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1 Introduction

Charged particles and especially their displaced tracks are crucial for jet tagging.
This motivates us to study tracks at CLD, comparing their parameters in fast
and full simulation.

2 Parametrization of a track

When charged particles move in a magnetic field (here Bz), they follow a trajec-
tory of a helix. The measurement of the trajectory is called a track. A helix is
fully described by five parameters, however, the conventions differ. We choose
the following convention:

1. d0: transverse impact parameter; describes the smallest distance of the
helix to the primary vertex in the xy-plane.

2. ϕ: azimuthal angle of the momentum vector on the helix at point of closest
approach.

3. ω: curvature; ω = q·Bz·c
sin θ·|p⃗| ∝

1
pt
; although named like a frequency, ω refers

to the curvature in units of 1/mm.

4. z0: longitudinal impact parameter; defined as the distance from the point
of closest approach of the track to the primary vertex along z.

5. tanλ: tangent of the dip angle λ of the helix in the r-z-plane; in other
words, the angle between p⃗ and pt, so that tanλ = pz

pt
.

A graphical illustration of a helix and some parameters can be seen in Fig-
ure 1.

As the measurement of a track holds uncertainties, we are also interested
in the covariance matrix. The covariance matrix of a five-dimensional vector
results in 15 values: 5 diagonal values which correspond to the variance and are
by definition greater zero and 10 off-diagonal values as a real covariance matrix
is symmetric.
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Figure 1: Graphical illustration of helix (blue) and some descriptive parameters
(z0, d0, λ, pt, ϕ). Note: ϕ in the text is labeled as ϕ0 in this image.

3 Fast vs. full simulation parametrization

We use all track parameters for tagging including the covariance matrix Cij

except for the curvature c and tanλ. We also use other variables that are
strongly related to them such as the signed impact parameters in 2D and 3D
and their significances and the jet-track distance in 3D and its significance [1].
In fast and full simulation, we can retrieve the basic track parameters straight
forward. But we need to shift the coordinate system, so we describe the helix
with respect to the primary vertex. Only then, impact parameters become
meaningful.

Full simulationEDM4Hep use the same convention for the track parametriza-
tion as we do, see the definition of the edm4hep::TrackState. Be careful that
ω although named like a frequency refers to the curvature in units of 1/mm.

Fast simulation Delphes also uses the same definition of the 5 track pa-
rameters. It uses the half-curvature at some point which needs to be accounted
for when switching frameworks. The covariance matrix also follows the conven-
tion.
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https://github.com/key4hep/EDM4hep/blob/997ab32b886899253c9bc61adea9a21b57bc5a21/edm4hep.yaml#L195C9-L200
https://github.com/key4hep/k4SimDelphes/blob/main/converter/src/DelphesEDM4HepConverter.cc#L539-L562
https://github.com/delphes/delphes/blob/2f87c5edc29159cb335ea2cda77b70dca5d94c50/external/TrackCovariance/TrkUtil.cc#L304-L316
https://github.com/delphes/delphes/blob/2f87c5edc29159cb335ea2cda77b70dca5d94c50/external/TrackCovariance/TrkUtil.cc#L304-L316
https://github.com/delphes/delphes/blob/master/modules/TrackCovariance.cc#L173
https://github.com/delphes/delphes/blob/master/modules/TrackCovariance.cc#L173


4 Comparison of the track parameters in fast
vs. full simulation

We compare the track parameters for H → uū, the five helix parameters in
Figure 2 and the 15 covariance parameters in Figure 4.

4.1 The five helix parameters
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Figure 2: Five helix parameters (d0, ϕ, ω, z0, tanλ for leading tracks in fast
(green) and full (orange) simulation for 25000 jets.

We retrieve the parameters d0, ϕ, ω and z0 straight forward from TrackState

and calculate tanλ = 1
tan θ .

All parameters show accordance but the traverse impact parameter d0 that
is more spread out in full simulation. We expect the spread to be around 2-
5 µm [2] which is the case for both impact parameters d0 and z0, only d0 in full
simulation has a larger spread of σ = 5.88± 0.07 µm, see Figure 3.
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Figure 3: Impact parameters d0 (left) and z0 (right) in fast (full) simulation in
green (blue) with Gaussian fits in orange (pink).

To investigate where the deviation in the transverse IP d0 comes from, we
plot the five parameters against each other in 2D histograms, see Figure 5 for fast
and Figure 6 for full simulation. We see a strong derivation in the correlation
of d0 to ϕ when comparing fast and full simulation. While d0 has the same
resolution over ϕ in fast simulation, the distribution smears out around ±π

2 in
full simulation. We do not know the reason for this but guess it might come
from detector geometry.

4.2 The covariance matrix of the helix parameter

The covariance matrix is also straight forward retrieved with track.covMatrix,
so the convention used in the setup is crucial. In Figure 4 show the diagonal
elements in the first column, the off diagonal elements in the second and third.
We see many deviations in the off-diagonal elements. While cov(ω, d0) and
cov(ϕ, ω) (first two elements of the third column) differ in their values as fast
simulation is a lot more spread out, the most worrying part is the inconsistent
sign convention. 6 out of the 10 off-diagonal elements show inconsistency in
the range when comparing full and fast simulation. In these 6 cases (cov(ϕ,
tanλ), cov(ϕ, z0), cov(d0, d0), cov(ω, z0), cov(d0, tanλ), cov(ω, tanλ) that are
the last three elements in the second and third column), fast simulation has
only positive (or negative) values while the distribution of the full simulation
values smears around zero. Most surprising is cov(d0, z0) that is only positive
in fast simulation while d0 and z0 show distributions centered around zero (so
also negative).
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Figure 4: 15 covariance parameters for leading tracks in fast (green) and full
(orange) simulation for 25000 jets.

5



5 Open questions

1. Why does d0 has a larger spread in full simulation than expected (6 µm
instead of 3 µm)?

2. Why does the covariance matrix differ comparing fast vs. full simulation
although the definitions of the track parameters are the same? Why does
the distribution of the off-diagonal elements of the covariance matrix cen-
ter around zero in full simulation while it is only positive/negative in some
cases in fast simulation?

6 Notes

Some notes and comments while doing this study:

1. Checking the units: Why has ω = q·Bz·c
pt

the unit of 1
mm? When calculating

ω the speed of light c is defined as c = 2.99792458 · 108 · 10−9 · 10−3. The
10−3 accounts for converting from 1

m to 1
mm while the 10−9 account for

the momentum be defined in GeV. The momentum is NOT defined in
GeV/c, so that we turn out with 1

m not 1
s . So we calculated the units of

ω as [ q·Bz·c
pt

] =
As· kg

As2
m
s

10−9· kg·m
2

s2

· 10−9 · 10−3 = 1
mm

2. You can find the code for these plots on GitHub.

3. You can find a GitHub issue discussing the d0 discrepancy here.
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Appendix
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Figure 5: Logarithmic 2D plots of fast simulation track parameters of 250 000
H → uū jets
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Figure 6: Logarithmic 2D plots of full simulation track parameters of 250 000
H → uū jets
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