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Abstract: To classify clusters of hits in the electromagnetic calorimeter (EMC) of PANDA (an-
tiProton ANnihilation at DArmstadt), one has to match these EMC clusters with tracks of charged
particles reconstructed from hits in the tracking system. Therefore the tracks are propagated to the
surface of the EMC and associated with EMC clusters which are nearby and below a cut parameter.
In this work, we propose a helix propagator to extrapolate the track from the Straw Tube Tracker
(STT) to the inner surface of the EMC instead of the GEANE propagator which is already embedded
within the PandaRoot computational framework. The results for both propagation methods show a
similar quality, with a 30% gain in CPU time when using the helix propagator. We useMonte-Carlot
truth information to compare the particle ID of the EMC clusters with the ID of the extrapolated
points, thus deciding upon the correctness of the matches. By varying the cut parameter as a
function of transverse momentum and particle type, our simulations show that the purity can be
increases by 3-5% compared to the default value which is a constant cut in the PANDA simulation
framework PandaRoot.
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1 Introduction

The PANDA experiment[1] is one of the core projects at the upcoming Facility for Antiproton and
Ion Research (FAIR) [2, 3]. It has been designed as a fixed target detector to measure signals from
the collision between antiprotons and protons or heavier nuclei, where exotic particles are created in
highmultiplicities through gluon-rich processes. The central part of the physics program of PANDA
are the spectroscopy of charmonium states and the investigation of open charm production, meson
spectroscopy, and the search for exotic matter like glueballs and hybrids including excitations in the
charmonium range which have been predicted by quantum chromodynamics (QCD) calculations
[4].

PANDA uses a cooled antiproton beam in the momentum range from 1.5 to 15.0 GeV/c
provided by the High Energy Storage Ring (HESR) with an excellent momentum spread of ∆p/p <
4 · 10−4 − 5 · 10−5 depending on the operation mode.

PANDA consists of several specific detectors which can be classified into two groups: the
Target Spectrometer (TS) and the Forward Spectrometer (FS). In the TS area, a superconducting
solenoid magnet generating a field of B = 2 T surrounds the interaction point together with a
Micro Vertex Detector (MVD), a Straw Tube Tracker (STT), a Cherenkov detector (DIRC), a Time-
of-Flight detector (TOF) an Electromagnetic Calorimeter (EMC) and a large angle tracking Gas
Electron Multiplier (GEM). In the FS area, a dipole magnet generating a field of up to B = 2 Tm
is used for small angle tracks together with six planes of straw tube trackers (FTS), Cherenkov
detectors, a forward EMC and muon counters [6].

In this work we concentrate on the TS part to propagate trajectories of electrically charged
particles from the STT to the inner surface of the EMC. Since the specific parts and subsystems
are currently under construction, we have to rely on a special simulation software package called
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PandaRoot [7] to simulate events, reconstruct them and develop efficient algorithms for charged
particle identification. PandaRoot is the offline simulation and event reconstruction software for the
PANDA detector based on the FairRoot framework [8].

Reconstruction in the TS is based on the information from all tracking devices in the TS. The
track reconstruction can be separated into two steps. First, the track finder assigns hits to tracks.
Various different algorithms are provided by the framework. For this work an idealized pattern
recognition based on Monte Carlo information was used to exclude any side effects from the track
finding algorithm. The track parameters from the ideal pattern recognition are smeared and used as
an input for the second stage, the track fitting. For this stage a Kalman filter is used. The Kalman
filter considers the interaction with the detector material, i.e. multiple scattering and energy loss
and uses the detailed magnetical fields inside the detector. A detailed description of this algorithm
which has been developed by the BaBar Collaboration can be found in [9].

When a particle hits a crystal in the EMC, electromagnetic showers are produced and often
spread to several nearby modules. This contiguous area of modules is called an EMC cluster. The
point ®yi representing the center of the ith EMC cluster is then identified by the EMC reconstruction
software. From the detector design [12, 13], a space of 15 cm between the STT and the EMCmakes
an extrapolation of the reconstructed track from the STT to the inner surface of the EMC necessary.
Currently, this is done by the GEANE algorithm [14] taking into account magnetic field, detector
geometry and material interactions. The propagator projects the track t onto a single point ®xt on the
EMC which is then compared to the positions of all n EMC clusters {®yi, i ∈ 1 . . . n}. The squared
distance from ®xt to the closest point ®yi is the EMC quality qt of this track,

qt = min{(®xt − ®yi)2} . (1.1)

Matching of a track with the such determined closest EMC cluster is then decided by comparing
qt to an EMC cut c such that the matching of this track with the cluster is accepted if qt ≤ c. At
present, PandaRoot uses a constant value of c for all particles and momentum ranges.

In this paper, we aim at two improvements of PandaRoot. First, we test a simpler and faster
method of propagation to possibly replace GEANE, which takes into account solely the effect of
the magnetic field. Second, we determine EMC cuts for different particle types and as a function
of transverse momentum to improve the matching between particle tracks and EMC clusters. As
the latter one influences the curvature of each track, we expect that it also has impact on the EMC
quality. For instance, low-momentum tracks with high curvature will be subject to larger deviations
and therefore require a larger EMC cut whereas high-momentum tracks which run almost in a
straight line can be matched with a lower EMC cut, therefore gaining a purer signal.

The paper is organized as follows: In section 2, we describe and compare three different prop-
agation methods between the STT and the EMC including linear propagation, helix propagation for
particles in a homogeneous magnetic field, and GEANE. Section 3 is dedicated to the determination
of an EMC cut which depends on particle type and transverse momentum pT . We calculate cuts on
the basis of single-particle box generator events in specific pT bins such that a certain percentage
of matches which can be selected as 85%, 90% or 95% is achieved. Results are subsequently tested
for purity and completeness with a dual-particle model (DPM) background generator. We close
with a summary and conclusion in section 4.
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Figure 1: The figures show (a) the location of Straw Tube Tracker (STT) and Electromagnetic
Calorimeter (EMC) near the interaction point, (b) the front view to exhibit the 15 cm gap between
STT and EMC.

2 Method of Propagation

The EMC is one of the main components of PANDA for measuring the energy via the creation
of electromagnetic showers in the material. After an incident particle hits the grid of PbWO4
crystals, it will be deflected and produce photons. These photons will then interact with the
electromagnetically charged particles in the material leading to pair production of electrons, which
will again result in new photons and so on until all of the energy of the incident particle has been
deposited in the material.

From Fig. 1, we see that after a pp̄ collision, the produced particles which have passed the
tracking system have to cross a space of 15 cm before they are reaching the EMC. Along this
distance, they are subject to the Lorentz force due to the homogeneous magnetic field of about
B = 2 T in z-direction. This force causes charged particles to move on a helix path with a constant
velocity in z-direction and a circular motion in the x-y plane. To connect the reconstructed curved
tracks of charged particles that are obtained from measurements in the tracking systems to EMC
clusters is a nontrivial task which requires a way to propagate the track from the outer surface of the
STT, where its position and momentum vector are given from a track finding and fitting algorithm,
to the inner surface of the EMC. The such projected track creates a point upon intersecting the EMC
surface which can be compared to the measured EMC clusters.

In this section, we present and compare three different methods of propagation, namely the
presently used GEANE propagator, a linear propagator, and a helix propagator. We hereby do not
only focus on the quality of these but also determine the average CPU time that each algorithm
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requires.
GEANE is written in Fortran. It allows the user to extrapolate a trajectory of a charged

particle in terms of mean values and errors in forward and backward direction in dense matter. It is
integrated into the GEANT3 [15] system in both the simulation and the reconstruction part. Later,
GEANE has been integrated into the FairRoot framework [16], adding a new feature which allows
for low-density materials as, for example, in gaseous detectors. This algorithm, however, uses a
high CPU time to process as it takes several complex effects into account, namely, energy loss,
Coulomb multiple scattering, and the magnetic field.

The most simple method of propagation is a linear propagator, assuming a linear track, ®xlin(t),
from the end point ®xe of the reconstructed track on the STT surface to the EMC with the constant
velocity ®v, the particle then moving on a straight line parametrized by time t,

®xlin(t) = ®xe + t · ®v . (2.1)

Hereby, the effect of the magnetic field is completely neglected and we may therefore expect that it
will yield higher precision with increasing particle momentum, though probably be less useful for
particles with low momentum.

A more sophisticated, yet still simple propagation method is the helix propagator which de-
scribes charged particle tracks by using the momentum and position vectors from the tracking
system and also takes into account the magnetic field between STT and EMC. The particles in the
magnetic field will move on a helix due to the Lorentz force with a circular motion in the transversal
plane with a synchroton radius R of

R[m] = pT [GeV/c]
0.3B[T] , (2.2)

where pT denotes the transverese momentum and B magnetic field strength. We describe the helix
by the equation

®xhel(t) = (R cos(ωt), R sin(ωt), vzt) , (2.3)

with a constant angular frequency ω.

2.1 EMC quality

We determine the accuracy of these propagators by generating events in the so-called box generator
[17], where one particle of a particular type is created with a value of pT within a predefined range.
The emission angle is chosen such that the particle hits the barrel part of the EMC detector. Ideally,
we will then have a single track and a single EMC cluster and the distance from the latter one to the
propagated point is then the EMC quality qt as given in Eq. 1.1. The smaller the value of qt , the
higher the accuracy of the propagation method.

In some cases which we consider as outliers the EMC quality qt can be extremely large due
to wrong track fitting by the Kalman filter. Since these extreme values do not affect the median as
strongly as the mean value, we use the median to describe our data instead of to the mean. Fig. 2
shows the median of the EMC quality as function of transverse momentum for 10,000 events where
a single pion is produced in each pT bin. For all three propagators, we find that the EMC quality
strongly increases with decreasing pT as is to be expected.
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From Lorentz’ law, the smallest transverse momentum for particles to reach the EMC surface
is given by (pT )min = REqB where RE = 31.6 cm is half the radius of the EMC barrel. Thus, the
lower bound of the transverse momentum is 0.19 GeV/c. So for the barrel EMC, the cases with pT
lower than 0.19 GeV/c will give a high EMC quality qt . Note that the 0.19 GeV/c is only valid for
primary particles coming from the interaction point.

We also see that the linear propagator gives the worst EMC quality because it oversimplifies
the motion of a particle as a linear track. For high momenta, it yields better results as the particles
will move on practically straight lines in the short distance between the STT and the EMC. Helix
propagator and GEANE propagator give similar results. However, square roots of the EMC qualities
obtained by GEANE are better than those of the helix propagator for about 19% on average. The
difference is especially significant at low pT . For all relevant momenta, the difference between
these does not seem to account for more than the size of a single crystal (with a surface area of
2 × 2 cm2).

 0.1

 1

 10

 100

 1000

 10000

 0  0.5  1  1.5  2

E
M

C
 q

u
a
lit

y
 (

c
m

2
)

pT (GeV/c)

Linear
Helix

GEANE

Figure 2: Median of the EMCquality for different propagators as function of transversemomentum.
We created events where a single pion was produced.

2.2 CPU time

In a next step, we determine the CPU time that each of the propagation methods requires on average,
see Fig. 3. As can be seen, both the linear propagator and the helix propagator require significantly
less CPU time than the GEANE propagator for a single event, amounting to actually two orders of
magnitude. For the particle identification (PID) macro which is heavily used in PandaRoot, this
saves about 30% of computation time.

– 5 –



 1

 10

 100

 1000

 10000

Linear Helix GEANE

C
P

U
 T

im
e
 (

µ
s
)

2.06 ± 0.41

5.37 ± 1.07

1853.04 ± 368.93

Figure 3: Average CPU time for different propagation methods, two orders of magnitude in CPU
time can be gained by replacing GEANE with the helix propagator.

2.3 Verification matches

PandaRoot stores in each data-object one or more unqiue identifiers to theMonte-Carlo trutch object
they were generated from. By comparing the unique identifiers one can decide whether a track and
an EMC cluster were created by the same particle or not which allows us to check the matching
between tracks and clusters that we are trying to achieve.

From Eq. 1.1, the EMC quality is the distance between the propagated point on the EMC
surface and the closest EMC cluster. We want to verify that these two were indeed created by the
same particle. Fig. 4 shows results of the EMC quality over a pT range from 0 − 4 GeV. Red
points represent events where the matched pair of track and EMC cluster originate from the same
MCTrack and are therefore dubbed correct matches. The blue points are incorrect matches, here the
EMC cluster and the corresponding propagated track originate from different MCTracks. We want
to determine the EMC quality by considering only primary particles crossing the space between
STT and EMC. The green points in Fig. 4 show the EMC quality of secondary particles. They
show an especially high abundancy in the range of small pT below 0.5 GeV.

Fig. 5 shows the percentage of events from helix and GEANE propagators which are classified
into correct and incorrect matches and also events with more than one track. Both helix and GEANE
provide similar results, we can therefore conclude that the helix propagator is a suitable substitute
for the GEANE propagator, yielding practically the same accuracy but giving us a significant gain
in computational speed.

3 EMC cut as function of particle type and transverse momentum

3.1 Determining an EMC cut

A maximum for the EMC quality to allow matching between the propagated track and the EMC
cluster is given by the EMC cut. In the current version of PandaRoot, this is simply a constant
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Figure 4: EMC quality as function of transverse momentum for single-pion events where we
distinguish between correct matches, incorrect matches and matches from secondary particles.
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Figure 5: The percentage of the classified EMC quality for single-pion events as function of pT for
helix and GEANE propagators.

number equal to 2,500 cm2 which corresponds to a maximum distance of 50 cm between a track
point and the EMC cluster. Results from the previous section, especially Fig. 2, however, suggest
that this should rather be a function of pT as especially for pT < 1 GeV, a strong dependence of the
EMC quality on the transverse momentum can be observed. We also expect a different behavior of
the EMC quality depending on the particle types, as mass, and subjectivity to specific interaction
ways clearly influence their behavior in the material. To calculate the EMC cut for different particle
types and as function of transverse momentum, we consider correct matches by plotting relative
frequency histogram and cumulative relative frequency of the EMC quality.

– 7 –



 0

 0.02

 0.04

 0.06

 0.08

 0.1

 0.12

 0.14

 0  5  10  15  20  25  30

EMC quality (cm
2
)

(a)

 0

 0.2

 0.4

 0.6

 0.8

 1

 0  5  10  15  20  25  30

EMC quality (cm
2
)

(b)

Figure 6: (a) The relative frequency histogram and (b) the cumulative relative frequency of EMC
quality for pion in pT range 0.4 - 0.5 GeV.

We propose that the EMC cut is the upper bound of the EMC quality such that 85%, 90%,
95% or 99% of all matches are accepted. The percentage will be later free to choose, so the user
can decide whether he requires a higher purity, i.e. a low number of incorrect matches or a higher
completeness, i.e. a high number of correct matches. The relative frequency histogram (Fig. 6 (a))
shows the percentage with which a given EMC quality bin occurs in a set of single-particle events.
The cumulative relative frequency (Fig. 6 (b)) at a given pT bin is the sum of the relative frequency
from 0 up to this respective pT value, it is therefore necessarily a monotonically increasing function,
approaching 1. The data that we used to calculate the EMC cut is the EMC quality of the correct
matches in specific intervals of transverse momenta. From these histograms, we are going to
determine for each pT bin the EMC quality where the cumulative frequency reaches 85%, 90%,
95% or 99%, respectively. These values will then be used as the corresponding EMC cuts for
these percentages. To determine these as precisely as possible, we fit the discrete histogram by a
polynomial of sufficiently high order,

P(x) = a0 + a1qt + a2q2
t + ... + an−1qn−1

t , (3.1)

where ai are the fit parameters.
We consider four types of charged particle, namely kaons (K), muons (µ), pions (π), and

protons (p) with transverse momenta in the range of 0 − 4 GeV. We generate sets of events for each
particle type and transverse momentum bin with a width of ∆pT = 0.1 GeV. For each of these, we
perform the analysis detailed in the previous section to determine the EMC cut from the cumulative
frequency histogram.

Fig. 7 shows the EMC cut for an acceptance of 85% as function of pT . The little bump around
1.5 GeV suggest that the EMC cut function is to be fit by a combination of power law and Gaussian
function,

c(pT ) = E0 + (a pT )−k +
EA√
2πσ

e−(pT−µ)/2σ
2
. (3.2)

Here, the first term, E0 is the offset of the EMC cut. The second term is the power law function
where a is a scaling factor and k a positive constant. The last term is the Gaussian function with
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Figure 7: The EMC cut as function of transverse momentum for pions for an acceptance rate of
85%.

amplitude EA. We performed this procedure for all particle types and all three percentages of
acceptance, results are shown in Fig. 8. Note that we continued the functions by constants for both
pT > 4 GeV and pT < 0.19 GeV. Parameters of the fit are shown in Table 1.

Particles P E0 c k EA σ µ χ2/ndf

85 2.449 0.444 1.914 0.020 -0.001 0.349 0.474
kaon 90 3.221 0.267 1.533 0.023 0.000 0.551 0.323

95 6.006 0.152 1.369 0.713 -0.480 1.315 0.743
99 30.819 0.255 2.412 1.770 0.044 0.547 414.181

85 1.147 1.146 3.802 0.854 0.668 1.322 0.039
muon 90 1.486 0.998 3.550 0.358 0.373 1.573 0.325

95 2.076 1.191 4.663 129.582 2.206 -4.349 0.013
99 2.944 0.164 1.879 2.624 0.045 0.456 124.899

85 3.188 0.903 2.360 2.862 0.550 1.356 0.059
pion 90 4.590 0.763 2.297 4.618 0.552 1.321 0.136

95 8.213 0.545 2.222 7.728 0.554 1.317 0.817
99 28.459 0.755 4.727 308.691 1.933 -1.733 171.098

85 3.775 1.086 3.066 -49.367 1.056 -1.472 0.057
proton 90 5.540 1.051 3.189 -44.436 1.004 -1.192 0.101

95 9.887 0.854 3.384 -270.771 0.958 -1.580 0.396
99 28.286 0.511 3.757 293.445 1.050 -2.077 357.871

Table 1: The table of fit parameters for all particle types and acceptances.
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Figure 8: EMC cut for four types of charged particles using as function of transverse momentum
and for different acceptances.

3.2 Testing the EMC cut

After determining the EMC cut as function of pT for charged particles, we test our result using
MC truth matched data, first for single-particle events. We define two quantities, purity and
completeness, to check the validity of our results. The purity is defined as the ratio of the number
of correct matches and the total number of all matches.

Purity =
Number of correct matches
Total number of matches

. (3.3)

Here, a match is defined as a pair of track and EMC cluster which has been decided to belong to
the same particle by the EMC cut. The completeness is the percentage of correct matches from all
possible matches. The latter one is the maximum number of tracks and EMC clusters that should
ideally be matched.

Completeness =
Number of correct matches
Possible correct matches

. (3.4)

The completeness corresponds very well with the acceptance percentage as can be seen on the
left hand side of Fig. 9. The right hand side of Fig. 9 shows the relation between completeness and
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Figure 9: (a) The Completeness vs the acceptance percentage and (b) The purity vs the Complete-
ness.

purity for different particle types and different EMC cuts including the previously used constant cut
of c = (50 cm)2. From this figure, we can draw several conclusions: First, for muons the purity
is found to be 100% for all values of the completeness, including the constant EMC cut which
gives a general completeness of almost 100%. This is due to the fact that muons as heavy leptons
interact only electromagnetically (and through weak decay) and usually require specific detectors to
be absorbed and detected as they pass most detector materials unaffected. Second, for particles that
interact via the strong nuclear force, we see that a higher completeness amounts to a lower purity
and vice versa. This is due to the obvious face that by including more matches you also include more
wrong ones. Among the strongly interacting particles, the highest purity is achieved for protons
which are the heaviest of these particles. Finally, we can quantify the difference in performance
of our pT and particle species dependent cut to the previously used constant one. Comparing it to
a percentage cut of 99% which yields an up to 1% similar completess, we are able to increase the
purity by 2− 3%. If we are willing to accept lower completeness, we are able to increase the purity
by 5 − 6%.

When we increase the percentage of acceptance and therefore the completeness, the purity will
decrease because more incorrect matches will be included. This figure clearly shows that a constant
EMC cut provides lower purity than our EMC cut depending on transverse momentum and particle
types except for muons.

Only for muons, the purity remains at 100% for all values of the completeness. We see that
particles which interact also via the strong interaction have a slightly lower purity which is also
dependent on the completeness. Among these, the highest purity is obtained for the protons which
are the heaviest of these particles.

As the EMC is used for particle identification, we have no information whatsoever about which
type of particle causes a specific hit in the calorimeter material. We therefore suggest to use the
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generally largest EMC cut, namely that of kaons, for all tracks and clusters in general. We tested
this assumption with the DPM background generator, where particles of several types and high
multiplicities are created in each single event. Matches represents the percentage of matched to all
propagated tracks.

Matches ≡ Number of matches
Number of total events

. (3.5)

Fig.10 shows that the number of events with qt < c increases when we increase the acceptance
percentage. As one would expect, we found that this yields generally a lower purity because more
secondary particles are collected. Furthermore, the purity decreases when the proportion of correct
matches is higher. On the other hand, the completeness is relatively high because we used the
biggest possible cut but it still increases with higher proportion of correct matches.

4 Conclusion

We tested different types of propagators to connect tracks obtained from hits in the tracking system
to clusters of EMC hits. We found that a simple helix propagator, taking into account only the effect
of the bending of the particle trajectory in the homogeneous magnetic field yields results of similar
quality to the GEANE propagator which is currently used in PandaRoot. The helix propagator,
however, requires significantly less computational time, we gain about 30% of time in the particle
identification macro. So the helix propagator can be used as an alternative to extrapolate the track
from the tracking system to clusters of EMC hits when one is not seriously concerned about the
energy loss parameters during the extrapolation.

From our initial observation that the EMC quality depends on transverse momentum, we
motivated the determination of a pT dependent EMC cut to decide whether to reject or accept a
match between the propagated point and the closest EMC cluster. We calculated the EMC cut for
different particle types and percentages of acceptance as a function of transverse momentum and
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then performed fits with a combination of power law and Gaussian function. In subsequent test,
we found that the percentage of completeness is equal to the acceptance percentage, that means our
function is suitable to be used as an EMC cut and yields better results than the constant value that
has so far been used in PandaRoot.

Compared to the previously used constant EMCcut, wewere able to show that our pT dependent
cut is able to provide a higher purity even in the case of a similar value of completeness. By lowering
the completeness to values of 85%, we achieve approximately 5−6% higher purities. It is therefore
desirable to have an option in PandaRoot which lets the user select the acceptance of percentage
and therefore to control the purity of the track matching.
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