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acceptance	
  (Hcal	
  moved	
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•  Extended	
  tracker	
  implemented	
  in	
  simula;on	
  
q  added	
  2	
  forward	
  disk	
  w.r.t.	
  to	
  SiD	
  à	
  L/2	
  =	
  2.3m	
  	
  
q  radial	
  dimension	
  extended	
  to	
  R	
  =	
  1.5	
  m	
  
q  poin;ng	
  transi;on	
  regions	
  (but	
  not	
  at	
  the	
  IP)	
  

•  No	
  op;miza;on	
  for	
  modules	
  overlap	
  in	
  rings	
  and	
  
at	
  the	
  edges	
  of	
  layers	
  	
  

•  No	
  op;miza;on	
  for	
  layers	
  posi;on	
  à	
  equispaced	
  	
  
•  All	
  overlaps	
  solved	
  in	
  the	
  tracker	
  region	
  

CDR	
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Fast	
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•  Full	
  simula;on	
  
•  Stable	
  performance	
  as	
  a	
  func;on	
  of	
  pT	
  even	
  in	
  

the	
  forward	
  region	
  (θ<20°)	
  
•  AOer	
  retraining,	
  good	
  eff	
  performance	
  also	
  as	
  

a	
  func;on	
  of	
  θ.	
  ~2%	
  drop	
  in	
  efficiency	
  in	
  the	
  
transi-on	
  region	
  between	
  barrel	
  and	
  endcap	
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•  According	
  to	
  Gluckstern’s	
  formula	
  
expected	
  improvement	
  in	
  pT	
  resolu;on:	
  	
  	
  
	
  
	
  
	
  
	
  
	
  

à	
  20-­‐50%	
  improvement:	
  OK	
  
•  Same	
  improvement	
  in	
  full	
  and	
  fast	
  sim	
  

q  In	
  full	
  sim	
  too	
  op;mis;c	
  charge	
  sharing	
  
(no	
  gauss	
  smear	
  at	
  digi;za;on	
  level)	
  
à	
  retuning	
  of	
  the	
  parameters	
  needed	
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Workflow	
  &	
  B	
  field	
  map	
  
1)	
  Geometry	
  defini;on:	
  	
  compact.xml	
  +	
  	
  
	
  	
  	
  	
  GeomConverter	
  
à	
  Non-­‐homogeneous	
  B	
  field	
  introduced	
  by	
  a	
  
map	
  with	
  posi-on	
  coordinates	
  and	
  field	
  values	
  

2)	
  Simula;on:	
  SLIC	
  (based	
  on	
  Geant4	
  à	
  	
  
	
  	
  	
  	
  	
  	
  interac;on	
  of	
  par;cle	
  in	
  mamer)	
  
à	
  Tracker	
  hits	
  are	
  simulated	
  according	
  the	
  	
  
non-­‐homogeneous	
  B	
  field	
  	
  

3)	
  Reconstruc;on:	
  LCSim	
  (at	
  the	
  moment)	
  
à	
  Homogeneous	
  B	
  field	
  (value	
  at	
  the	
  IP):	
  
	
  	
  	
  	
  	
  -­‐	
  need	
  to	
  move	
  from	
  the	
  global	
  helical	
  fit:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  work	
  on	
  going	
  for	
  the	
  tracking	
  soOware	
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~8%	
  drop	
  in	
  efficiency	
  

•  Geometry	
  used:	
  CLIC_2014_L5m_R7m	
  
(CLIC_SiD	
  with	
  reduced	
  endcaps)	
  

•  Degrada;on	
  in	
  reco	
  efficiency	
  and	
  bias	
  in	
  
the	
  pT	
  reco	
  due	
  to	
  the	
  assump-on	
  of	
  
homogeneous	
  field	
  in	
  the	
  reconstrucJon	
  
q  In	
  CLIC_SiD	
  helical	
  extrapola;on	
  and	
  fit	
  
q  In	
  ATLAS	
  use	
  of	
  numerical	
  integra-on	
  

method	
  (Runge-­‐Kuma)	
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Homogeneous	
  B	
  =	
  5	
  T	
  
Non	
  homogeneous	
  B	
  =	
  5	
  T	
  

CLICdp	
  work	
  in	
  progress	
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  progress	
  

Non-­‐	
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  B	
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Impact	
  parameter	
  resolu5on	
  

•  Similar	
  conclusion:	
  bias	
  in	
  d0	
  resolu;on	
  due	
  to	
  reconstruc;on	
  bias	
  
•  z0	
  not	
  affected	
  (see	
  backup)	
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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	
  implementa;on	
   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-­‐Kuha	
  based	
  extrapolator:	
  
q  General	
  method,	
  any	
  assump;on	
  about	
  B	
  
q  Solve	
  second	
  order	
  differen;al	
  equa;on	
  of	
  

mo;on	
  to	
  compute	
  the	
  intersec;on	
  of	
  the	
  
trajectory	
  with	
  the	
  des;na;on	
  plane	
  Lorentz	
  force	
   energy	
  loss	
  func;on	
  

soO-­‐pub-­‐2007-­‐005	
  

(, d0, z0,�0, tan�)

x	
  

y	
  
z	
  



	
  	
  	
  	
  	
  	
  	
  	
  Plans	
  for	
  the	
  tracking	
  soiware	
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A. The cellular automaton for track finding

as in many real applications, there would not be much to see. Coming back here
once the CA is fully explained and checking out the benefits of the CA for the
1-hit-segments in this example is probably a good idea.
Instead, everything that the automaton does for 1-hit-segments will be shown,

while skipping the single characteristic step of the CA there and explaining it af-
terwards for the 2-hit-segments, as this gives a better example. If one wants to
get to 2-hit-segments, one needs to connect the 1-hit-segments first. There are an
awful lot of possible connections that can be made and in real events there are even
drastically more.
Therefore one needs a criterion that determines, whether it makes sense to connect

two hits. If one looks at the true tracks in Figure A.4, one sees that all the hits
coming from one true track are not too far apart from one layer to the next. If the
layers have a distance of 15 cm, then one could try to connect only hits that have a
distance of less than 20 cm. This 20 cm cut-o↵ seems completely arbitrary, but for
real applications this value is found by analyzing lots of true tracks and checking in
what range these values lie. In order not to lose (too many) genuine tracks, but to
dismiss as many wrong ones as possible, careful analysis is crucial. Connecting hits
close enough results in Figure A.9. The IP was used as an additional hit, adding
information to the cellular automaton. Including it is valid insofar as most tracks
come from an area close to the IP2

Figure A.9.: Hits are connected if close enough

The straight lines in Figure A.9 are the 2-hit-segments, the cells for the cellular
automaton. One can now start the algorithm. One of the key features of the
segments (cells) is that they have a state. While a biologist might find states like
“living”, “dead” or “reproducing” useful, for track reconstruction unsigned integer

2To handle secondary vertices farther away there are di↵erent possibilities. If for example their
rough location is known from other sources, they can be added as additional hits, although
this needs to be carefully considered on a technical level (especially concerning the layers of the
vertices and the hits).
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A. The cellular automaton for track finding

These criteria define the patterns that can be found. If more criteria had been
used, it would have been more e↵ective8. The cellular automaton was used in such
a way that only cells fulfilling these criteria reached a state (an integer number)
that was equivalent to the layer they were on, giving the possibility to identify false
segments and erasing them. This way, the combinatorics could be reduced in each
step. Finally, when all the criteria have been used, the remaining cells reproduced
the pattern that was searched for: tracks.

A.3.1.1. Remaining track reconstruction

The cellular automaton delivered track candidates, but one can see in Figure A.24,
that the final tracking is not yet done. There are usually two more steps that are
performed. First, the reconstructed track candidates are fitted and a quality cut
is applied. This can be done with the before mentioned Kalman filter, which can
give a feedback on the goodness of the fit (i.e. the �2-probability). The quality cut
results in Figure A.25 and Figure A.26.

Figure A.25.: Results of a quality cut
on the track candidates

Figure A.26.: After the quality cut
has been applied

A final step is the resolution of ambiguities: In Figure A.27 tracks sharing hits are
marked in red. These tracks are incompatible and only a subset of those is usually
saved, where no tracks share hits. There are various algorithms able to solve this
problem, for example a Hopfield Neural Network. The solution could look like in
Figure A.28.
With these last steps the tracking is finished, resulting in the final track collection

shown in Figure A.29. In this toy detector example the original tracks were all
found. Additionally there is a ghost track in the final collection, the short 3-hit
track.

8On the other hand each criterion needs calculation time, so a few criteria in each step of the
cellular automaton are usually su�cient. Sooner or later additional criteria don’t give any more
benefit.
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•  Current	
  SiD	
  tracking	
  soOware	
  has	
  shown	
  
some	
  limita;ons	
  for	
  our	
  user	
  case:	
  
q  No	
  implementa;on	
  of	
  Kalman	
  filter	
  

(important	
  for	
  low	
  pT	
  tracks)	
  
q  Global	
  helical	
  tracking	
  extrapolator	
  

•  ILD	
  soOware	
  SiliconTracking_MarlinTrk	
  
has	
  shown	
  poor	
  performance	
  in	
  terms	
  of	
  
efficiency	
  when	
  the	
  TPC	
  is	
  not	
  included	
  

•  Start	
  to	
  work	
  to	
  extended	
  the	
  ILD	
  vertex	
  
tracking	
  so8ware	
  based	
  on	
  cellular	
  
automaton	
  (Y.	
  Voutsinas,	
  F.	
  Gaede,	
  R.	
  
GlaWauer)	
  and	
  on	
  mini-­‐vectors	
  idea	
  
ü  Kalman	
  filter	
  implemented	
  (KalDet/KelTest)	
  
ü  Promising	
  performance	
  	
  
ü  Accounts	
  for	
  double	
  layers	
  
à Extend	
  to	
  the	
  full	
  Si	
  tracker	
  
à  Interface	
  to	
  DD4hep	
  (now	
  use	
  of	
  gear	
  file)	
  
à Study	
  the	
  case	
  of	
  B	
  decay	
  
	
  



Summary	
  

•  Extended	
  tracker	
  geometry	
  implemented	
  in	
  simula;on:	
  
q  Stable	
  efficiency	
  performance	
  w.r.t.	
  CDR	
  	
  
q  Up	
  to	
  20-­‐50%	
  improvement	
  in	
  pT	
  resolu-on	
  	
  
à	
  On	
  going	
  implementa-on	
  also	
  in	
  DD4hep	
  (M.	
  Frank,	
  N.	
  Nikiforou,	
  A.	
  Sailer)	
  

	
  
•  Results	
  with	
  realis;c	
  B	
  field	
  with	
  homogeneous	
  B	
  assumpJon	
  in	
  reco:	
  

q  Degrada-on	
  in	
  the	
  tracking	
  efficiency	
  in	
  the	
  forward	
  region	
  (θ>30°)	
  
q  Bias	
  and	
  degrada-on	
  in	
  the	
  pT	
  and	
  d0	
  resolu-on	
  à	
  assump;on	
  of	
  

homogeneous	
  B	
  (helix)	
  in	
  the	
  reconstruc;on	
  
à	
  Confident	
  of	
  restoring	
  good	
  performance	
  considering	
  inhomogeneous	
  B	
  in	
  reco	
  

	
  
•  Start	
  working	
  on	
  a	
  new	
  tracking	
  soOware:	
  	
  

q  Star;ng	
  point:	
  ILD	
  vertex/Si	
  tracking	
  so8ware	
  based	
  on	
  cellular	
  automaton	
  	
  
à	
  Work	
  just	
  started!	
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Thanks	
  for	
  your	
  aQenJon!	
  



BACK-­‐UP	
  



LCSim	
  soiware	
  version	
  

•  Some	
  discrepancies	
  observed	
  between	
  LCSim	
  CDR,	
  LCSim	
  2.5,	
  LCSim	
  
2.8	
  for	
  the	
  tracking	
  performance	
  (agreement	
  with	
  Nilou’s	
  studies):	
  
q  from	
  LCSim	
  CDR	
  to	
  LCSim	
  2.5	
  (used	
  for	
  DBD):	
  

§  ~20%	
  worsening	
  of	
  the	
  momentum	
  resolu;on	
  
§  improvements	
  in	
  the	
  pull	
  distribu;ons	
  (bemer	
  es;ma;on	
  of	
  the	
  uncertain;es)	
  

and	
  less	
  theta	
  dependence	
  
q  from	
  LCSim	
  2.5	
  to	
  LCSim	
  2.8	
  (“Norman’s	
  patch”)	
  

§  restore	
  of	
  CDR	
  performance	
  but	
  d0	
  resolu;on	
  à	
  10%	
  worsening	
  at	
  p=10GeV	
  
§  worsening	
  again	
  in	
  the	
  pull	
  distribu;ons	
  	
  
à	
  probably	
  amempt	
  to	
  restore	
  as	
  much	
  as	
  possible	
  CDR	
  without	
  removing	
  the	
  
changes	
  introduced	
  for	
  the	
  HPS	
  
	
  

•  Plan	
  to	
  migrate	
  to	
  a	
  new	
  tracking	
  code	
  
q  decision	
  to	
  use	
  LCSim	
  2.5	
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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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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 =
pT

cos �
= pT

p
1 + tan2 �,

q =


|| .

(C.1)

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

k ⇡ 0.3
"
GeV
T m

#
. (C.2)

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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C Track Parametrization
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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 =
pT

cos �
= pT

p
1 + tan2 �,

q =


|| .

(C.1)

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

k ⇡ 0.3
"
GeV
T m

#
. (C.2)

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

C =

0
BBBBBBBBBBBBBBBBBBB@

�2(d0) �(d0, ) �(d0, �0) �(d0, tan �) �(d0, z0)
�(, d0) �2() �(, �0) �(, tan �) �(, z0)
�(�0, d0) �(�0, ) �2(�0) �(�0, tan �) �(�0, z0)
�(tan �, d0) �(tan �, ) �(tan �, �0) �2(tan �) �(tan �, z0)
�(z0, d0) �(z0, ) �(z0, �0) �(z0, tan �) �2(z0)

1
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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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2. Algorithms of event reconstruction

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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Figure 4: The realistic magnetic field in the r � z plane for the entire ATLAS detector. The upper plot
shows the magnetic field strength in the r � z plane at an azimuthal angle of � = ⇡/8 which lies within one
Muon System toroid structure. The plots at the bottom focusses on the magnetic field of the Inner Detector
as described by the ATLAS-CSC-01-02-00 layout. The first plot at the bottom shows the �-dependency of
the magnetic field at di↵erent radii in steps of 100 millimeter at z = 0: the homogeneity of the field in the
ID is broken in radial and azimuthal direction even in the very central part of the solenoid. The second plot
shows the magnitude of the magnetic field shown within a quarter of the Inner Detector.

rameters and omits the transport of the associated covariances can be chosen. This is optimised
for situations where the transported error represented at the destination surface is not needed.

• The globalPositions() method is designed to fill a list with 3D points along the track in
intervals of a given step length and confined within a given volume. It is mainly performed
during the road building process of the pattern recognition stage.

• The validationAction() enables to call event- or track-based validation directives from outside
(e.g. such as parameter resetting or the filling of validation information into appropriate output
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shows the magnitude of the magnetic field shown within a quarter of the Inner Detector.

rameters and omits the transport of the associated covariances can be chosen. This is optimised
for situations where the transported error represented at the destination surface is not needed.

• The globalPositions() method is designed to fill a list with 3D points along the track in
intervals of a given step length and confined within a given volume. It is mainly performed
during the road building process of the pattern recognition stage.

• The validationAction() enables to call event- or track-based validation directives from outside
(e.g. such as parameter resetting or the filling of validation information into appropriate output
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