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Overview lectures part  I

Principles of gaseous and solid state 
t racking detectors

¨ Tracking detectors at  the LHC

¨ Drift  cham bers

¨ Silicon detectors

¨ Modeling of a silicon detector
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Overview lectures part  I I

Tracker design and perform ance
¨ Momentum and impact  parameter measurement

¨ Opt im izat ion of t racker design and G4 simulat ion

Track reconst ruct ion and fit t ing
¨ Principles and basic ideas

¨ Pat tern recognit ion

¨ Track fit t ing

Physics applicat ions
¨ Primary and secondary vertex reconstruct ion

¨ I nvariant  mass reconstruct ion 

¨ b- tagging
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Tracker design and performance

n Study two figures of merit
¨ m om entum  resolut ion

¨ im pact  param eter resolut ion

n I m pact  on physics:  
¨ invar iant  m ass resolut ion

e.g. Higgs m ass resolut ion

¨ f light  distance of B hadrons precision

e.g. Bs oscillat ions, b- tagging for  Higgs
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Momentum measurement

3 point  sagit ta s is:

for N equidistant  measurements:

Detector:  L= 1m, B= 1T, σx= 200µm, N= 10

m)(T3.0)cGeV( ⋅= ρBpT

)(
312

1
2

xxxs +−=

( )
)4/(720

3.0 2

.

+
⋅
⋅= N
BL

p

p

p
Tx

meas

T

T
σσ

( )
T

meas

T

T p
p

p
%5.0

.

≈σ

L

ρ

s

θ

B

y

x

( )
96

3.0
2/3

2

.

BL

p

ssp

p
Txxs

meas

T

T

⋅
⋅=== σσσσ

ρ radius of curvature



Texel Lectures 
Peter Kluit 6September 2005

I nfluence of material on momentum

n Mult iple scat tering:

¨ m iddle of volum e

n Fluctuat ions on energy loss
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I mpact  parameter measurement

n I m pact  param eter r :  
point  of closest  approach to the 
interact ion point

n With m ult iple scat ter ing
at  inner radius

n DELPHI  vertex detector: mGeVp µθ )sin//(7128 2
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Opt im izat ion of t racker design

n Vertex detector:  important  material X in first  layer

n How m any layers? 
¨ redundancy/ m issing hits, fake t rack rate

n Tracker:  a 6-point  sagit ta measurement

|    |    |    |    |    | or   |  |       |  |       |  | ?

¨ Need detailed simulat ions including material and 
geometry including support , cooling, endcap-barrel 
t ransit ion

¨ Full Geant 4 simulat ion
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Geant 4 detector simulat ion

n I nterfaced with generator for physics process 
input :  final state part icle four - vectors

n Detector m odeling by Geant 4
¨ t rack part icles through subdetectors

¨ G4 includes geometry, material (mult iple scat tering)

¨ secondary interact ions (photon conversion, final state 
radiat ion, delta elect rons, hadronic interact ions)  

n User provides com pact  subdetector response to 
the part icles
¨ Full detector response e.g. by Garfield program including 

ionizat ion, drift  and elect ronics response
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What  is not  discussed

Crucial ingredients for the  
performance of a t racking detector 

n Calibrat ion:  e.g. dr ift  detectors, r- t
relat ions

n Alignment :  pr inciple, methods and 
st rategies
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Track representat ion

n Five param eters 4π detector

ATLAS/ CMS/ ALI CE
¨ im pact  param eters, polar and azimuthal angles and  

charge/ momentum:

r I P z IP θ   φ q/ p
n Forward spect rom eter LHCB

¨ posit ions and derivat ives tx= dx/ dz t y= dy/ dz and q/ p:

x  y   t x t y q/ p
NB:  use q/ p ~ gaussian m easurem ent  errors

Don’t  use p or x ip y ip for r ip
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Pat tern recognit ion:  the problem

Simulated events in CMS and LHCB 
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Decompose the t racking problem

I   Pat tern recognit ion or t rack finding

I I  Track param eter est im at ion or t rack fit t ing

I I I  Test  of t rack and pat tern

check residuals and rem ove out liers

I terat ively for part icle hypothesis:  
¨ Muons (pions, kaons, protons)  
¨ Electrons
¨ Photon conversions (γ −> e+ e-)
¨ V0 decays (K0->  π π, Λ0-> p π)  
¨ Hadronic interact ions
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Task:  t rack finding

A sim ulated Higgs event  in CMS X-Y view 

Tracks with hits hits only
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Track finding methods

Global m ethods:  start  from  all points
n Hough t ransform /  histogram ing m ethod

n Hopfield neural network etc. 
Local Methods:  start  from  t rack candidates

n Track following:  candidate ext rapolat ion

collect  hits and reiterate 
n Kalman filter, t rack road interpolat ion etc.
Crit ical points:
n Track model approximat ions
n Track seed finding
n Avoid test ing all combinat ions of hits:  CPU  ~  n!

n Need fast  approximate t racking for first  stage /  t r igger
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Track finding

n No general solut ion:  com bine different  m ethods
¨ geometry/ configurat ion
¨ B field
¨ precision t racker/ detector
¨ occupancy

n Strategy:  m odular stages ( first / second stage)  

Local:  rough pat terns
m odules of a subdetector (pixel layers)  
full subdetector (pixel detector)  

full t racking detector ( inner t racker)  
add different  detectors ( muon +  t racker)

Global: refined
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Simple t rack models

n Straight  line approximat ion

¨ no m agnet ic field (2 par ’s)

n x =  r 0 sin φ +  L cos φ
n y =  - r0 cos φ +  L sin φ

n Helix  (constant  solenoidal B field / /  z)

¨ Circle in xy plane (3 par ’s)

n ( x- xc)
2+ (y-yc)  2 =  R2     R radius of curvature

n r0 
2 =  =  R2  - x c

2 - yc
2 ,  φ = atan(xc,  yc)  

(som e t im es a parabola is used)  
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The Hough t ransform  for st raight  lines

),(),( φryx →

n Line in xy has two param eters r0 , φ
n Find t ransform at ion for hits in xy that  

determ ines r if one scans over φ:      

r  =  x sin φ - y cos φ
n Make binned histogram  in rφ space

φ
r0

r

φ Find maximum

P V Hough 1959 CERN Bubble cham ber
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Some remarks:  the Hough t ransform

n Mathem at ical form  im portant :  
¨ x0 wouldn’t  work:   8

¨ f lat  noise t ransform s to flat  rφ plane

n Use m easurem ent  plane e.g. xy or Rz:

e.g. st raight  line is deform ed in Rz plane

n Carefully opt im ized binning in r and φ
n A helix has a different  Hough t ransform

n Very fast  and efficient :  each hit  used “ once”

n High background reject ion

n Used in LHC t r igger and reconst ruct ion
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More on Hough t ransforms

n Use of filters to exploit  the st ructure of the 
m axim um :  “but terfly” weight ing bins around

n Sim plest  1D Hough is histogram  of the 
angle e.g. φ assum ing interact ion point

n By filling twice hits one can solve left - r ight  
am biguit ies using a 2D SL t ransform  

n Generalized Hough t ransform s (any m odel)

n With the 2D form  one can determ ine helix 
with interact ion point

n With 3D reconst ruct  V0 and γ conversions
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Track ext rapolat ion

I  For st raight  line and helix ( solenoidal field) :

analyt ical expressions ( fast  t racking)

I I  High precision ext rapolat ion in varying B 
field need num erical m ethod
Runge-Kut ta integrat ion is used

n Ext rapolate to the m easurem ent  surface

n Transform  t rack into m easurem ent  plane:  
Transform at ion Mat r ix

n Determ ine residual:  predicted – hit  
distance in this plane
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Error propagat ion and material

n Error m at r ix of the t rack:

n Covariance Mat r ix C inverse error Mat r ix M

n Ext rapolat ion in by sim ple m at r ix m ult iplicat ion

n Ext rapolat ion through m ater ial:

¨ Addit ional contribut ion to error matrix is added

¨ Energy (momentum) loss in the material
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Off-diagonal elements and correlat ions

n Very im portant  to t reat  correct ly

n Due to m easurem ents that  are perform ed 
in different  plane than t rack representat ion

As e.g. below y m st plane      r 0 t rack

n Correlat ion between m easurem ents due to 
m ult iple scat ter ing

1                2                3
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n Use m at r ix form alism
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Controlling measurement  and 
ext rapolat ion

n Checking the pull dist r ibut ions in m st plane

n pull = (ext rapolat ion – hit  ) / error total

error total
2 =  error extrap

2 +  error m st
2

Gaussian dist r ibut ion centered at  0 with width 1

Can be done on data and simulat ion

n Checking the covariance or error m at r ix com pare 

reconst ructed and sim ulated values
¨ Diagonal elem ents m ake pull dist r ibut ion

¨ Off-diagonals calculate e.g. dzdθ= (zrec- zsim)  ( θrec− θsim)

and divide by error m at r ix elem ent  δzδθ
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Checking the pat tern recognit ion

n Event  display very powerful

¨ show hits and pat tern in m st plane

¨ offline select ion ‘wrong’ pat terns

in sim ulat ion or reconst ruct ion 

n Note 1:  that  if a wrong pat tern or wrong seed is 

given to the fit  large probabilit y that  it  is rejected

n Note 2:  if a pat tern is not  correct ly found (e.g. a 
γ conversion or V0))  gives confusion, wrong hits 
are associated to the t rack 
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Track fit t ing

n Track parameter est imat ion

¨ param eters and errors along fit ted 

t rajectory

¨ determ ine residuals/ out liers

¨ est im ate goodness of fit

n Take into account  m easurem ents, 

scat ter ing surfaces and brehm st rahlung
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A typical t rack t rajectory

Measurem ents

thin scat terers
thick scat terer

Hard radiat ion 

Mult iple scat ter ing

Cont inuous mult iple scat ter ing
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Track fits

n Classical t rack fit

n Kalman fit

n Common features
¨ based on least  square est im ator

¨ linearize the problem

¨ uses t rack m odel and ext rapolator

¨ input  seed/ init ial param eters 

¨ for final result  re- ext rapolate and refit
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Classical t rack fit

n Track m odel

n Measurem ent  m  and σ

Strip detector angle α
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Classical t rack fit

n Const ruct  χ2,  m easurem ents m  in one vector:

n Minim ize χ2 solut ion for t rack param eters:

n Error m at r ix for t rack:

n Here inversion on 4 x 4 m at r ix

if m om entum  q/ p included 5 x 5 m at r ix

( ) ( )tT

t xAmVxAm
rrrr −−= −12χ

( ) mVAAVAx TT

t

rr 111 −−−=

( ) 11 −−= AVAV T

t
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Mult iple scat tering in a classical fit

n Add two scat ter ing angles per plane

¨ Sam e form alism

¨ Matrix 5x5           (5+ 2* n)  x (5+ 2* n)

¨ Matrix inversion CPU consuming with many planes

n Thick m ater ial approxim ated by two thin planes

¨ posit ioned at  +  and – L/ v 12

n Can take into account  hard radiat ion

¨ well suited for elect rons

n Need re-ext rapolat ion and refit  (non linear part )
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Kalm an fit

n Pat tern recognit ion Kalman filter ing

n Kalman fit :  a progressive way of 
making a least  square fit

n Kalman (Hungary, 1930)  

¨ paper published 1960 for t racking 

rockets

¨ m any applicat ions aerospace, m arine

¨ 1983 first  used in HEP DELPHI
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Procedure of Extended Kalman fit

n The predict ion step

n The filter step:  add measurements m one-by-one

n The smoother step

k-2k-1kk+ 1

m k-2

Qk
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I  Predict ion step
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−
− = kk

k

k xfx
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1. Propagate t rack state at  k-1 to 

predicted state at  k:

2. Propagate Covariance and add 

m ult iple scat ter ing:

3. Project  predict ion in m easurem ent  

plane, est im ate residual and cov:  
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I I  Filter step

11 −− += k

kk

k

kk rKxx
rr

Update t rack state at  k with measurement

1
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Kk is a 5x1 Gain matrix:
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I I I  Smoother step

Gives best  est imate of t rack state on 
previous surfaces (k-> k+ 1)
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Expressions for residuals and χ2
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Material and energy loss

n Mult iple scat ter ing taken care of in Qk

n Energy loss can is corrected for

n Elect rons – by hypothesis – correct  for 
brem sst rahlung:

correct  covar iance m at r ix δq/ p
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z
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eEE
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Funct ionality of Kalman fit

n Kalm an predict ion and filter  can be used for 

pat tern recognit ion

n Only sm oother involves 5x5 m at r ix inversion

n No lim it  on num ber of scat ter ing surfaces

n Expression for t rack state at  all surfaces

n NB classical fit  adds degrees of freedom

needs a refit  at  different  surfaces
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Out lier removal, ambiguit ies and refit

n I n fit  residuals are calculated

n Used for rem oving bad hits

n Refit  and reiterate

n Kalm an and classical:  cr it ical start  with 
seed and good pat tern

n Try to solve left - r ight  am biguit ies locally

n Can allow to share hits with different  
t racks and solve this at  later stage:  
m odular pat tern recognit ion
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Physics applicat ions

¨ Prim ary and secondary vertex search

¨ I nvar iant  m ass reconst ruct ion 

¨ b quark tagging

Explain where at  LHC precise and well 

understood t racking m at ters 
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Vertex reconst ruct ion

§ Primary vertex:  
interact ion point  beam  of 
part icles

§ Secondary vertex:  
decay vert ices of unstable 

part icles:  B and C hadrons 
(no V0s)

typical decay length B or 

C hadron few m m
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Procedure for vertex reconst ruct ion

n Vertex finding (cluster ing problem )

n Ext rapolat ion of t racks to vertex

¨ point  of closest  approach and error

n Associat ion to vertex e.g. χ2 cut  (pull)

n Fit  of t racks to com m on vertex 

n Est im ate vertex posit ion and covariance

n I terat ive procedure with out lier rem oval
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Primary and secondary search vertex

n Prim ary vertex search “easy”
¨ Many t racks from  interact ion point

¨ Seed:  fill average beamspot

n Secondary vertex search difficult
¨ A few ~  5 t racks from  a B/ C decays

¨ Seed helps:  e.g. lepton from  B/ C decay

¨ Two or n t rack vertex using t racks with large 
im pact  param eters

¨ Problem s:  reject ion of V0 part icles, secondary 
interact ions, badly reconst ructed t racks
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Vertex fit

n Classical approach:
¨ I nput  t rack pars and covariance m at r ix

¨ Solve vertex by m at r ix inversion

n Kalm an fit :
¨ Add one by one t racks to vertex and update 

vertex param eters

¨ Sm oothing gives the updated t rack pars

n Adapt ive Kalm an or classical f it :
¨ Uses probabilit ies for a t rack to belong to 

vertex
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I nvariant  mass est imat ion

n No addit ional const raints
¨ Reconst ruct ion of Z or J/ ψ µ+ µ-

n m ass from  m easured m om enta and E-p 
conservat ion

n propagate errors m om enta to m ass

¨ Allows to cont rol t racking param eters 
and errors by:
n Z and J/ ψ m ass shift ,  

width and pull 
¨ Diagnost ics difficult :  material, 

B field, alignment  etc

µ+ µ- invariant  mass
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I nvariant  mass with const raints

n Full B decay chain

n Bs Ds π
Φ π      ΚΚ π

n Vert ices:  pr im ary, B 
decay and C decay

n Masses Φ, Ds ,Bs

n Com plex set  of equat ions 

Minim isat ion program m e

¨ I m provem ent  in the 
purity of Bs part icles

¨ Best  proper t im e Bs : L p

B physics very dem anding
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b quark tagging

n Exploit  the vertex st ructure of B decays

n Tagging based on the lifet im e signed t rack 
im pact  param eters

BB

sign r imp< 0

sign r imp> 0Secondary Vert ices

Prima ry ve rte x

Jet  axis

x

y

Signed im pact  par r imp
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b quark tagging

n Typical procedure im pact  param eter tag:

¨ reconst ruct  pr im ary vertex

¨ Select  t racks for a jet

¨ Require a high qualit y t racks:  pixel hits, 
rem ove:  V0s, conversions, short  badly m easured t racks

¨ Determ ine lifet im e signed im pact  param eters 
and errors wrt pr im ary vertex

n Lifet ime sign:  angle t rack wrt jet

n Refinem ents:

¨ Leptons from  B or C decays

¨ Secondary vertex search
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2D impact  parameter
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I mpact  parameter significance tag

nSignificance S:

S =  r im p/ σr im p
or zimp/ σzip

expect  ( i.e. can check) :

¨Gaussian dist r ibut ion for 
negat ive part  

¨Gaussian dist r ibut ion for 
light  ( uds)  quarks

n Calculate reject ion:

R (S)  =  Pb(S) / Puds(S)

¨Take into account  tails 

n Combine reject ions var iable 

Rj et =  Π Ri(S) ;  w j et= ln (Rj et)  
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Physics with a b tag

n Histor ically developed at  LEP 

¨ precise elect roweak m easurem ents

n Measurement  Rb = 0.21629 ± 0.00066 

n Role at  LHC:

¨ I mportant  LHCb t r igger 

¨ ATLAS and CMS 

n B physics

n Higgs couplings    t t H with H-> bb

n Top physics          t -> bW

n SUSY part icles, New Physics? X-> bx
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Some literature

n CERN lectures on detectors by C. Joram (2003)  
and O. Ullaland (2004)

n Lectures on detectors by Spieler ht tp: / www-
physics.lbl.gov/ ~ spieler

n W. Blum  and L. Rolandi,  “Part icle Detect ion with 
Drift  Cham bers” , Springer, 1994

n CERN lectures data analysis from  R. Fruhwir th
(2004) , theory lectures by D. Hall (2004)

n W. Regler et  al. ,  “Data analysis techniques for 

high energy physics” - 2nd ed Cambridge (2000)

n LHCb theses R van der Eij ck en J van Tilburg 
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Excursie naar de slufter 14.00


