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Abstract5

The TileCal noise in the high gain read-out is investigated in this note. Apart from the6

dominant and intrinsic white noise component, a correlatedcontribution between different7

TileCal channels is observed. This affects and degrades theresponse of the calorimeter.8

In this note the correlated noise component is studied and a simple method, based on a9

χ2 minimization, is proposed to parametrize the response of the photomultipliers. Using10

data from TileCal pedestal runs it is shown that the correlated noise component can be11

significantly reduced and mostly removed. The need for a double Gaussian distribution,12

which typically describes the noise behaviour of the TileCal cannot, however, be fully ruled13

out after removing the correlated noise component within a module. This suggests that the14

double Gaussian distribution of TileCal pedestals is not only related to the correlated noise15

itself within the module but has a different source which requires further investigation.16
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1 Introduction17

The ATLAS detector [1] is a general purpose detector which was designed to fully exploit the physics18

potential of the Large Hadron Collider (LHC). The final configuration of the experiment reflected the19

stringent constraints imposed by the LHC parameters i.e., proton-proton collisions at a centre-of-mass20

energy of 14 TeV, with a design luminosity of 1034cm−2s−1 and bunch crossing every 25 ns. The AT-21

LAS experiment is composed of inner detectors, calorimeters (electromagnetic and hadronic) and muon22

spectrometers. The inner detectors are embeded in a 2T solenoid magnetic field. Three toroidal magnets23

are used in addition for the muon system.24

Electromagnetic and hadronic calorimeters are fundamental for a general purpose hadron collider25

detector as ATLAS, once they must provide accurate energy and position measurements of electrons,26

photons, isolated hadrons, jets and transverse missing energy. They also help on particle identification27

and in particular on muon momentum reconstruction. The TileCalorimeter (TileCal) [2], the main focus28

of this note, is a hadronic sampling calorimeter using iron as absorber and scintillating plastic plates29

(designated bytiles) as active material. It has a novel geometry of alternating layers, perpendicular to the30

beam direction, radially staggered in depth, and has a cylindrical structure divided into three cylindrical31

sections: the barrel (B) and the two extended barrels (EB). Each of the three sections is divided into32

64 azimuthal segments, referred as modules, with∆φ = 2π/64∼ 0.1. The light produced by particles33

when crossing the TileCaltiles is read out from two sides by wavelength shifting (WLS) fibreswhich34

are bundled together to form readout cells with three different sampling depths. Each cell is read out by35

two photomultipliers (PMTs), one at each side. With a total of 4672 readout cells, the TileCal comprises36

approximately 10000 PMTs in the entire calorimeter. The TileCal was designed to have good time37

resolution (∼1 ns) and a typical granularity of∆η ×∆φ = 0.1×0.1 (0.1×0.2 for the last layer) in order38

to achieve good jet energy and missing transverse energy resolutions.39

This note is organized as follows. After the introduction, ashort description of the TileCal structure40

is given in Section 2 and in Section 3 evidence for correlatednoise between TileCal PMT’s (within a41

given module) is shown. In Section 4 theχ2 method used to unfold the correlated noise component is42

described, and results of applying the method to the TileCalnoise in the high gain read-out mode are43

presented in Section 5. Conclusions are discussed at the endin Section 6.44

2 The TileCal cells layout45

The grouping of the TileCal WLS fibers to specific PMT’s allowsthe segmentation of the modules inη46

and radial depth which implies an almost projective tower structure of the TileCal. The barrel covers the47

|η |< 1.0 region and is contained in a single cylinder with separate partitions for positive and negativeη .48

Two partitions of the Extended-Barrel (EB), which covers 0.8 < |η | < 1.7, are contained in a cylinder.49

The four partitions are named LBA, LBC, EBA and EBC, where A(C) corresponds to positive (negative)50

values ofη . The TileCal has 3 sampling layers (A, BC and D). In Figure 1, the layout of the cells is51

shown.52

The barrel and EB modules contain 90 and 32 PMTs, respectively, placed in metallic cases called53

drawers. For each barrel module, there are 2 drawers and eachone can allocate 48 PMTs. Three of54

these are empty. For the EB, modules can host only one drawer with 38 PMTs with 6 empty slots. Each55

TileCal PMT signal is processed by fast and low noise read-out front-end electronics near the detector.56

Signals are then transmitted via optical links to off-detector back-end electronics and during the process57

undesirable effects, like cross talk, may happen between different PMT signals [4]. This will result in58

a correlated noise pattern between different channels which may have a negative impact on the TileCal59

performances, like the reconstructed jet energy resolution. In the following the correlated noise effect60

in the TileCal is studied using high gain pedestal runs, and asimple method is applied to remove this61
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Figure 1: Cells and tile-rows of the hadronic calorimeter TileCal.

undesirable effect. As the proof of principle is the major concern of the current note, only few modules62

of the TileCal were surveyed. A large scale systematic studyis still to be performed.63

3 The TileCal correlated noise64

To estimate how signals from two different PMTs (xi andx j ) within the same TileCal module, with cor-65

responding mean valuesµi = E[xi] andµ j = E[x j ] are correlated, it is adequate to evaluate the covariance66

between the two channels67

cov(xi ,x j) = E[(xi −µi)(x j −µ j)] =< xix j > −µiµ j , (1)

where the operatorE denotes expected values. The extension to the full set of channels within the specific68

TileCal module is straightforward. The resulting covariance matrix can then provide usefull information69

about how the signal from a specific channel is determined by the signal in any other channel. The70

correlation matrix, defined according to71

ρ(xi,x j) =
cov(xi ,x j)

√

E[(xi −µi)2]
√

E[(x j −µ j)2]
=

cov(xi ,x j)

σi .σ j
, (2)

is also very useful. In Figure 2 a) the covariance matrix, in (ADC counts)2, is represented for the TileCal72

module LBA23, using 10000 events from the high gain pedestalrun 125204. Regions of high and low73

covariance values are clearly visible. In Figure 2 b) a two dimensional plot shows the pedestal data of74

PMT 35 as a function of the pedestal of PMT 10. No correlation whatosever seem to be present between75
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these two channels. This effect can clearly be seen also in the covariance plot. For Figure 2 c) and Figure76

2 d) the situation changes and a clear correlation between the noise distributions of the PMTs is visible.77

The data also suggests that even in the case where the correlated noise could be completely removed,78

the intrinsic white noise distribution (the dominant contribution) of each one of these channels seems to79

have a larger RMS than the pedestal distribution which, for instance, characterize the response of PMT80

10. In Figure 3 a double Gaussian fit, centered at zero,81

P(xi) = P0e−0.5.P1.x2
i +P2e

−0.5.P3.x2
i , (3)

is applied to the pedestal distributions of PMT 10 and PMT 48,before removing the correlated noise82

component. The standard deviation (σ ) of each normal distribution can be obtained by evaluating
√

1/P183

and
√

1/P3. Two comments are appropriate. The first one relates to what was already stressed above84

i.e., the standard deviation of the dominant Gaussian for PMT 10 is smaller than for PMT 48 which85

suggests that PMT 48 is intrinsically noisier than PMT 10. The other one is related to the fact that a86

fit with only one Gaussian distribution would result in a worst χ2 even in the case of PMT 10. This87

fact suggests that the need for a double Gaussian distribution may not be completely determined by the88

correlations between the different channels within the module, but has an additional source which needs89

further investigation. This behaviour was observed also for other PMTs of the LBA23 module and other90

modules of the TileCal.91

4 The χ2 method92

To address the problem of the correlated noise in the TileCalit is desirable to consider a general approach93

based on first principles which do not depend on the specific source of the problem, once it is not known94

at the moment. If the method proves correct, it should enhance the properties of any correlations and95

give insight to possible solutions. The approach presentedin this note considers that the observed noise96

measurement (xi) in a particular PMTi of the TileCal module, is a combination of a genuine intrinsic97

noise component (xint
i ) plus a contribution which depends on the response of all PMTs in the module as a98

whole and it is probably dominated by the closest neighbours. The simplest approach to reconstruct the99

measurement in PMT channeli is then to considerxi as beeing a linear combination between the intrinsic100

noise component (xint
i ) and a weighted sum of the signals of all the other PMTs (NPMT) in the module101

i.e.,102

xi = xint
i +

NPMT

∑
j 6=i

αi, j x j . (4)

The αi, j unknown parameters make sure measurements from other PMTs are taken into account with103

different weights, task left to the method to figure out. One less trivial approximation can also be con-104

sidered: if the method works well in case of dealing with noise (which is the case of this note) one may105

assume the intrinsic noise distribution itself (the PMT pedestals) will be narrower after correcting any106

undesirable effects approaching ideally to a delta function with a mean around zero (xint
i ∼ 0). One may107

think, given the fact that calibrated values are used in the measurements, that signal offsets (represented108

by βi) may be present and should be taken into account to compensate for effects that deviates the intrin-109

sic mean value of the channel from zero (like miscalibrations). In this case the previous expression turns110

into111
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Figure 2: a) The two dimensional covariance matrix, in (ADC counts)2, is represented for the LBA23
module of the TileCal. In b) the response of PMT 35 is represented against the one from PMT 10. In c)
the response of PMT 40 is represented against PMT 38 and in d) the response of PMT 48 is represented
against PMT 47.
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Figure 3: The double Gaussian fit to the pedestal distribution of PMT 10 (left) and PMT 48 (right) is
shown.

x1 ∼ β1 + α1,2x2 + ...+ α1,NPMT xNPMT

x2 ∼ α2,1x1 + β2,+ ...+ α2,NPMT xNPMT

.

. (5)

.

xNPMT ∼ αNPMT ,1x1 + αNPMT ,2x2 + ...+ βNPMT

Obviously these hypothesis will be tested when the offsetβi and correlated noise contribution (∑k6=i αi,kxk)112

will be subtracted from the measured values of each PMTxi , in order to obtain the intrinsic PMT signal.113

For each channel, the measured signal can be compared with the model above using the usualχ2
114

method,115

χ2
i = ∑

Events

[

xi − (βi + ∑NPMT
k6=i αi,kxk)

]2

σ2
i

, (6)

which can be minimized (individualy for each PMT channel) with respect to each one of theαi, j andβi116

of the model,117

∂ χ2
i

∂αi,1
=

∂ χ2
i

∂αi,2
= ... =

∂ χ2
i

∂αi,NPMT

=
∂ χ2

i

∂βi
= 0. (7)

Following the minimization procedure, theα matrix118









0 α1,2 ... α1,NPMT

α2,1 0 ... α2,NPMT

... ... ... ...
αNPMT ,1 αNPMT ,2 ... 0









is obtained together with the offsetsβi for each one of the channels. The reconstruction of the signal in119

channeli (xrec
i ) is performed removing the offset evaluated during the minimization procedureβi and by120

applying theα matrix to the measured values of all the other PMTs of the module according to,121

xrec
i = xi − (αi,1x1 + αi,2x2 + ...+ βi + ...+ αi,NPMT xNPMT ) (8)
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The reconstructed signalxrec
i should describe the intrinsic noise component (xint

i ) of channeli with mean122

around zero for each of the PMTs. Any deviation should be regarded as a limitation of this simplistic123

approach.124

5 Results125

As a proof of principle, theχ2 method described in the previous section was applied to the TileCal126

LBA23 module. Although several other modules were also tested with similar results (described at the127

end of this section), a systematic survey of the full TileCalis still to be performed. In Figure 4 the two128

dimensional covariance matrices before and after applyingthe χ2 method are shown. The correlated129

noise component seem to be significantly reduced after applying the method.130

In Figure 5 the noise (pedestal) from PMT 47 is plotted against the one from PMT 46 before (left)131

and after (right) removing the correlated noise component with theχ2 method. While for Figure 5 (left)132

the measured valuesxi were used, in Figure 5 (right) the reconstructed valuesxrec
i were applied. A clear133

improvement is observed i.e., the correlation between bothPMTs are very much reduced after applying134

theχ2 method. In Figure 6 the same distributions are shown for PMT 35 versus PMT 10 before and after135

removing the correlated noise component. As can be seen, when no correlations are observed between136

PMTs before applying theχ2 method, the signals remain uncorrelated after applying themethod. To137

first approximation the method is performing as expected: itrecovers the signals from PMTs which are138

correlated by removing the observed correlation and preserves the signals of non correlated channels.139
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Figure 4: The two dimensional covariance matrix, in (ADC counts)2, is represented for the LBA23 before
(left) and after (right) removing the correlated noise component.

140

It should also be stressed that, after applying the method, all PMT signals show a decrease of the141

distribution RMS as can be seen in Figure 7. The top (red) and bottom (blue) lines of Figure 7 (left)142

correspond to the values obtained before and after applyingtheχ2 method, respectively. Figure 7 (right)143

shows the relative change of the RMS as a function of the PMT channel of module LBA23. An improve-144

ment up to 20% is observed with respect to the RMS obtained before applying theχ2 method. Significant145

improvements associated to channels which have shown important correlation effects are noticeable. As146

an example, in Figure 8 the changes observed for PMT 46 (left)and PMT 20 (right), from the LBA23147

module, are shown.148

The values of theα matrix can be observed in Figure 9 (left) together with the offset values (βi)149

in the diagonal. It can be seen that, as expected, the matrix reflects the configuration of the TileCal150
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Figure 5: The pedestal from PMT 47 is plotted against the one from PMT 46 before (left) and after (right)
removing the correlated noise component with theχ2 method.

Figure 6: The pedestal from PMT 35 is plotted against the one from PMT 10 before (left) and after (right)
removing the correlated noise component with theχ2 method.

hardware with clear clusters of neighbour channels determining the PMT signal responses. The offset151

values are also close to zero, as expected. In Figure 9 (right) the covariance values,cov(i, j) between the152

different PMTs of module LBA23 are shown, not including the diagonal terms. The red and blue lines153

represent the covariance before and after removing the correlations. Once more the improvement in the154

covariance values is noticeable after applying theχ2 method. It is also interesting to remark the existence155

of negative values of the covariance which suggests the persistence of an anti-correlation component even156

after applying theχ2 method. Its source needs further investigation.157

A word on the double Gaussian fit of the pedestal distributions is due here: although removing the158

correlated noise improves the general behaviour of the PMTs, the need for a double Gaussian function159

is not ruled out. In Figure 10, the fit of PMT 45 distribution before and after applying theχ2 method160

shows that the fit improves after removing the correlated noise (with a better reducedχ2) but the second161

Gaussian is still necessary. And this occurs in spite of the amplitude of the second Gaussian being162

reduced i.e., its importance decreased, and the width of thedominant Gaussian was also reduced.163

In Figures 11 and 12 examples of two-dimensional covariancematrices for other modules of the164

TileCal (LBA38 and LBC26) are shown. The distributions showa similar pattern when compared with165

the LAB23 module studied above i.e., the correlations are reduced to a large extent by applying theχ2
166

method.167



October 12, 2009 – 15 : 52 DRAFT 8

Figure 7: The distribution of the noise RMS is shown for all channels of the LBA23 TileCal module.
Left: the top (red) and bottom (blue) lines correspond to thevalues obtained before and after applying
the χ2 method, respectively. Right: the relative change of the RMSis represented as a function of the
PMT channel of module LBA23.

Figure 8: Left: the PMT 46 of the TileCal LBA23 module is shownbefore (red dots) and after (blue line)
applying theχ2 method. Right: the PMT 20 of the TileCal LBA23 module is shownbefore (red) and
after (blue) applying theχ2 method.

6 Conclusion168

A new method to remove the correlated noise component of the TileCal has been proposed. The method169

is based on a simpleχ2 minimization and its performance was successfuly tested using TileCal pedestal170

runs in the high gain read-out. Although the work focused on the module LBA23, other modules were171

also tested with similar results. The method is efficient in removing the correlated noise contribution172

that affects the TileCal PMTs and improves the RMS of pedestals by up to 20%. Although the double173

Gaussian structure of the pedestals is more constrained after applying theχ2 method and removing the174

noise correlations, its not completely ruled out. This suggests that the source for the remaining double175

Gaussian structure of the pedestals is different from the correlated noise itself within the module, and176

needs further investigation. A full and systematic survey of the TileCal modules is still to be done in a177

near future.178
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Figure 9: Left: theα matrix is represented together with theβi offsets in the diagonal. Right: the
covariance values,cov(i, j) between the different PMTs of module LBA23 is shown, not including the
diagonal terms (i = j). The red and blue lines represent the covariance before andafter removing the
correlations.

Figure 10: The fit of the PMT 45 distribution with a double Gaussian function is shown before (left) and
after (right) applying theχ2 method.
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Figure 11: The two dimensional covariance matrix, in (ADC counts)2, is represented for the LBA38
module of the TileCal before (left) and after (right) removing the correlated noise distribution

Figure 12: The two dimensional covariance matrix, in (ADC counts)2, is represented for the LBC26
module of the TileCal before (left) and after (right) removing the correlated noise distribution
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