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The hadronic calorimeter of ATLAS, TileCal, provides a large amount of readout channels (about

10,000). Therefore, track detection may be performed by TileCal when cosmic muons cross

the detector. The muon track detection has extensively beenused in the TileCal commissioning

phase, for both energy and timing calibrations, and it will also be important for background noise

removal during nominal LHC operation. This work presents a cosmic ray detection algorithm

based on TileCal information. The algorithm employs the Hough Transform to map the data

from activated calorimeter cells into a parameter (straight-line track) space, in which detection

is effectively performed. Due to intrinsic low signal-to-noise ratio for cosmic ray detection with

TileCal, a preprocessing algorithm based on a matched filteroperating over TileCal time sam-

pled signals is implemented to improve detection efficiency. Experimental data shows that the

proposed method possesses extensive efficiency superiority over straight-line fitting produced by

least-square methods.
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1. Introduction

ATLAS detector [1] is at final phase of a detailed test and calibration process. For that, tests
using Cosmic Rays (CR) as source is being performed in different sub-detectors. An important
task in this stage is the measurement of the deposited energy, left by a CR when it crosses the
calorimeter. In order to evaluate this task, an efficient track detection algorithm, looking at the
activated calorimeter cells, should be implemented. In this way, one can check the reconstructed
data coherency, look for potential problems and test the calorimeter energy uniformity.

The previous cosmic ray detection algorithm used in the hadronic calorimeter (TileCal) seeks
to minimize the summing of quadratic distances among activated cells and the desired tracks [2],
using Least Square Methods (LSM). However, the LSM has an inherent limitation: the sensibility
to outliers [3]. In other words, although LSM manipulates measurement errors which appears as
small fluctuation in the data set efficiently, it does not tolerate outliers. This kind of noise, even
in small quantity, produce residues, generating wrong track adjustments. Besides, the LSM is not
able to detect multiple tracks itself.

This work presents an alternative cosmic ray detection algorithm in TileCal, using the Hough
Transform (HT) method [4]. This techniques is extensively used to detect line segments in highly
noisy images and was here adapted to detect tri-dimensionaltracks. HT proved to be able to deal
with the noise contamination present in cosmic ray track detection procedure in TileCal and has
shown to be an useful method to detect multiple tracks in a more direct way.

Due to the low signal-to-noise ratio of TileCal for cosmic rays, we have shown that matched-
filters [5], operating over the time sampled signals of individual calorimeter cells, give higher
signal detection efficiency than standard energy cut procedures. This reduces the number of outlier,
increasing the muon track detection algorithm efficiency.

The combination of Hough Transform and Matched-Filter techniques has shown to be an ef-
ficient approach to detect cosmic rays in ATLAS hadronic calorimeter. The implemented methods
and some important analysis results are presented.

2. The ATLAS detector

As one of the main LHC [6] detectors, ATLAS will explore the fundamental nature of matter
and the basic forces that shape our universe. The detector has a total length of 42mand a radius of
11 m (see Figure 1).

The Inner Detector [7] extends to a radius of 1.2m, and is 7m in length along the beam
pipe. Its basic function is to track charged particles, revealing detailed information about the type
of particle and its momentum. The calorimeter [8] is situated outside the solenoidal magnet that
surrounds the inner detector and comprises two sections: anelectromagnetic [9] and a hadronic
[10] part. Their purpose is to measure the energy of incomingparticles by total absorption [11].
The muon spectrometer is an extremely large detection system, extending from a radius of 4.25m
around the calorimeters out to the full radius of the detector (11 m) [12]. Its tremendous size is
required to accurately measure the momentum of muons.

Due to the extremely high interaction rate and the huge background noise generated by LHC,
ATLAS requires the design of a sophisticated on-line triggering system, for which calorimeters
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Figure 1: The ATLAS and its main subsystems (extracted from [1]).

Figure 2: TileCal segmentation (extracted from [1]).

provide an essential information. In ATLAS, the triggeringsystem operation is split into three
cascaded levels and should reduce dramatically the background noise rate, providing an output
frequency of the order of 100 Hz [13].

2.1 TileCal segmentation

The TileCal absorbs energy from particles that pass throughthe EM calorimeter, these particles
are primarily hadrons. The energy-absorbing material is steel and scintillating tiles sample the
deposited energy.

The TileCal comprises three cylindrical parts: one barrel,which covers the rapidity range
|η |< 1.0 (in ATLAS coordinates [1]), and two extended barrel wheels, covering the rapidity range
0.8 < |η | < 1.7 on either side of the barrel. The barrel and the two extendedbarrels are separated
by a gap of 600mmto provide space for liquid argon distribution pipes. Each of the sub-detectors
is composed of 64 azimuthal wedge-shaped modules. Figure 2 shows the TileCal segmentation.
Each Calorimeter cell is coupled to two PMTs for readout redundancy.
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Figure 3: Triggering cosmic rays with TileCal.

3. Commissioning with cosmic rays

The goal of the calorimeter commissioning with cosmic rays [14] is the performance validation
of the calibrated detector, ensuring the readiness for LHC turn-on. In order to acquire cosmic data,
the ATLAS trigger system is bypassed and a coincidence boardassembled for this proposal [15] is
used. Figure 3 shows how the setup works. The straight-line represents a cosmic muon crossing
the center of the detector. For triggering, coincidence from both top and bottom parts of the Tile-
Cal is required. When a trigger signal is generated, data from both hadronic and electromagnetic
calorimeters can be recorded with total granularity. The coincidence board uses compacted infor-
mation from TileCal, obtained from its trigger towers. These towers correspond to the analog sum
of all PMTs inside∆η < 0.1, for each module. In Figure 2, one can identify, for instance, that the
first tower corresponds to the sum of signals from A1, BC1 and D0 cells.

Cosmic ray muons can be used to check various detector parameters. While the cell by cell
statistics might not be sufficient, it will be possible to sumsimilar cells (along theφ direction)
and perform physics signal shape studies, as well as amplitude and time inter-calibrations. The
problematic channels, such as having HV different from nominal voltage, dead readout channels
etc, can be identified, and proper treatment of these channels can be investigated.

4. Cosmic ray detection algorithms

In order to detect cosmic rays in TileCal, two different techniques were combined. The track
detection itself is done using Hough Transform (HT) methods. To identify which calorimeter cells
will be used by the HT algorithms (candidate cells having energy deposition), a signal detection
using matched-filters is performed, looking at the digital samples of individual cells.

4.1 Track detection with Hough Transform

Hough Transform (HT) is a well known technique for image processing aiming at detecting
straight lines in noisy and missing information environments [16]. HT mapsℜ2 in a parameter
space of either linear or sinusoidal functions. When the mapping functions is

ρ = xcosθ +ysinθ (4.1)
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Figure 4: Hough Transform applied to points which belong to the same line.

all data points in thex-y plane located on the lineρ0 = xcosθ0+ysinθ0 are mapped onto curves in
theρ-θ Hough space (see Figure 4), with all curves passing trough(ρ0,θ0).

To evaluate the algorithm, bothρ andθ axes have to be quantized and hence a two-dimensional
accumulator array be constructed in theρ-θ plane. The HT equation is applied to each point in
the data set and contents of all the cells in the transform plane that the corresponding curve passes
trough are incremented. Then, a search is performed to locate a number of maximal bins in theρ-θ
plane.

The HT approach as presented above has an extensive computational cost since the coordinates
ρ andθ need to be quantized finely in most of the practical applications. Some variations of the
standard HT method were proposed in order to reduce the computational cost. Among them, the
Local Hough Transform (LHT) [17] and the Adaptive Hough Transform (AHT) [18] are used in
this work.

4.1.1 Implementation in TileCal

In order to implement a cosmic ray track detection in TileCalusing HT, some steps should be
executed before to perform the track detection itself. The whole procedure is listed bellow:

1. Select only activated cells, either applying energy cutsor using matched filters for signal
detection.

2. Replace cell geometry by theirs(x,y,z) center point position.

3. Project center points of activated cells in two orthogonal planes. XY and ZY planes were
used.

4. Find straight lines in each plane using the HT method.

5. Merge the line segments from each plane in 3D tracks.

The implemented HT algorithm was a combination of LHT with two AHT iterations. Cell en-
ergy information is used as weight in the second iteration inorder to get thinner track adjustments.
Figure 5 shows an example of cosmic ray detection in TileCal using HT. A fit method is shown for
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Figure 5: Example of a cosmic ray detection using HT. The fit method returns a wrong result due to the
presence of outliers.

comparison as well. One can notice that the fit method produces a wrong result due to the presence
of noise cells (outliers) far from the cosmic muon trajectory.

4.2 Signal detection with matched filters

In order to perform the track detection procedure, one should first detect which calorimeter
cell has been activated by the cosmic ray. The standard approach is try to estimate the energy
deposition in each cell. Then, the decision is given by an energy cut chosen to be a little bit higher
than the nominal noise energy (about 100 MeV). However, due to the low signal-to-noise ratio
of TileCal for cosmic rays, we have shown that Matched Filters (MF) [19], give better detection
efficiency then energy cut method, reducing the noise contamination (outliers) and increasing the
track detection efficiency..

The MF approach is based on a hypothesis test. In other words,the detection system has to
decide between two possible hypothesis: only the noise is present (calledH0) or both the signal and
the additive noise are present (calledH1). The decision rule can be summarized by the Likelihood
equation

fL |H1
(l|H1)

fL |H0
(l|H0)

H1

≷
H0

γ (4.2)

where fL |H1
(l|H1) and fL |H0

(l|H0) are the conditional Probability Density Functions (PDFs) for a
given outcomeL of N samples, depending on if the hypothesis is eitherH1 or H0, respectively. The
constant on the right side of the Equation 4.2 can vary, depending on the costs in deciding between
one of the two hypothesis. This equation may be interpreted as following: one decides byH1 if the
probability ratio is higher thanγ , otherwiseH0 is chosen.
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Figure 6: Probability distributions, in ADC counts, of the first six time samples, for bothH1 andH0 hy-
potheses.

4.2.1 PDF estimation

During commissioning phase, seven samples of the TileCal time signals are recorded for of-
fline energy reconstruction. Figure 6 shows the probabilitydistribution of the first six samples, in
Analog to Digital (ADC) counts, for both hypothesesH1 andH0 (Signal and Background respec-
tively). Those distributions were acquired from cosmic raysimulation. In order to store only low
signal-to-noise ratio hits, cells with energy deposition higher than 500 MeV were discarded.

As a first PDF estimation approach, the samples will be considered statistically independents.
In this way, the PDF will be the productory of individual probability distributions. Even though
statistical independence may not be a realistic assumptionhere, this simple MF approach pro-
duces satisfactory detection efficiency results. Further improvements can be done performing some
preprocessing techniques, where the samples become eitherstatistically independents or, at least,
uncorrelated.

4.2.2 Noise whitening

An important issue to get MF working properly is to make sure that the additive noise is white
[19]. The left side of Figure 7 shows the covariance matrix for the TileCal digital noise, where one
can see some correlation among neighborhood samples. On theright, the covariance matrix, after
some noise whitening transformation [20], is shown. Since the samples ofH0 are uncorrelated in
this new base, the estimation offL |H0

(l|H0) as a productory of individual distributions should give
a better approximation.

4.2.3 Preprocessing

The H1 individual distribution can become uncorrelated, performing some principal compo-
nent decomposition (Principal Component Analysis - PCA) [21]. PCA projects the distributions in
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Figure 7: Noise covariance matrix before and after the whitening transformation.

Figure 8: Covariance matrix ofH1. After PCA, signal energy will be concentrated in the three first compo-
nents.

an orthogonal base, composed by the eigenvectors of the signal covariance matrix. The variance
of the new distributions will be the correspondent eigenvalues. Figure 8, left, shows the covari-
ance matrix ofH1 after whitening transformation. On the right, the eigenvalues of this matrix
are plotted, sorted by amplitude. One can notice that the signal energy are concentrated on the
three first components. Thus, this transformation allow to perform a dimension reduction from 7
to 3 components, without loosing detection efficiency. Besides, since PCA is just a orthonormal
transformation (rotation) the noise (H0) will still be white in this new base.

Since the sample distributions are not gaussian (see Figure6), PCA and whitening transfor-
mations (decorrelation) are not enough to get statistical independence. In order to perform stronger
independence decomposition, Independent Component Analysis (ICA) [22] may be applied. ICA
is based on the central limit theorem: combinations of nongaussian variables are more gaussian
than the original ones. Thus, ICA transformation tries to maximize the nongaussianity of the com-
ponents. Although methods to measure nongaussianity, likekurtosis and negentropy, have high
computational costs, they start to be used more often, thanks to new numeric approximation ap-
proaches.

Figure 9 shows the detection efficiency versus the false alarm for different signal detection
approaches. All the methods based on matched filters have an efficiency higher than energy cut
method. Among the MF methods, the one with ICA preprocessinghas the highest efficiency.
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Figure 9: Detection efficiency versus false alarm. All MF approaches give better results than energy cut
method.

Figure 10: Cosmic muon track length and its correspondent energy deposition as function of|η | (left) and
normalized energy deposition per unit length in TileCal (right).

5. Experimental results

In order to study the overall uniformity of the TileCal cell energy response, we can compare the
measured cosmic muon energy loss from cosmic rays in TileCalto that predicted from the known
sampling depth. Figure 10, on the left, shows the cosmic muontrack length estimation and its
most probable energy deposition value as function of|η |, for projective events (events crossing the
center of the detector) in TileCal. The length, in millimeters, is the mean value for tracks inside the
sameη region. For each track, the energy deposition was computed by summing the energy of all
cells inside a region of interest around the track. The most probable energy deposition corresponds
to the peak of a Landau fit over each energy distribution (one for eachη region). Due to the low
statistics for highestη values, only the first seven TileCal towers were used in this analysis. The
normalized energy deposition per unit length (Figure 10, onthe right) shows a strong correlation
between track length and energy deposition, with a non-uniformity smaller than 3%. One should
notice that no cesium calibration had been performed on thisdata sample, but already at this stage
we find that the TileCal cells exhibit a stable energy response.
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6. Conclusion

We have presented a combination of Hough Transform and Optimal Filtering techniques in
order to detect cosmic rays in highly segmented calorimeters. The MF was used to select activated
cells, looking at theirs time digitized samples. We have shown that this approach has higher de-
tection efficiency, comparing to standard energy cut methods. The HT, a well known method to
detect line in noisy images, was adapted to detect cosmic raytracks, using information of activated
cells. Analyses of energy deposition per unit length and etastability tests have shown the good
performance of the algorithms.
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