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Outline universitétm

Lecture 1

Tracking
- momentum measurement
- vertex measurement
- influence of multiple scattering
- errors and what to do ...

Lectures2 & 3 &4
Tracking Detectors
- the signal (and the noise)
- spatial resolution with structured electrodes
- gaseous detectors

- semiconductor detectors
- pixel detectors ... status and future
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Content Lecture 1 universitétm

O Tasks of trackers O Use cases

[ Motion in magnetic field = Dipole tracking

O (Tracking) Spectrometers = Solenoid tracking
= Dipole = Momentum resolution
= Solenoid = Determination of the sign of
= Toroid charge

d some examples
O Multiple scattering

= Momentum resolutions at low
momenta

O Trajectories
= straight lines
= helix
O Track models
= straight line fits

d Vertex detection
= Extrapolation error

" |mpact parameter resolution at

® circular fits | .
oW momenta

" matrix formalism
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”TraCking” universitétm

Speandsy o O find best estimate for the trajectory of a
T DA 7% particle’s path

w!\"'-‘l Wby, b,
- ol

d measure the curvature -> momentum

O extrapolate to origin -> vertex (15, 2nd)

1 estimate the precision of the momentum
or vertex measurement

LR

e et VN gl 422 (O determine the effect of scattering in

e | AT AR G 3 matter in the precision

' { t.‘;-.i-. .'

see also Lecture by Markus Elsing next week
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Aims .. cont’d

universit'aitbonnl

L Recognition and reconstruction of charged
particles trajectories ( tracks )

L Measure ( not a full list, but addressed here )

momentum (in magnetic field)

r

»
»

Y/

v

h
i
U "

-
>

p=0.3BrT

lifetime and lifetime “tag”

secondary vertex

primary vertex impact parameter

N. Wermes, Freiburg Lectures 2016

the sign of the charge

particle ID (mass),
not necessarily with the same detector

18

OPAL

U-pairs

10 1 10

p (GeV/c)

1

specific ionisation
loss

P=mgyy[
dE/dx = fct(yp)

not topic of lecture
6



A spectrometer -> momentum measurement in B-field universitétm

Key:

Muon

Electron

Charged Hadron (e.g.Pion)

— — — - Neutral Hadron (e.g.Neutron)

----- Photon

)
iy

i

s

Silicon
Tracker

NS
Electromagnetic

! )>>)! ]'l Calorimeter X

Calorimeter

Superconducting
Solenoid
Iron return yoke interspersed

with Muon chambers

5m 6m

Transverse slice

through CMS Om m
| ] ] ] ]
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Example: Muon Tracking in CMS and ATLAS universitétm

M> cMms

measurement of momentum in
tracker and B return flux;
Solenoid with Fe flux return
Property: W tracks point back to
vertex in r-z plane

5 ATLAS H

\
)] ATLAS
standalone p momentum

measurement; Air-core toroid
20m @ safe for high multiplicities;

Property: o, flat with n

..............................
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Tracking in ATLAS universitétm

ATLAS: (air-core) toroid magnet
+ inner solenoid

SUATLAS

-i EXPERIMENT

2009-12-06, 10:03 CET
Run 141749, Event 405315

Collision Event

hitp.//atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html l
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Equation of Motion in a (homogeneous) magnetic field universitétm

F = 5’: q (r{j X B') = 7= 4 (T_j' W Q’) differential equation

Ym in U
= solution is a rotating vector v in plane perpendicular to B 27” is unchanged
BlzBQZO, Bg:B)O UIZUTCOS(ant'*'dj)

_ 41

> ve = —vpsin(nwpt+¥) 77 g
_ ldlB _
wp = —— U3 = U3
Ym

equations also hold relativistically wp = wp (’y); E =~vym

vT .
T = sin(nwpt+vY) + r10
nwp
" integration yields spatial trajectory vT
Ty = cos(nwpt + ) + xap
nwe

r3 = v3l+ T30

vr _ Ymur PT

wp |Q|B N |{I|B

curvature radius R += \/(1‘1 — 210)2 4+ (29 — x90)2% =

N. Wermes, Freiburg Lectures 2016
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pT — 0‘3 X B X R universitétm

. T
sin @ = PT
- P
COS/\:E*:’”/Q_O
P
(dip angle)
1 S 1 3
"0 moo t Y

p(GeV/e) = 0.3 B(T) R(m); p= —~

qg ->0.3|z]

11
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Magnetic Spectrometers (= mom. measurement) sty

Almost all HEP experiments at accelerators have = dipole
a magnetic spectrometer to measure the main configurations: = solenoid
momentum of charged particles. = toroid
1 4 -y 1 -9 -y
NI=— Bdl + Bdl.
) 0 Hruf 0 Hre
Dipole HO Hruse JLufe HO Hre Jpe X

Solenoid CMS: 4T, ATLAS: 2T

B
LHCb: NI =4Tm
h >
3
B~HETZ N1 I L g po N I
h B~"——
L
O rectangular symmetry O cylindrical symmetry
= deflectioniny - Z plane = deflectioninX =y (r - ¢ ) plane
= tracking detectors are arranged = tracking detectors are arranged in
in parallel planes along z cylindrical shells along r

. . = measurement of curved trajectories
=  measurement of curved trajectories _ ,
inr-¢ planes at fixed r

iny - Z planes at fixed Z 12



Magnetic Spectrometers (= mom. measurement) sty

Almost all HEP experiments at accelerators have = dipole
a magnetic spectrometer to measure the main configurations: = solenoid
momentum of charged particles. = toroid

NI=_1 B’dl":iB(r)zm

1o 4 fLop

Toroid il

O azimuthal symmetry
= deflectionin (r-z) - plane
= tracking detectors are (in ATLAS)
also arranged in cylindrical shells
= but measurement of curved
trajectories in r-z planes at fixed r

Endcap Toroid

ATLAS: 05T

N. Wermes, Freiburg Lectures 2016 13



Example: Tracking in LHCb (Dipole) universitétm

O Velo
= p-strip detector

_)
» 46 half planes B

180.000 channels

-
=
™~ "
N
Q 17T . N
» p-strip detectors Qd
= 1station w/ 4 planes = |T = p-strip detectors; OT >gas straw tubes
= o~50pm | = 3 stations w/ 4 planes each
= 145.000 channels = 130.000 strips + 55000 straw tubes .-r_.'b
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Example: Tracking in OPAL (LEP) (solenoid)

universit'aitbonnl

O Micro Vertex Detector (Si)
= 2 double-barrels @ r=6.1and 7.5 cm
= strip pitch 25 um
" 0,=5-10pmo,=5-10 pm

0 Vertex Chamber (gas)
= 648 wires
= 36 axial and 36 stereo cells
= stereo angle 4°
" O,=50pum, o,="~700 um

O Jet Chamber (gas)
= 7600 wires in 24 sectors
= 159 points on track
" 0O,,=120 pm

0,= 4 cm (per wire)

N. Wermes, Freiburg Lectures 2016

“E7 | =

l VERTEX CHAMBER
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OPAL Jet Chamber universitétm

Drift Cell Anode

z-Chamber:

171l
.

Tl

(g

umrrﬂ“rf.‘,‘,’ﬁ by
i
‘[mﬂﬂﬂﬂﬂ

("I'iI 111
I\ ,[T"'

q!

Anode Wire Plane
[ ]

Cathode Wire Plane

3+ “.‘ [e 1 -20‘
- Aberration .
- Radius %
- ..
+ Drift Space x
* for 8
tB=0435T :
. __I 100 Hm ’
stagger




Example: Tracking in CMS (solenoid) universitétm

(] Pixel Detector

= 2 barrels, 2 disks: 40x10° pixels End cap ~TEC-

A
= barrel radii: 4.1, ~10 cm

= pixel size 100150 pum

" O,=10pm o, =30 um <t

O Inner Silicon Strip Tracker

= 4 barrels, many disks: 2x10° strips
= strip pitch 80,120 um
" O,=25Umao, =230 um

’
o X 7)
<

volume 24.4 m3

O Outer Silicon Strip Tracker
» 6 barrels, many disks: 7x10° strips
= barrel radii: max 120 cm
= strip pitch 80, 120 pm % o
" O,,=35Umao, =530 um

pixel detector

N. Wermes, Freiburg Lectures 2016 17



Example: Tracking in ATLAS (solenoid)

universit'aitbonnl

O Pixel Detector
= 4 barrels, 3+3 disks: 80x10° pixels

= barrel radii: 3.3,5.1, 8.9, 12.3 cm
= pixel size 50x400 um (50x250 pum)
" 0,=810um o,=100um (70 um)

O SCT
= 4 barrels, disks: 6.3x10° strips
= barrel radii:30, 37, 44 ,51 cm
= strip pitch 80 um
= stereo angle ~40 mr
" O,=16pm 0©,=530 um

= barrel: 55cm <R <105 cm
= 36 layers of straw tubes

" 0,=170 pum

= 400.000 channels

N. Wermes, Freiburg Lectures 2016

sCT<

Pixels {

TRT {

r‘ R=1082mm

L R = 554mm
 R=514mm

R = 443mm

R=371mm

\ R=299mm

R =122.5mm
R =88.5mm

R = 50.5mm :::::::::::%E:::
R= 3325mmJ/

R=0mm
layer 2 25 I
layer 1 \Ly""—h‘h\\\\ Y\'
B- Layer y 7 2Ry \\"' \l}
B vt b
R o A i I



Example: Tracking in ATLAS p-Spectrometer (toroid)

universit'aitbonnl

O MDT = monitored drift tubes
= precision tracking
" 0, =35 pum (intrinsic)

= 1088 chambers, 350 000 channels

L CSC = cathode strip chambers
= precision tracking
" 0,=40pum, o,=5mm (intr.)

= 32 chambers, 31 000 channels

O RPC = resistive plate chambers
= triggering

= 600 chambers, 370 000 channels

" 0,=10mm, g, =10 mm
d TGC = Thin Gap Chambers
= triggering

= 3600 chambers, 320 000 channels

" O0,=2-6mm, 0,=3-7mm
N. Wermes, Freiburg Lectures 2016

ATLAS

/]
/

TGC Triplet /mzzy
Thin gap
chambers

TGC Doublets a2y L

MDT chambers
12m

Resistive plate chambers |
|\

i / |
I LA VA |
|

in
\\ | | -
\ 1 B
! \ AT Avor Fans— |
a7

e 6

Barrel toroid _coi\"'.II

Radiation shield

Cathode strip
chambers

(see lecture 2)

T T
12 10 8 6 4 2m
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Trajectories OO
< { boho
O straight in space O helix mySsey,
A
4
R s ﬁ\ P
R
Y = tyzT + Yo r = |Tol+ Rl(COS
z = b + 2o y = |yo[+ R (sin(¢o — n¢) — sino)
4 parameters 2 = |zg - Y R_ . 6->5 parameters
tan H w/ do2 = X02 + yo2
The representation of the circular projection
can be series expanded (large R) => parabolic eq. Yy=19yo+ \/R2 — (z— 1'0)2
(z — x0)? oy T 1
= R\|1- :( R——) —r——x°4...
2 ML ( oRT wrHTsg) TR TR T
1
a + bz + —cz’| ~ a + bx (for very large R)

N. Wermes, Freiburg Lectures 2016 2



The Helix ... seen in an experiment universitétm

For small momenta vy is a periodic function of z
For large momenta we have a straight line as a function of z

21
N. Wermes, Freiburg Lectures 2016



What we need to do ...

universit'aitbonnl

J Once we have measured the transverse
momentum and the dip angle the total
momentum is

P = — =
cos \

0 The error on the momentum is given by the
measurement errors on the curvature radius
R and the dip angle A

OP B P,
OR R
OP
I = —PL tan \
2 , 2
[%J :[%) + (tan AAN )

relative error (%)

(J  We need to study (for solenoid magnets)

the error on the radius measured in the
bending planer - ¢

the error on the dip angle in the
r - Z plane

O ...andalso

The contribution of multiple scattering to
the momentum resolution

(J Comment:

> 25 mins?

N. Wermes, Freiburg Lectures 2016

in a hadron collider like LHC the main
emphasis is on transverse momentum
measurement

elementary processes take place among
partons that are not at rest in the
laboratory frame

—> use momentum conservation only in
the transverse plane

22



Using a track model ... universitétm

5 v, =0 Db=tgo=ctgh
N N
N N Y
NN TSR
NN NN a
\:\\\\ :\\\\\ jl> 7
N TNL Y NN
N N NN
NS NN Y1 Yi N
NN AN
\\\ N ~ > x
(25.95.2) X1 X XN

—
~
o
<
bl
[
—
S

N measurements

a;

N N fit ) fit N (é—:_ness . fﬁ{g)}ﬂ
§= D (& =) Vi (g =) :Z; T2

i=1 j=1

if V is diagonal

covariance matrix

N. Wermes, Freiburg Lectures 2016 23



in general: track fit in matrix formalism (x-y space)

universit'aitbonnl

= fbe alinear function of the parameters 6;: f(z|0) = 01 f1(x) +
(i.e. true for both discussed cases)
= then the expectation values for the measurement points at positions x; are:

ni = 01 f1(z:) +

-l 9m. fm.(Ii)

= the minimization requirement then reads:

=) 0; fi(z:) = Z Hi; 0;
j=1 j=1

4 O frn(z

ZO fi@

l—) n X m matrix

9= _0;fix)

i=1

4 N - T —1
— | S=(—HO) V, (j—HF) —> min
with solution 9: (HTVy_lH)_1 HTv-
— A
and errors VH:AVyAT:(HTV 1H)
z; Zl 0; 9; Vo.ij
— J=
N. Wermes, Freiburg Lectures 2016 >

best coord.
estimate for
given X

error of

) fj (33') Vﬂi_;.i best fit

coordinate

24



universit'aitbonnl

Application to a straight line

« L > N measurements rNy —xy =L,
. L T+
: .Tzzil?l—l—('l—].)ﬁ :BC: 12 N:O
Y1 Yh yN fl(l'):]_’ f2(17):1? 91:(1’ 92:b
< Xg > >
A y
: x=0 " = y=f(z|f) =a +bx
m
: o nor best estimate of y
ito= Y= Z 0; i () for a given x
j=1 - 2
o O
. Uﬂ, — AT
with errors (on parameters) N dipole
1 2 T
Vo=AV,AT = (HTV,'H)” L 4 |p_2120W-1 >
5™ N (N +1)L2 D>
Tap = 0 cf. choice of coord. system

..and errors on position estimates
dy Oy o ) g n o o 1N —1)28
Vi = , =
2239 90, 0 =%y =%+%00% =g+ ¥ Ny 2 P
i=1j
< X, = a specificly chosen x - value 25

N. Wermes, Freiburg Lectures 2016



Application to a linearized circle

universit'aitbonnl

y=1yo+ /R -

(x — x0)?

. =y~a + br + —cx*
X 2
[ 5, 5 3N2_7
7a =7 YIN_2)N(N +2)
errors
02_02 12(N —1)
1 T L2N(N +1)
Vo=AV, AT = (H"V,'H)" > = | 2 0 720(N — 1)
€ LA (N-2)N(N +1)(N +2)
Oap = Ope =0
N Ay ., g% 30N
X;Zagzagj 0,4 " L2 (N-2)(N +2)
i=1 1
1
= 03_J§+$%JE—|—£—1IEJE—|—IEJM
1.'0 12(N -1) 3 180(N —1)3 T3 30N?2 D>

T A (N +1)

TN N E )V +2)

Z(N-2)(N+2)

)

N. Wermes, Freiburg Lectures 2016

X, = a specificly chosen x - value

26




Use cases: tracking with a dipole field universitétm

Dipole spectrometer: need a minimum of 3 points in bending plane and 2 in plane perpendicular

L
a:ﬁ:iLB
y detectors inside B PT ,
A ‘\\ A
oS Y
. R P4t
AN 1
\ \ Fob
\ \ P
' L {111 Detektor- P
‘W1 T + 1+ 1 ebenen M
i S S e P AN T ————> X
YL e PEOL L E ]
Kdamsﬁ,WennesW A N P

detectors outside B

O two straight line fits

O get bending a from difference of the slopes before and after magnet

L track model can use that straight lines should be tangential to the circle section in B
1 measurements inside B are not mandatory

N. Wermes, Freiburg Lectures 2016 27



Use cases: tracking with a dipole field

universit'aitbonnl

Koknoski, Wermes 2015

resolution for 2+2 measurements

T mess
Ttan g = V/E

D assume equal
0=0
Umess mess
O = /2
an -y DQ
1 1 20
Di = Dj D

N. Wermes, Freiburg Lectures 2016

okt _4.p oc/Bdl
R pr T

bending power

y2—t  Yy2—U

Tg — Iy Dy D, =Dy =D
fany— AT Y3 _ a3 (lever arm)
= T4 — I3 - Bg

resolution (for 2 x N measurements)

with Uslope _ O mess \/12(N — 1) B

(from p. 25) _D N{:N -+ ]_)

. Ua:\/24(N—1) s

N(N+1) D
:2077;;38(]”07“]\7:2) -



Use cases: tracking with a dipole field universitétm

L
a===-LLB / Bdl
. R pr I
é bending power
: a=vy-p
tan 3 = Y2 — N _ Y2 —n
( Tg — Iy Dy D, =Dy =D
" o _Yi—y_ ya—ys  (leverarm)
= T4 — I3 - Bg
2 N —1) | momentum
PT Opr O mess PT 24( . .
dpr = ——=da = = resolution with
qLB pr 0.3[2|LBD || N(N +1) dipole field
example:N=5,0,,.=100 pm,D=1m,B=15T,L=2m
o
- £ =02-10"2pr/(GeV/c) i.e.0.2% @ 10 GeV/c

pr

N. Wermes, Freiburg Lectures 2016 29



Use cases: solenoid

universit'aitbonnl

Solenoid spectrometer:

can often use beam center as “beam constraint”

lf(y /
i, (r, @) [ T
,,,,,, —
' ' B e -~ Y4
""""""" Kolanoski, Wermes 2015 [~~~ """ 7TTTTTTTTmmmmmmomommmemees
Y4
6 70 (xo' yo)
measure: (r, ¢,) or (r, ¢;, z,) +1 Ws .
helix model with 5 parameters: |V — 9 ¢Oa d07 97 <0 e
R <
we

IO — dO COS '1!)0 ’ ’y(] = d() Sin Ipo Kolanoski, Wermes 2015

N. Wermes, Freiburg Lectures 2016 30
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Use cases: solenoid universitétm

: qB
the sagitta s pr=|g/ BR= —

' Y2 e precision of a measurement of the momentum
L/2,y,) Th f t of th t
< in a homogeneous B-field is determined by the precision
e\ \ y_.x )/ with which the sagitta s can be measured.
R, /R -
\\/_.‘__\,’ R—s v g a?
= COS — =~ —_—
\\a/2 a/%, R 9 8 Ra? 1 L2 1 )
N/ oB L Lo o« >3=—8 =§?=§L K|
NE — =sin — = —
\! 2R 2 2 3

hence O = ﬁos

if we measure y at the three distinct points @ we have (N=3):

. 1 3 vV 96
Sz'yﬂ_m = Js=\/5?nem+igﬂﬁleaﬁ=\/;5mﬁs = O'mzﬁo-mess

2
for N measurements use linearized circle approximation for N> 10
and matrix formalism
(see p. 26) O mess 720(N —1)3 _ Omess 720 <
J'\-_ p— ~
I \|(N-2NN+)(N+2) | L* VN+4| P




Use cases: solenoid

universit'aitbonnl

the sagitta s

(O, ys)

dependencies for optimization

= optimize o
= 1/L? :the longer the better
= better with N, but only 1/VN

qgB
pr=|qg| BR=—
K
2 () .2
Pr ' Pr
= 7 T B " T 032[B "

Hence we get for N equidistant points:

PT ) e 03|z L2B YV N +4

lpr] =GeV/e, [L]=m, [B]=T

ess Until other effects dominate (e.g. multiple scattering, next)

= [inear better with B-field strength (!) ... but more confusion if many tracks
= rel. error ~p; (=> p; of very stiff tracks cannot be measured) .

Gluckstern

formula
NIM 24 (1963) 381

Note: resolution not symmetric and not gaussian in p;, only ~in K -> generate random no’s. in k

N. Wermes, Freiburg Lectures 2016
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The sign of charge of a particle universitétm

e e O The largest momenta that can be resolved
..... (with no) wrt the sign of charge can be calculated
\ ¥ with the condition
,,,,,,,,,,,, S T AN 1 0.38 0.38
;’l ;', ,"I ;'I ;'I ,'ll /// yam o \\\ L \\', e ‘K" = — > no g — ’pt| <
ket R pT No g

P
o LA
A
\ ///I,II
NN 7
\\\\\ N P A !
\\\\\\ N O e
[ U Y N SN ,///// . —~
wit ~ 7 1
NN - R ’ I</ 2 A;r

\\\\\\\

we get

Kolanoski, Wermes 2015

032zBL? /N +4
T - 720

pr <

example:N=12,=1m,B=1T,0,_....=100 um, z=1 => p; <220 GeV/cforn=2

mess

N. Wermes, Freiburg Lectures 2016 33



The influence of Multiple Coulomb Scattering

universit'aitbonnl

Y

T = ¢ ‘ f
o ‘y
~~l_ plane ¥,
e D i
$ 0 lane

A

L The scattering angle has a distribution that is
almost gaussian

O At large angles deviations from gaussian

distributions appear that manifest as a long tail

going as sin8/2 (Moliere theory).

L In “thick” detectors the distribution of the lateral

displacementy,,. . should also be considered.

1 =

8 8
T by =

- L 4 0y
i - Y

Ty =

N. Wermes, Freiburg Lectures 2016

charged particles undergo multiple Coulomb
scattering processes when passing through matter

average deviation in a thickness x constitutes

additional contribution to sagitta:

i) =

A

x by

~ Osagitta

radiation length

>

13 GI\I vV [ x
O = ° /C 4‘((1

Xo

+ 0. 038111—)

0.0136 GeV/c i

L/sin#@

(v1.33 — v/1.43)

N=3

N>10

34



Total momentum resolution

0.0136 - /1.43 q
- 0.3 universitatbonn

2 2
Pr Pt
Opp = ——0) = ————0p
PT = 1q|B " T 0.3|z| B =
in GeV/c, Tesla units
2 2
UPT = (UPT) + (UPT)
PT L5 il — PT MS

example: OPAL <
L=1.6m,B=0.435T,N=159, 0 .= 135 um

ez _ . /(0.0015 pr)2 + (0.02)2
pr
pr in GeV

N. Wermes, Freiburg Lectures 2016

(
(

o 1 pT (%)

Opr

Ipr

pT )mess - 0.3|z| L?B

lpr] = GeV/e, [L]=m, [B]=T

) B 0.0/.‘54 | L/ sin @
vs LBB Xy

PT Omess | 720
N +4

for N>10

I I I I I I I

cannot get better
than this w/ detectors

_______ Lo Multiple scattering

e -

1 1 1 1 | 1 1
5 10 15 20 25 30 35 40

T (GeVic)
pT (GeV/c) 35



Example: Momentum Resolution in ATLAS universitétm

O We can now give a rough estimate of the momentum
resolution of the ATLAS tracking systems (pixels + SCT
+ TRT)

rR= 1082 mm

Simplifications:

= assume high momenta (no MS) TRT<
" R,n=505cm, R, =1082cm 1\
= pixels (5cm to 12cm) N=3 (up to 2012), 0 = 12um - ssmn (SN

TRT

(R =514 mm
= SCT (30cm to 55cm) N=4 layers, 6 = 16 um sm{ R =443 mm
= TRT (55cm to 105 cm) N =36, 0 =170 um LEZ; o

—> use as a single point with 0 = 28 um
atR=80cm (=R, = L=75cm)

R=122.5 mm s —
" N=3+4+1=8 Pixels{R=88,5mm/——-——_’ L

R=50.5mm//’/(\‘—)
= g=12,16,28 um > <0 >"~16 pm —
720(N —1)3

. \/(N —2)N(N +1)(N +2)

N. Wermes, Freiburg Lectures 2016 36



ATLAS Momentum Resolution (cont’d) universitétm

B=2T
ATLAS Simulation
L (%)
Opp Omess i P;=500 GeV
— = X 7.56 |
pr  03BL2 YT
= 3.6 x 107* pr/(in GeV)|

20

at p; =500 GeV /

dp ®0 o025 05 075 1 125 15 175 2 225 25
— —18% 7
P

N. Wermes, Freiburg Lectures 2016 37



... Why is the resolution not constant ?

/

r'l S o ORTAT
(5]

| b
= ii, 'I.
wa Kl o # I .’-'z’x . :i
AN AL g A
L el P W Pl S
' . .41
= |
= Material Pixels i
- |
0.5 [] Geant4 Simulation }
2 Tracking Geomeatry jt

o

0.08

0,06

0.04f

0.02

Material SCT

[ Geant4 Simulation
2 Tracking Geomatry

universitatbonn

Material Beampipe

[ Gaantd Simulation
[ Tracking Geomsatry

-1 [] 1 2 3
n

N. wermes, Freiburg Lectures 2016

<

!
— SILICON BARREL

PG b

™
— PIXI
L
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Material in ATLAS universitétm
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Momentum Resolution with M.S. in ATLAS universitétm
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Vertex detection and measurement universitétm

vertex detectors measure the “impact parameter”

N. Wermes, Freiburg Lectures 2016
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Extrapolation to the (primary) vertex universitétm
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Impact parameter resolution

universit'aitbonnl

A

« L

do - / i
 — >

B
»

Xy Xc

must extra polate to vertex

] either using
I y=a+bx
1, o
or y=a+br+ 50:1: i.e. with curvature
g do =y — Yo extrapolation dist.
/ meas. distance
O mess 12(N o ]-) 'CEO
linear oy = :\/03—}-1‘202: r2 r o= —
4 0 y 0%p \/N (N + 1) L
Omess |1 o12(N=1) ,  180(N-1)’ ,  30N?

parabolici P ="\ " TV T VDV | (N-2)(N+2)

multiple scattering:
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What we conclude ... universitétm

< L > here only linear case
Odn —
O o~ N (N+1) L2
«— X —>
X, X, ” D GOTB
We should have The technology most often used is
= small measurement errors O, ... Si - detectors
= Jlarge leverarm L
= place first plane as near as possible to PRO - high resolution 0, ... ~ 10 um

the production point: small X
CON - expensive

Increasing the number of points also -small N
improves the resolution on d, but only -small L
as 1/VN

- small X,=> large 6,
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Example: ATLAS Pixel Detector universitétm
N =3, 0 =10um " "#k

r1 = 9.05cm, xo = &8.85cm, x3 =12.25cm
L=73cm, r=uxy/L =1.22

\/1 + ligi:lj:} r2 -3.15

Impact parameter resolution

o4, = 18.2 ym (linear, i.e. no field)

SUATLAS

A EXPERIMENT

Ody — 45.5 11 (extrapolation with B-field)

Note

Q if curvature is used for extrapolation with N=3
the error on d, gets larger by a factor ~2.5.

 however, curvature is measured by the entire inner detector
=> error on dysimilar to linear case

With new IBL (N=4, x, = 3.55 cm)
Oq, = 12.5 pym
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universit'aitbonnl

Tracker resolutions with Multiple Scattering

O For low momentum tracks the momentum
resolution and the impact parameter
resolution are dominated by multiple
scattering

1 Since the MS error and the point
measurement error are independent of each
other, the total error is the sum in
quadrature of the 2 terms with and w/o MS

' The amount of material actually traversed O For the ATLAS detector Monte Carlo studies
by the particles depends on the polar have shown that the resolutions on

angle /-\ momentum and impact parameter can be
X N parametrized as
sin 6 0 o 0.013
= —2L = 0.00036 & ———(GeV) ™!
Pr prVsing
O the momentum resolution tends to or
o 1.3% B
ap 5 v/ Xo 2T — 0.04% pr & ———(GeV) ™}
— pr Sin
PV sinf
ip 140 +
O the impact parameter resolution tends to 0 e
o 0 — 1 1,LLm 100 +_,_
:E/XO 73 m 60 ko +-.1-A =1GeV
Oay — K, ~——= H e
PV sinfd pT v/ sinf 0 il
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Backup
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Systematic Effects: Misalignment

universit'aitbonnl

O As an example consider a systematic effect as seen in

the ALEPH TPC

O The resolution can be studied using muon pairs

produced in €* € annihilation at the Z° peak

O The muons are produced back to back and have

exactly half the c.m. energy

W The plot shows the momentum reconstructed
separately for positive and negative muons

400

350 |

300

250 ¢

200 ¢
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100
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® Q=+1
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As the plot clearly shows, the error is quite large
To account for this error  ~ 1 MM needed !
=> Magnetic field distortion !

A correction procedure is essential !

The following plot shows the same distribution after
proper magnetic distortion corrections are applied
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Kalman Filter

universit'aitbonnl

O Applications of Kalman Filter:
® navigation
= radar tracking
® sonhar ranging
= satellite orbit computation
= stock prize prediction
O Itis used in all sort of fields
= Eagle landed on the moon using KF
= @Gyroscopes in airplanes use KF

L Usually the problem is to estimate a “state” of
some sort and its uncertainty

® |ocation and velocity of airplane

= track parameters of charged particles in
HEP experiments

J However we do not observe the “state”
directly.
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0  We only observe some measurements from

sensors which are noisy:
= radar tracking
= charged particle tracking detectors

As an additional complication the state
evolves (in time or in propagation) with its
own uncertainties: process stochastic noise
= deviation from trajectory due to random
wind (radar)

= multiple scattering (HEP)

In case of tracking in HEP instead of time we
consider the evolution of the track parameter
at the discrete subsequent layers, where the
detectors perform the measurement
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Kalman Filter universitétm

O Itis best to start the filter from the end  After all the measurements have been
of the track used (filtered) it is possible to build a
procedure that

= uses the (stored) intermediate
results of the filter

= gjves the best parameter estimation
at any point

O This is the “smoother” algorithm

TR = o A B s s o S

direction of flight >

production vertex A-k h * ‘ ‘ ‘ ' b N -~

& direction of filter
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