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Outline	  

•  Reminder	  of	  agreed	  parameters	  for	  the	  tracker	  simulaCon	  
•  Next	  steps	  in	  the	  main	  tracker	  opCmisaCon	  
•  Preliminary	  results	  for	  layer	  layout	  opCmisaCon	  
•  Requirements	  for	  the	  tracking	  code	  
•  Status	  of	  the	  extrapolaCon	  procedure	  for	  a	  full	  Si	  tracking	  	  
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R	  &	  B	  op-misa-on	  –	  reminder	  Implementa5on$
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•  Improvement	  extending	  tracker	  size	  
q  R	  =	  1.25	  m	  à	  R	  =	  1.488	  m	  (REcal	  =	  1.5	  m)	  
q  L/2	  =	  1.6	  à	  L/2	  =	  2.3	  m	  (add	  2	  disks)	  

•  Worsening	  decreasing	  B	  (~10%	  for	  each	  0.5	  T)	  
q  For	  B	  =	  4T,	  aXer	  trk	  extension	  similar	  or	  sCll	  beZer	  performance	  than	  CDR	  case	  
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Effect	  of	  VXD	  Rin=31	  mm	  on	  tracking	  
Choice	  of	  B=4T	  increase	  the	  occupancy	  in	  the	  first	  layer	  of	  the	  vertex	  detector	  
à	  Move	  the	  first	  layer	  from	  R=27mm	  to	  R=31mm	  
	  

•  From	  Nilou’s	  results:	  small	  effect	  on	  quark-‐tagging	  performance	  	  
•  The	  effect	  on	  tracking	  performance	  is	  also	  small:	  

q  None	  on	  momentum	  resoluCon	  
q  Up	  to	  15%	  on	  d0	  resoluCon	  (from	  Nilou’s:	  worsening	  on	  b-‐tag	  perf	  within	  10%)	  
q  15%	  on	  angular	  variables	  
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Next	  steps	  
•  Layer	  layout	  op0misa0on	  –	  started	  (see	  slides	  6-‐9)	  

q  Input	  needed	  from	  engineer	  design	  
q  No	  large	  effect	  on	  tracking	  performance	  
q  To	  do:	  efficiency	  study	  
	  

•  Background	  occupancy	  studies	  –	  ongoing	  (see	  slide	  10)	  
à	  New	  CERN	  PhD	  student:	  Magdalena	  Munker	  
	  

•  R&D	  and	  studies	  for	  main	  tracker	  technology	  –	  star?ng	  soon	  	  
à	  New	  CERN	  fellow:	  Andreas	  Nurnberg	  
q  Technology	  (stereopairs	  /	  single	  strips)	  
q  Strips	  size	  and	  thickness	  
q  Power	  consumpCon	  (ongoing	  –	  S.	  Kulis’	  results)	  

	  
•  Not	  crucial	  a.t.m.	  but	  do	  not	  forget:	  single	  point	  resolu0on	  in	  digi	  	  

q  In	  fast	  simulaCon	  and	  ILD	  soXware,	  simple	  gaussian	  smearing	  
q  In	  SiD	  soXware	  chain:	  charge	  sharing	  considered,	  retuning	  needed	  
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Layer	  layout	  op-misa-on	  
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First	  barrel	  layer:	  	  
4	  steps	  of	  50mm	  	  
à	  max	  var	  200mm	  
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Fourth	  barrel	  layer:	  	  
4	  steps	  of	  50mm	  à	  max	  var	  200mm	  
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Move	  third	  and	  fourth	  layers	  

6	  

Ext	  trk	   L1	  430mm	  	  

L4	  1318mm	  	  	  	  	   1-‐2-‐2	  geometry	  



Results	  
•  Basically	  no	  variaCon	  observed	  
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within	  5%	  variaCon	  



Change	  barrel	  length	  
•  Make	  barrel	  longer/shorter	  keeping	  the	  overall	  maximum	  z	  size	  
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Results	  
•  Some	  variaCons	  observed	  

q  >10%	  momentum	  resoluCon	  improvement	  for	  longer	  barrel	  
q  10%	  improvement	  in	  d0	  resoluCon	  for	  longer	  barrel	  	  
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•  Version	  with	  shorter	  barrel	  penalized	  also	  from	  having	  conjuncCon	  
points	  between	  barrel	  and	  endcap	  more	  poinCng	  to	  the	  IP	  

Single	  µ	  
theta	  =	  30-‐50	  deg	  

Single	  µ	  
theta	  =	  30-‐50	  deg	  

Ext	  trk	  
Longer	  barrel	  
Shorter	  barrel	  



Occupancy	  studies	  

•  Old	  study	  by	  Andre	  Sailer	  
•  Study	  the	  occupancy	  due	  to	  

incoherent	  pair	  background	  
in	  Si	  vertex	  and	  main	  tracker	  

•  Machinery	  is	  set	  and	  
running	  (in	  ILD	  soXware	  
framework	  +	  ILD	  detector	  
model)	  :	  able	  to	  reproduce	  
occupancy	  plots	  

•  Next:	  implement	  the	  SiD	  
geometry	  
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B	  field	  –	  reminder	  

•  Worst	  case	  foreseen:	  maximum	  variaCon	  of	  9%	  along	  z	  
q  Shorter	  endcape	  yoke	  (1.4m)	  à	  few	  %	  distorCon	  by	  the	  field	  of	  special	  

ring	  coils	  needed	  to	  contain	  the	  stray	  field	  outside	  the	  detector	  
•  Change	  the	  coil	  size	  for	  the	  new	  model	  should	  not	  affect	  much	  the	  

quality	  of	  the	  field	  
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B	  [T]	   Rcoil	  [mm]	   Zcoil	  [mm]	   R/Z	  

SiD	   5	   2624	   3245	   0.81	  

ext	  trk	  +	  60L	  Fe	  Hcal	   4	   3359	   4175	   0.80	  



Requirements	  for	  the	  sobware	  
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B	  field	  varia0on	  needs	  to	  be	  included	  in	  the	  reconstruc0on	  for	  a	  fair,	  not	  
biased	  evalua0on	  of	  the	  tracking	  performance	  	  
	  
•  In	  ILD	  (Bo	  Li	  et	  al.):	  Cll	  a	  10%	  B	  variaCon,	  it	  is	  possible	  to	  restore	  the	  

performance	  to	  the	  homogeneous	  field	  using	  a	  segmented-‐wised	  helix	  
track	  fitng	  integrated	  in	  a	  Kalman	  filter	  	  

	  
	  
	  
	  
	  
	  
	  
	  
•  We	  need	  a	  tracking	  code	  able	  to	  support	  this!	  
•  We	  are	  geBng	  close!	  

Frank’s	  talk:	  hZps://indico.cern.ch/event/336335/session/7/contribuCon/126/material/slides/0.pdf	  

is generated in a significantly non-uniform magnetic field, as we will see in169

Sec.4. A new class in the KalTrackLib library, TTrackFrame, which contains170

the algorithm for transforming a coordinate frame in a non-uniform magnetic171

field, can solve this issue and will be described in the next section.172

3. Algorithm for non-uniform magnetic field173

3.1. Basic idea174

If the non-uniformity of the magnetic field is not too large, we can assume175

that the magnetic field between two measurement layers is approximately176

uniform. We can then propagate our track from one measurement layer to the177

next using the helix model we discussed above. When the track reaches the178

next layer, we update the magnetic field in order to take the non-uniformity179

into account, and propagate the track with the updated magnetic field. The180

track produced this way is hence segment-wise helical and hereafter called a181

segment-wise helical track. Notice that the direction of the magnetic field also182

changes as well as its magnitude in general. We therefore need to attach, to183

each track segment, a local frame having its z axis pointing to the magnetic184

field direction so as to use our helix parametrization defined in Eq.(13). At185

the end of each step, we hence update the frame to make its z axis parallel186

with the magnetic field there and transform the propagated state vector to187

this new updated frame.188

This new track propagation procedure is illustrated in Fig.3. Firstly, the

layer (k + 1)

layer (k)
helix (k)

helix (k + 1)

a

a
′ a

′′
a
′′′(updated by filter)

transform

Figure 3: Basic idea of transforming the state vector and the associated frame
between two nearby layers.

189

state vector a = ak at layer (k) is propagated to a′ at layer (k + 1) along190

helix (k) parametrized by Eq.(13). The magnetic field at the intersection191

of the helix and layer (k + 1) is then calculated. With the new magnetic192

9

arXiv:1305.7300v2	  



Tracking	  code	  for	  full	  Si	  tracker	  
•  Idea:	  use	  vertex	  tracks	  as	  a	  seed	  and	  extend	  to	  the	  main	  tracker	  
•  Interface	  with	  DD4hep	  CLIC	  geometry	  (Nikiforos,	  Frank):	  	  

SOON	  J	  but	  not	  in	  this	  talk	  
q  Results	  sCll	  with	  ILD	  detector	  à	  vertex	  +	  2	  SIT	  stereostrips	  layers	  
q  To	  do:	  a.t.m.	  vertex	  seed	  track	  for	  CLIC	  are	  computed	  with	  SiTracking	  

à	  move	  to	  cellular	  automaton	  +	  mini-‐vectors	  computaCon	  à	  
implementaCon	  +	  retuning	  needed	  
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Extrapola-on	  in	  single	  mu	  

•  Correct	  momentum	  measurement,	  probably	  room	  for	  improvement	  
•  Next	  steps:	  	  

q  Study	  the	  tracking	  performance	  in	  terms	  of	  efficiency,	  fake	  rate,	  
momentum	  and	  impact	  parameter	  resoluCon	  	  à	  Interface	  with	  
ILDPerformance	  package	  	  

q  When	  this	  is	  ok,	  start	  to	  invesCgate	  strategy	  for	  CPU	  opCmisaCon	  	  
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•  Centre-‐of-‐mass	  energy	  =	  200	  GeV	  
•  Denser	  track	  environment	  
•  Mostly	  low	  pT	  track	  (reconstructed)	  
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Results	  
•  Very	  preliminary,	  few	  staCsCcs	  
•  When	  the	  extrapolated	  fit	  is	  close	  to	  the	  edge	  of	  the	  module	  it	  may	  happen	  

that	  the	  corresponding	  hit	  is	  on	  a	  different	  module	  (a.t.m.	  hit	  associaCon	  is	  
done	  in	  the	  same	  module	  of	  the	  fit,	  close	  modules	  not	  considered)	  	  
à	  a	  wrong	  hit	  can	  be	  included	  à	  part	  of	  the	  tails	  

•  Study	  of	  the	  track	  hit	  associaCon	  and	  comparison	  with	  the	  truth	  
informaCon	  is	  needed	  
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Conclusion	  

•  Tracker	  opCmisaCon	  studies	  are	  on-‐going	  
•  New	  group	  invesCgaCng	  the	  tracker	  technology	  can	  
provide	  interesCng	  inputs	  for	  the	  simulaCon	  

•  New	  tracking	  code	  is	  coming	  together	  	  
q  Track	  extrapolaCon	  seems	  feasible	  
q  Move	  to	  the	  CLIC	  geometry	  for	  all	  studies	  
q  ValidaCon	  and	  more	  study	  on	  tracking	  performance	  and	  
truth	  informaCon	  comparison	  
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BACK-‐UP	  
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Occupancy	  in	  vetex	  detector	  
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•  Lower	  B	  gives	  more	  occupancy	  in	  the	  vertex	  detector	  
q  At	  31mm	  25%	  increase	  from	  B=5T	  to	  B=4T	  

•  Possibility	  for	  larger	  inner	  radius	  for	  the	  vertex	  detector	  is	  
invesCgated	  
q  Rin	  from	  27mm	  to	  31mm	  

	  

Vertex Detector : Effect of Inner Radius /Material  

• Double-layer modules were 
simulated with twice as much 
material  

• Extra material leads to undesirable 
increase of fake rate 
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In the new detector model:  Use double layers with spirals  and  
modules with 𝟎. 𝟐%𝑿𝟎  per (single) layer 

• Inner Radius from 27 mm to 31 mm 
• Compensates for increase in the rate of 

Incoherent e-pair background if B-field is 
reduced 

• Small effect in flavor-tagging 
performance 
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CLICdp	  work	  in	  progress	  

Beam Induced Backgrounds and Machine Parameters
Detector Performance

Summary

ILC and CLIC Machine Parameters
Time Structure
Occupancies

Occupancies in Tracking Detectors

Vertex detector layers need to stay clear of
cone of incoherent pairs

Need to increase radius of innermost vertex
layer to ⇠ 30mm to retain ILC-like
occupancies per train

Solenoid field helps to confine incoherent
pairs at low radii

5 Optimisation of the Detector Geometry
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(b) Direct hits, t < 15 ns
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Figure 5.14: Hit densities from incoherent pairs in the six vertex-barrel layers as function of the
radius of the respective layer for three different values of the magnetic field. Shown
are (a) the total hit density, as well as separately the contributions from (b) direct
and (c) backscattered hits
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Incoherent pairs in CLIC ILD at
p
s = 3TeV

4 VERTEX DETECTORS

the LumiCal and BeamCal into the vertex detector region (see Chapter 9). The studies have focused on
the CLIC_ILD detector model and the obtained results have been transferred to the CLIC_SiD detector
model and confirmed there.

4.5.1 Beam-Pipe Layout and Design
The beam pipe should provide good vacuum at the interaction point, remain outside the background
envelope near the interaction region, allow for the placement of silicon elements as close to the beam
line as possible, present a low number of radiation lengths for trajectories of interest, and shield against
backgrounds originating upstream and downstream of the vertex detector region. It should be noted that
the vacuum quality is not critical and that therefore bake-out of the vacuum system is not required inside
the interaction region. The design that was developed for the beam pipes is shown in Figures 4.1, 4.2
and 4.8. A straight, beryllium portion near the interaction region minimises the number of radiation
lengths before vertex detector elements. Stainless steel conical portions with a wall thickness of 4 mm
extend in the forward and backward directions and provide shielding against backscattering upstream and
downstream backgrounds. Figure 4.8 shows the density of direct hits in the 4 T field of the CLIC_ILD
vertex detector region. A cut-off with a parabolic shape can clearly be seen. With a length of 520 mm and
an inner radius of 29.4 mm, the cylindrical section of the beam pipe is located safely outside the region
of high hit density, where the production of secondary hits would lead to unacceptably large occupancies
in the detectors. Similarly, for a magnetic field of 5 T, the inner radius of the CLIC_SiD central beam
pipe was set to 24.5 mm, with a length of 460 mm.
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Fig. 4.8: Density of direct hits from incoherent pairs in a cylindrical projection of the vertex detector
region of the CLIC_ILD detector. The position of the beam pipe and of the innermost barrel and forward
pixel layers are indicated with white lines.

The beryllium wall thickness must be sufficient to address porosity, to resist collapse under vac-
uum, and to resist forces and moments transmitted from the conical portions. A wall thickness of 0.6 mm
was assumed for CLIC_ILD; the corresponding value for CLIC_SiD is 0.5 mm. Those wall thicknesses
are conservatively high for vacuum collapse, which depends primarily on elastic modulus, Poisson’s
ratio, radius, and length. The designs of the Tevatron Run IIb beam pipes demonstrated that a thick-
ness of 0.5 mm is sufficient to address porosity issues [13]. Local stress concentrations will occur at
the transition joints to conical pipe portions if abrupt changes in material thickness are allowed. Those
concentrations can be minimised by an optimised design of the joint region. R&D in conjunction with
potential vendors is expected to be conducted on the transition joints and beam-pipe fabrication methods.
A liner of titanium of thickness 25 to 50 µm, may be required for the ILC central beam pipes [14]. How-
ever, simulation studies for incoherent-synchrotron radiation originating from the beam-delivery system
at CLIC indicate that the radiation envelopes stay within ±5mm for 15�x and 55�y [15]. The impact of
radiation emitted in the beam-delivery system needs further studies.
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QD0	  and	  Yoke	  endcap	  
Two	  main	  configuraCons	  under	  study:	  
	  

•  QD0	  out	  of	  the	  detector	  à	  L*	  =	  6m	  
q  Possibility	  for	  beZer	  HCAL	  acceptance	  	  

à	  interest	  in	  t-‐channel	  physics	  and	  high	  
energies	  

q  Loss	  in	  luminosity	  and	  engineering	  issues	  
to	  be	  studied	  	  

q  Make	  the	  detector	  smaller	  	  
à	  yoke	  endcap	  from	  2.8m	  to	  1.4m	  	  
à	  add	  (copper)	  ring	  coils	  to	  reduce	  the	  
stray	  field	  
§  10%	  of	  iron	  in	  the	  concrete	  is	  assumed	  
§  Stray	  field	  lower	  than	  3.2mT	  at	  R=15m	  	  
§  Inside	  the	  detector	  region:	  	  

à	  4%	  reducCon	  of	  the	  B	  field	  	  
à	  increase	  of	  field	  distroCon	  

§  Power	  of	  ring	  coils:	  2	  x	  2260	  kW	  
	  

•  QD0	  par?ally	  in	  the	  detector	  à	  L*	  =	  4.5m	  
q  Engineering	  issues	  to	  be	  studied	  
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Characteristics of the ring coils on the cavern wall with L=5m : 
 

• Arbitrary gap from RC to yoke end cap: 192mm (RC1, RC3 & RC4) and 244mm (RC2), 
 

• Space available for radiation chicane, 
 

• Same copper conductor for all RCs, 
 

• Total copper weight : 250 tons (for 2 end caps). Suppressed steel mass wrt. L=6.2m (2 end caps)≈  2800 tons, 
 

• Total electrical power of RCs (2 end caps): 2 x 2260 kW. 
 

 
 
 
 
 
 
 
 
 

 
Water cooling system characteristics: 
 

• Estimated temperature increase ≈  45°C, 
 

• Total water flow (2 end caps): 2 x 57 m3/hour. 

Benoit CURE - CERN/PH Dept. 13 

RC1 RC2 RC3 RC4 
Coil Nb. 

turns 
Copper 

mass (ton) 
Resistance 
(1e-3 ohm) 

Voltage 
drop (V) 

Power 
(kW) 

RC1 4x12 5.6 2.7 16.5 101 

RC2 3x20 13.3 6.4 39.1 240 

RC3 4x24 54.4 26.2 160.4 984 

RC4 4x18 51.7 24.8 152.2 934 
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Z	  
R	  RC	  1	  

RC	  2	  

RC	  3	  

RC	  4	  

cavern	  wall	  

Benoit CURE - CERN/PH Dept. 8 

B = 4.827 T at IP 

B = 4.869 T at IP 
0.93e-5 

Ring coils with L=5m: 

CLIC Detector optimisation – Design of solenoid field 

Forces on end cap and yoke: 
Attractive axial force on end cap :  100 MN (170 MN with L=6.2m), 
Compressive axial force on main coil :   207 MN (164 MN with L=6.2m). 

Axial B-field component on the detector axis 

Bfield on detector axis at Z=5m: 150 mT 
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1 Introduction

The transport of track parameters (i.e. the representation of a track with respect to a given surface)
and their associated covariances is a very frequent process in track reconstruction. Most progressive
fitting techniques such as the Kalman filter formalism [1] rely on the prediction of the gathered track
information on the successive measurement surface (a simplified illustration of a track extrapolation
in a typical Kalman filter step can be seen in Fig. 1). In global fitting techniques, on the other hand,
the prediction of the track depending on the initial parameters (i.e. the fitted parameters) enters
the global �2 function to be minimized. For both, global and sequential track fitting algorithms,
the correct treatment of e↵ects caused by the interaction of the particle with traversed detector
material is essential; in the least squares fit the uncertainties due to material interactions regulate
the contribution of the fitted scattering angle to the global �2 function. In most sequential fitting
techniques the uncertainties of the momentum direction and magnitude caused by interactions with
the detector material are directly applied as deterministic energy loss and additional contributions to
the covariance matrix during the extrapolation process.
Track extrapolation is furthermore necessary in vertex fitting, where the expression of the track with
respect to the estimated vertex position has to be evaluated iteratively towards convergence. Moreover,
in pattern recognition the seeded prediction of a track may be used for trajectory building and hit
finding. Finally, the track parameters representation on a destination surface is needed for combined
reconstruction to enhance the matching of tracking information and calorimeter clusters on the one
hand, and the combination of tracks and track segments from di↵erent tracking devices on the other
hand.

Measurement

Predicted track parameters

track

Material LayerModule 1

Module 2

Figure 1: Simplified illustration of a typical extrapolation process within a Kalman filter step. The track
representation on the detector module 1 is propagated onto the next measurement surface, which results
in the track prediction on module 2. The traversing of the material layer between the two modules causes
an increase of the track direction uncertainties and thus — by correlation — an increased uncertainty of
the predicted track parameters. In the Kalman filter formalism, the weighted mean between prediction and
associated measurement build the updated measurement which builds the start point for the next filter step;
this leads to the illustrated non-continuous track model.

The ATLAS experiment puts stringent requirements to the track reconstruction software: for the track
parameter propagation, in particular, the highly inhomogeneous magnetic field setup — a solenoidal
field with a central magnitude of 2 Tesla in the Inner Detector (ID) and a toroidal magnetic field with
a peak strength higher than 4 Tesla in the Muon Spectrometer (MS) — and the complex material
distribution of the sub-detectors must be dealt with correctly to achieve a satisfactory tracking reso-
lution. Additionally, the expected high track occupancy in the Inner Detector and the resulting high
number of track candidates impose combinatorial and timing constraints for track finding and fitting
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The ATLAS experiment puts stringent requirements to the track reconstruction software: for the track
parameter propagation, in particular, the highly inhomogeneous magnetic field setup — a solenoidal
field with a central magnitude of 2 Tesla in the Inner Detector (ID) and a toroidal magnetic field with
a peak strength higher than 4 Tesla in the Muon Spectrometer (MS) — and the complex material
distribution of the sub-detectors must be dealt with correctly to achieve a satisfactory tracking reso-
lution. Additionally, the expected high track occupancy in the Inner Detector and the resulting high
number of track candidates impose combinatorial and timing constraints for track finding and fitting

FROM	  ATLAS	  NOTE	  soX-‐pub-‐2007-‐005:	  
(A.	  Salzburger)	  
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Figure C.1: Illustration of the track parameters as defined in LCIO.

C.1 Converting Track Parameters

Assuming a constant magnetic field along z with ~B = (0, 0, B) and a particle with a charge of q = ±e,
the track parameters can be translated into physical quantities using the following formulas

pT =
k B
||

px = pT cos �0,

py = pT sin �0,

pz = pT tan �,

p =
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The constant k is introduced to absorb the units and is defined as

k ⇡ 0.3
"
GeV
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#
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C.2 Track Parameter Uncertainties

If we define a vector ~x = (d0, , �0, tan �, z0) the corresponding uncertainties from the track fit are given
by the symmetric covariance matrix
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FROM	  C.	  GREFE’S	  THESIS:	  
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CLIC_2014_L5m_R7m, not unif B = 5T

~8%	  drop	  in	  efficiency	  

•  Geometry	  used:	  CLIC_2014_L5m_R7m	  
(CLIC_SiD	  with	  reduced	  endcaps)	  

•  DegradaCon	  in	  reco	  efficiency	  and	  bias	  in	  
the	  pT	  reco	  due	  to	  the	  assump?on	  of	  
homogeneous	  field	  in	  the	  reconstruc0on	  
q  In	  CLIC_SiD	  helical	  extrapolaCon	  and	  fit	  
q  In	  ATLAS	  use	  of	  numerical	  integra?on	  

method	  (Runge-‐KuZa)	  

26	  

Single	  µ	  

CLICdp	  work	  in	  progress	  

Rosa	  Simoniello	  	  

Homogeneous	  B	  =	  5	  T	  
Non	  homogeneous	  B	  =	  5	  T	  

CLICdp	  work	  in	  progress	   CLICdp	  work	  in	  progress	  

Non-‐	  
homo	  B	  

Homo	  B	  =	  5	  T	   Non-‐homo	  B	  =	  5	  T	  
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is generated in a significantly non-uniform magnetic field, as we will see in169

Sec.4. A new class in the KalTrackLib library, TTrackFrame, which contains170

the algorithm for transforming a coordinate frame in a non-uniform magnetic171

field, can solve this issue and will be described in the next section.172

3. Algorithm for non-uniform magnetic field173

3.1. Basic idea174

If the non-uniformity of the magnetic field is not too large, we can assume175

that the magnetic field between two measurement layers is approximately176

uniform. We can then propagate our track from one measurement layer to the177

next using the helix model we discussed above. When the track reaches the178

next layer, we update the magnetic field in order to take the non-uniformity179

into account, and propagate the track with the updated magnetic field. The180

track produced this way is hence segment-wise helical and hereafter called a181

segment-wise helical track. Notice that the direction of the magnetic field also182

changes as well as its magnitude in general. We therefore need to attach, to183

each track segment, a local frame having its z axis pointing to the magnetic184

field direction so as to use our helix parametrization defined in Eq.(13). At185

the end of each step, we hence update the frame to make its z axis parallel186

with the magnetic field there and transform the propagated state vector to187

this new updated frame.188

This new track propagation procedure is illustrated in Fig.3. Firstly, the

layer (k + 1)

layer (k)
helix (k)

helix (k + 1)

a

a
′ a

′′
a
′′′(updated by filter)

transform

Figure 3: Basic idea of transforming the state vector and the associated frame
between two nearby layers.

189

state vector a = ak at layer (k) is propagated to a′ at layer (k + 1) along190

helix (k) parametrized by Eq.(13). The magnetic field at the intersection191

of the helix and layer (k + 1) is then calculated. With the new magnetic192

9

•  Global	  helical	  model:	  
q  Homogeneous	  B	  
q  Circumference	  in	  rφ	  plane	  
q  Straight	  line	  in	  Sz	  plane	  
q  5	  parameters	  

•  Wise-‐segmented	  helix:	  
q  Helix	  from	  layer	  to	  layer	  (homo	  B)	  	  
q  At	  every	  measurement	  update	  the	  B	  

field	  and	  the	  reference	  frame	  	  
q  Impose	  a	  “sufficient”	  number	  of	  these	  

steps	  (not	  only	  on	  measurement	  plane)	  
q  Kalman	  filter	  implementaCon	   arXiv:1305.7300v2	  
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solved by templating the private propagation methods to the di↵erent surfaces by the actual charged
or neutral parameters type. The HelixPropagator simply uses the StraightLinePropagator for any
parameters transport of neutral parameters or in case of a no-field environment. The transport of the
neutral parameters classes is fully supported with ATLAS release 13.1.0.

2.3 Numerical propagation: the RungeKuttaPropagator and STEP Propagator

Most of the track parameter propagations to be performed in the ATLAS event reconstruction are
within a highly inhomogeneous magnetic field where a global track model can not be used for solv-
ing the transport equations. Hence, a fast numerical solution for calculating the intersection of the
trajectory with the destination surface is needed. In ATLAS this is realised by two implementa-
tions of the IPropagator interface, the RungeKuttaPropagator and STEP Propagator. Both rely on
a fourth order Runge-Kutta-Nystrøm formalism with an integrated adaptive step estimation. The
main di↵erence between the two realisations is that the STEP Propagator includes energy loss in the
equation of motion and applies corrections to the covariance matrices continuously during the param-
eter transport along the track. It is designed for the description of a particle that traverses a dense
block of material, while the RungeKuttaPropagator complies with the classical model of point-like
material update on detector layers that is carried out by dedicated AlgTool classes in the ATLAS
track extrapolation engine. Both IPropagator implementations perform the propagation in global
coordinates and use common Jacobian matrices for the transformations between the global frame
and local surface-attached coordinate systems5. The equation of motion of a charged particle with
momentum p and mass m through a magnetic field B(r) can be expressed in many di↵erent ways that
mostly di↵er through the parameterisation and choice of the free parameter. For collider experiments
a helix-based parameterisation along the arc length s is a good choice since it is not restricting nor
favoring any specific particle direction6. The equation of motion of a particle with charge q, defined
by the Lorentz force, can then — when omitting multiple scattering and energy loss e↵ects — be
written as the second order di↵erential equation

d2
r

ds2
=

q

p


dr

ds
⇥B(r)

�
, (5)

and, when including an energy loss function g(p, r), as

d2
r

ds2
=

q

p


dr

ds
⇥B(r)

�
+ g(p, r)

dr

ds
. (6)

Equation (5) and Eq. (6) are the fundamental transport equation used by the RungeKuttaPropagator
and STEP Propagator, respectively. The calculations are in both cases performed using the Runge-
Kutta-Nystrøm method, which is well suited to solve second order di↵erential equations. The basic
principle of the Runge-Kutta method can be found in may textbooks [9], an exhaustive review of
the used Runge-Kutta-Nystrøm method and the description of error matrix transport (carried out by
the Bugge-Myrheim method) for both propagators of the ATLAS track reconstruction is in addition
presented in [12].
Both the RungeKuttaPropagator and the STEP Propagator stop the numerical iteration when the
distance to the surface drops below a certain cut value. For the last step starting at the position r

f�1,
a simple Taylor expansion to second order is used:

r

final

= r

f�1 + h
dr

ds
|rf�1 +

1
2
h2 d2

r

ds2
|rf�1

, (7)

with h denoting the distance to the destination surface at the approach point f � 1.

Straight and Helical Track Model The RungeKuttaPropagator and STEP Propagator are clearly
the most flexible propagation techniques in the ATLAS track reconstruction software. It is inert to the
Runge-Kutta formalism that in case of a homogenous magnetic field setup, the propagation is carried

5The common data classes are located in the shared TrkExUtils package.
6In fix target experiments, however, a di↵erent choice representing the main particle direction may be taken.

•  Runge-‐Kupa	  based	  extrapolator:	  
q  General	  method,	  any	  assumpCon	  about	  B	  
q  Solve	  second	  order	  differenCal	  equaCon	  of	  

moCon	  to	  compute	  the	  intersecCon	  of	  the	  
trajectory	  with	  the	  desCnaCon	  plane	  Lorentz	  force	   energy	  loss	  funcCon	  

soX-‐pub-‐2007-‐005	  

(, d0, z0,�0, tan�)
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z

z’ z’’

y’
y’’

x’’

x’

x

y

Ok

Ok+1

Δdk

θ

φ

−φ

Figure 4: Transformation from one frame to the next. The θ and φ angles
are determined by the magnetic field directions at the position Ok and Ok+1.

Considering the shift and the rotation, a local position vector xk in frame221

(k) can be transformed to a local position vector in frame (k + 1) by222

xk+1 = ∆Rk(xk −∆dk). (15)

We also need a transformation of a vector from a global frame to the local223

frame:224

xk+1 = Rk(x̃− dk), (16)

in which x̃ is the corresponding vector defined in the global frame. In Eq.(15),225

xk is defined in local frame (k), and it can be transformed from the global226

vector by227

xk = Rk−1(x̃− dk−1) (17)

Substituting Eq.(17) into Eq.(15)228

xk+1 = ∆Rk[Rk−1(x̃− dk−1)−∆dk],

then the global rotation matrixRk and the shift vector dk can be represented229
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2.3. The tools

Table 2.1.: The di↵erent criteria available in the KiTrack package
(The time is given relative to the fastest criterion)

name hits time description

DeltaRho 2 1.00 The di↵erence of the distances to the z-axis:
�⇢ =

p
x2
2 + y22 �

p
x2
1 + y21.

RZRatio 2 1.00 The distance of two hits divided by their z-

distance:
p

�x

2+�y

2+�z

2

|�z|
StraightTrackRatio 2 1.04 Best suited for straight tracks: if the line be-

tween the two hits points towards IP. Calcu-
lated is ⇢1

z1
/⇢2

z2
, where ⇢ =

p
x2 + y2. Is equal to

1 for completely straight tracks.
DeltaPhi 2 1.30 The di↵erence between the � angles of two

hits in degrees. � is the azimuthal angle in
the x-y plane w.r.t. the positive x axis: � =
atan2(y, x).

HelixWithIP 2 1.43 Checks if two hits are compatible with a helix
through the IP. A circle is calculated from the
two hits and the IP. Let ↵ be the angle between
the center of the circle and two hits. For a per-
fect helix ↵

�z

should be equal for all pairs of hits
on the helix. The coe�cients for the first and
last two hits (including the IP) are compared:
↵1
�z1

/ ↵2
�z2

. This is 1 for a perfect helix around
the z-axis.

ChangeRZRatio 3 1.23 The coe�cient of the RZRatio values for the
two 2-hit-segments. Ideally this would equal 1.

2DAngle 3 1.23 The angle between two 2-hit-segments in the
x-y plane.

2DAngleTimesR 3 1.46 The 2DAngle, but multiplied with the radius
of the circle the segments form, in order to get
better values for low momentum tracks.

3DAngle 3 1.25 The angle between two 2-hit-segments.
3DAngleTimesR 3 1.48 3DAngle times the radius of the circle.
PT 3 1.30 The transversal momentum as calculated from

a circle in the x-y plane. This criterion includes
knowledge about the magnetic field and in this
way di↵ers from the rest. A more basic version
would be to either use the radius of the circle or
its inverse ⌦. Using p

T

was chosen for reasons
of readability.
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IPCircleDist 3 1.30 From the 3 hits a circle is calculated in the
x-y plane and the distance of the IP to this cir-
cle is measured.

IPCircleDistTimesR 3 1.30 Distance of the IP to the circle multiplied with
the radius of the circle to take into account
higher deviations for low transversal momentum
tracks.

DistOfCircleCenters 4 1.66 Circles are calculated for the first and last 3
hits. The distance of their centers is measured.

RChange 4 1.66 The coe�cient of the radii of the two circles.
DistToExtrapolation 4 2.21 From the first 3 hits the relation of ↵ to �z is

calculated. This is used to predict x and y of the
fourth hit for the given z-value. The distance of
this prediction to the actual position in x and
y is measured.

NoZigZag 4 2.30 A criterion to sort out tracks that make a zig
zag movement. The 2-D angles are measured
for the first and the last three hits. Then they
are transposed to the area of �⇡ to ⇡ and mul-
tiplied. A zig-zagging track would give angles
with di↵erent signs and therefore a negative
multiplication result.

2DAngleChange 4 2.30 The coe�cient of the 2-D angles.
3DAngleChange 4 2.41 The coe�cient of the 3-D angles.
PhiZRatioChange 4 2.50 The coe�cient of the PhiZRatio of the first 3

and the last 3 hits.

Usefulness of criteria There is a multitude of criteria one can come up with and
there are certainly more possibilities than in Table 2.1. But not all criteria are
equally useful. First, as they are used quite often in the cellular automaton in order
to filter away the combinatorial background, they need to be fast. There is no reason
why one could not implement a Kalman filter criterion for longer segments, but it
costs quite some time. In Table 2.1 the calculation time, relative to the fastest one,
is shown9. Each of the criteria is based on rather simple and fast calculations, so
that the time used to do the actual calculation is in the order of the time needed to
reserve memory for the variables.
Another important factor is the distribution of the criterion for true tracks. As

an example in Figure 2.9 and 2.10 one can see the di↵erences between the 2- and
3-dimensional angles between 2-hit-segments. The tail of the 2DAngle criterion

9Each criterion was used a thousand times with given segments by an executable. The executable
was monitored with the profiling tool callgrind. The computing times of the criteria were
normalized, so that the fastest one had the value 1.
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