 0300 = 2 E AN —rr K2
§ 0200 g 092
-
g 0.100 g“o.om
e
go.oso < 0.005
0.030 (4
0020 0.003 —r—:zlz{
0.002
0.010
01 0.2 05 10 20 0.1 02 05 10 20
pr Truth in GeV/c pr Truthin GeV/c
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idisciplinaire

bert CURIEN
STRASBOURG

CMS

Superconducting CALORIMETERS « p+p collision rate 40 MHz
Coil, 4 Tesla ECAL 76k
scintillating ,
PbWO4 crystals
HCAL P~~~ S .
scintilator __ 12 CMSI s.".“l‘flftlon »_____ Vs =7 TeV
Sa” o\o LR A H e 1 | A e et R
:,_ ® Barrel region —d4
’\;,_ 4 Transition region o |, %
i
£ = Endcap region 0
S o lal |9 |
2 o
3 10 !
§ 21 ‘—’D = Dl |
TRACKER Pixels o A H-¥igisa i SO
- - . > A | P20
SO MG ~! o mla Bl A i Al
210 m? of silicon sensors : & s =1 5‘5 8=
4.6 M channels f\ N "Eﬂ LA T e ﬂ?j— ala 4
SR v - ! B
- | s SNEC I
bt i MUON BARREL N F dio e cie soisia it ”°
rall diameter I5m s L. Y, ' 1
Overall length 21.6 m Drift Tube Resistive Plate L
Chambers (DT) Chambers (RPC) N
2900 scientists from " g - S— ..'“' .
182 Institutes from : L Cathode Str 1 10 1
38 countries — — Resistive Pla pT (GeV)

J.Baudot - Tracking detectors 1/2 -  GdR Intensity Frontier lecture, November 2021



ALICE

« A+A, A+p, pt+p collisions

B /
C /_w
¥ ;b?ﬁ":h;
4= Tom ey
+ L3 MAGNET o il e H
+ HMPID -
« TOF 3 -~ —— TS stand-alone
+  DIPOLE MAGNET E
+  MUON FILTER
+  TRACKING CHAMBERS o . TS+TPC
' TRIGGER CHAMBERS n —o
+ ABSORBER 2 Fast Monte Carlo (ITS stand-alone)
. TPC L —i—
A B Fast Monte Carlo (ITS+TPC) d‘__,:‘—/
™ T T m:{‘ i
1 i
- ——_ _
:\_ T il i
= |
0 }
1 10 P, (GeVic)
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FCCee (farin the future)

* One of the proposals
» Goals: o(dp)/dg= 2/5/20 um (100/10/1 GeV at 90°) and o(py)/p? S 2x 10°GeV-! (p; = 100 GeV at 90°)

®= Technologies for tracking
* Inner layers: Monolithic CMOS pixel sensors
* Options for outer/main layers:

Instrumented return yoke

Double Readout Calorimeter . .
drift chamber, TPC, silicon sensors
2 T coil [
140 |-
Ultra-light Tracker ,DELPHI
i ATLAS |
= 120
MAPS — g \
\ < Jool-
LumicCal = \
§ SLD 'Il“v. @ b
Pre-shower counters g 80- \"%.;, Oip = psinZ@
& T ",CDF
g 60 - '
§ ILC

20+

13 mlong x 11Tm high

l
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IPHC

5. Some tracking systems: ANTARES

CURIEN
STRASBOURG

>

/N

e
' . - H 2 ! us/

.....

N it SRR EEE T

Track
______ Ao Lx.ly
Detector line

v 500
...................... 4s0
7 . 350
.--.'j; ..... "I‘-- #’_- 1| O S I - 1
Ee Sml s T
s ::::*::}.:‘-::::;-;:ﬁy;;::::

.

Pempmp .

------

......
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Lessons from system review

= Various technologies

* Semi-conductor based sensors for individual, thin & inner layers
— Mostly Silicon (sometimes diamond)

* Thin gas volumes over large area with
* Large gas volume, drift chambers or time projection chambers
 Scintillators strips, straw tubes to build large area and/or volume

= Complementary roles of various sub-detectors
* Obvious for Tracking / Vertexing
* Also sometimes, some information need additional hints to be used properly

= Usually detectors undergo upgrades

Join the fun'!

J.Baudot - Tracking detectors 1/2 -  GdR Intensity Frontier lecture, November 2021 32



Additional slides
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Multiple scattering - geometry

2 2 2
oyt A r T
Poy = Poy. TP

J/ pOI,tt COSH = pom‘,z Institut Puaigéiiipcli?sligs

SSSSSSSS

" |n-plane description (defined by vectors p;,. Poutl
* Corresponds 1o (@, 6=0piane) With pin = p, and {pout sinf_~ p_ 0

X

pout,T =p0utx+pouty .
Pou SN0, ~p,,0

y

" |n-space description (defined by fixed x/y axes)

 Corresponds fo (8,,0,) with YA

=

* Ox and By are independent gaussian processes pout,yA

(Pont = Dom SITO=P 0>

(note . pE€[0,27] uniform)
z = particle charge)

0 €[p,,.P,, 7] Plane
® €[p,, P, ] Plane
0, € [P P, Plane
0, €[p,.P..,] Plane
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3. Standard algorithms:

Alignment strategy 1/2

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

= Methods to find the relative position of individual sensors

. Global alignment:

— Fit the new params. fo minimize the overall x2
of a set of tracks

— Beware: many parameters could be involved
(few 108 can easily be reached) — Millepede algo. = 1 ‘ ' '

. Local alignment: —
— Use fracks reconstructed with reference detectors r F % * i : 1 4

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

4 #0 bias = shift needed

¥ hit 2
true det. "ll'\
orientation, i;

tilt h|t 1
#minimal width = tilt needed \ / s
\
\
\'/ Ny assumed det.
@ . orientation

) llraCK}g) S.— Hit OS =residual
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3. Standard algorithms:

Alignment strategy 2/2

= |n 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

®» Global deformations also possible

» affect overall positions & momentum
* Corrected through observing
— Mass peak positions

— Systematic differences at various track angles
or detector positions

A | P
\ Ny \W \'|
||/-\: = \]H
\\:// X //
J. Baudot - Tracking detectors 1/2
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