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Cover picture: Muon System of the PANDA experiment (blue color). One quarter of the setup is
removed to show the interior. The electromagnetic calorimeters, representing the main material in front
of the Muon System, are shown in green. PANDA uses the Range System technique to register muons in a
laminated iron absorber. Mini-Drift Tubes are used as detectors with corresponding front-end electronics.
In the Target Spectrometer the absorber serves also as magnet yoke for the solenoid. In the Forward
Spectrometer the Range System also serves as a coarse hadron calorimeter.
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Suranaree University of Technology, Nakhon Ratchasima, Thailand
L. Ayut, K. Chinorat, K. Khanchai, S. Pornrad, Y. Yan
Budker Institute of Nuclear Physics of Russian Academy of Science, Novosibirsk, Russia
E. Baldin, K. Kotov, S. Peleganchuk, Yu. Tikhonov
Institut de Physique Nucléaire, Orsay, France
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Università di Torino and INFN Sezione di Torino, Torino, Italy
A. Amoroso, M.P. Bussa, L. Busso, F. De Mori, M. Destefanis, L. Ferrero, M. Greco, M. Maggiora,
S. Marcello, G. Serbanut, S. Sosio, S. Spataro, L. Zotti
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B. Gålnander
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Preface

This document is the Technical Design
Report covering the Muon System of the
PANDA detector consisting of four parts, the
Barrel, the End Cap the Muon Filter and
the Forward Range System. It describes the
design of the full Muon System equipped
with Mini Drift Tube detectors with corresponding electronics and their expected
performance. The actual realization may be
subjected to possible modifications arising
during the tendering process and in the final
construction.
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The use of registered names, trademarks, etc. in this publication
does not imply, even in the absence of specific statement, that
such names are exempt from the relevant laws and regulations
and therefore free for general use.
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1

Executive Summary

PANDA is a next generation hadron physics detector to be installed at the High Energy Storage
Ring (HESR). This complex is one among other
modern instruments planned for the future Facility
for Antiproton and Ion Research (FAIR) at Darmstadt, Germany [1]. It will use cooled antiproton
beams with a momentum between 1.5 GeV/c and 15
GeV/c interacting with internal targets. The main
topics of the experiment are hadron spectroscopy, in
particular the search for exotic states in the charmonium mass region, the study of charmed hadrons in
the nuclear medium, spectroscopy of double hypernuclei and the weak heavy meson decay. Many
of these resonances disintegrate with muons in the
final state. In particular, muons are an important probe for J/ψ identification, semi-leptonic Dmeson decays and the Drell-Yan process, more correctly named the Matveev-Muradian-TavkhelidzeDrell-Yan (MMT-DY) process. Thus, the reliable
identification of muons is a very important task required to fully reach the physics goals of the experiment. The PANDA setup was designed to achieve
4π acceptance, high resolution for tracking, particle identification and calorimetry. To obtain a good
momentum resolution the detector will comprise
two magnetic spectrometers: the Target Spectrometer based on a superconducting solenoid magnet
and the Forward Spectrometer based on a dipole
magnet. The detailed description of the PANDA
physical program and its instrumentation may be
found in references [2, 3, 4, 5].

has quite small cross section as compared to backgrounds and at the same time it has momenta of
muons reaching values typical for muons from J/ψ
decay. So, the Muon System optimized this way
should be best suited for the whole PANDA experiment. Chapter 2 contains the results of thorough
Monte Carlo studies of this benchmark process.
The extensive Monte Carlo simulation of the Muon
System response was performed for different types
of particles with varying energies. The results
demonstrate that the proposed system is able to
solve its main task, the discrimination of pions
against muons. It is also capable to serve as a
hadron calorimeter.
The results of test experiments conducted with
prototype detectors and electronics ensure twocoordinate readout of track information. Full scale
prototypes being constructed and tested to date at
CERN should provide the final detailed information
needed for the engineering design of the Muon System as well as for developing the software tools for
pattern recognition and data analysis.
We conclude that the proposed Muon System being
based the Mini-drift tube as detector followed by a
robust analogue amplifier/discriminator technique
augmented by a digital end-stage for data transfer
to the PANDA DAQ is up to its tasks and may be
reliably constructed within the necessary time.

In this document we present the technical de- References
sign of the PANDA Muon System which uses the
range system technique to register muons in a
laminated iron absorber. The aim is to identify [1] H. H. Gutbrod (Editor in Chief), I. Augustin, H. Eickhoff, K.-D. Groß, W. F.
the primary muons with optimal separation from
Henning, D. Krämer, and G. Walter.
background contamination originating mostly from
FAIR Project, Baseline Technical Report,
primary low-momenta pions and secondary decay
Gesellschaft für Schwerionenforshung (GSI),
muons. Mini Drift Tubes with two-coordinate readDarmstadt. Technical report, 2006. ISBN:
out of track information are being used for charged
3-9811298-0-6, EAN: 978-3-9811298-0-9, http:
particle detection in the range system. These detec//www.gsi.de/fair/reports/btr.html.
tors are closely integrated into the iron yoke of the
Target Spectrometer solenoid. Such a laminated
PANDA Techniiron/detector structure may also serve as a coarse [2] M. Kotulla et al.
cal
Progress
Report.
Technical rehadron calorimeter, which is especially important
port,
February
2005.
http://wwwfor the Forward Spectrometer due to the productpr.pdf.
panda.gsi.de/archive/public/panda
tion kinematics at HESR.
For optimizing the Muon System the production
[3] M. F. M. Lutz et al. Physics Performance Reof muon pairs through the MMT-DY mechanism
port for PANDA: Strong Interaction Studies
was selected as benchmark process. This process
with Antiprotons. 2009.

2
[4] W. Erni et al. PANDA collaboration, EMC
Technical Design Report. Technical report,
Darmstadt, 2008. arXiv:0810.1216v1.
[5] W. Erni et al. Technical Design Report for
the Solenoid and Dipole Spectrometer Magnets.
arxiv:0907.0169v1 [physics.ins-det], 2009.
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2

Physics Case for Muons in PANDA

2.1

Introduction

Measurements of lepton pair production in hadronhadron interactions in the following called MMTDY process [1, 2] have already demonstrated great
potential for studying the properties of elementary
particles. As for illustration, we mention the discovery of the charmed J/ψ - meson as well as the
beauty Y-meson that both were discovered first
in hadron-hadron collisions and confirmed later in
e+ e− experiments. Di-lepton events may serve as a
powerful tool to get the information about the parton distribution functions (PDFs) in hadrons. This
was shown already in a number of high energy experiments [3, 4] and theoretical papers, devoted to
the data analysis in the framework of QCD [5]. The
plans to study this process were included into the
LoI [6], TPR [7] and [8] of the PANDA experiment
at the HESR1 that may provide interesting information about quark dynamics inside the nucleon.
This intermediate energy experiment may play an
important role because it allows to study the energy range where the perturbative methods of QCD
(pQCD) come into interplay with a rich physics of
bound states and resonances. The physics of formation and decay of hadron resonances is strongly
connected to the confinement problem, i.e. with
the parton dynamics at large distances. A detailed
and high-precision experimental study at PANDA
may allow one to discriminate between a large variety of existing non-perturbative approaches and
models that already exist or are under development
now.
To reach the goals declared in [6, 7, 8] in connection
with the lepton pair production process [1, 2], one
needs to know the possible energy, momentum and
angle distributions of the produced individual leptons as well as the analogous distributions for the
lepton pair as a whole. A detailed Monte Carlo
(MC) simulation of pp̄ → l+ l− + X (l = e, µ)
(see Fig. 2.1) is needed. In the following we shall
consider the case of an antiproton beam energy of
Ebeam =14 GeV which corresponds to the centerof-mass energy of the pp̄ system Ecm of 5.3 GeV. In
our case we use the perturbative QCD/QED parton level amplitude of the lepton pair production
process q q̄ → γ ∗ → l+ l− with the continuous spectrum of the invariant mass of the lepton pair and

the amplitude of the J/ψ - resonance production
process pp̄ → J/ψ + X → l+ l− + X [13, 14]. Subsequently, J/ψ decays through the leptonic channels
(J/ψ → l+ l− , l = e, µ).

X
p
γ
p

l+

*

l

-

X

Figure 2.1: pp̄ → l+ l− + X process.

These processes were considered in [15, 16, 17]. It
is also clear that simulations are also needed for a
proper design of the muon system and electromagnetic calorimeter.
As a first step we utilized the well-known event generator PYTHIA [18], which is based on the quarkparton model. It is well tested and widely used
for the simulation of hadron-hadron interactions.
PYTHIA simulations use the amplitudes of a relativistic quantum field theory allowing to properly
account for the relativistic kinematics during the
simulation of different physical variable distributions specific for µ+ µ− or e+ e− pair produced in
the event.
Let us underline that the results obtained here on
the basis of PYTHIA simulation may allow fixing the predictions for lepton kinematical distributions which can be obtained in the framework of a
perturbative theory. Therefore, they may be useful at the analysis stage for defining the boundary
between the predictions of perturbative and nonperturbative theoretical approaches.
In Section 2.2 we present the kinematical distributions for individual leptons. The set of plots with
1. Analogous arguments in favor of studying this process
may be found also in a number of recent proposals for the
experimental program at HESR (see [9, 10, 11, 12]).

4
energy, transverse momentum and angle distributions are given together with some plots which show
different kinds of energy-energy, energy-angle and
angle-angle correlations between the physical variables of the leptons produced via the leading order
quark level subprocess q q̄ → l+ l− . The estimations
of event losses are given due to possible different
choices of geometrical parameters of the muon system and electromagnetic calorimeter as well.
Section 2.3 is devoted to another channel of lepton pair production. The process of J/ψ resonance
production pp̄ → J/ψ + X → l+ l− + X (l = e,
µ) is simulated using PYTHIA 6.4 which includes
many contributing parton level sub-processes. This
process was chosen to be a benchmark process for
the PANDA experiment (see TPR [7]). Thus, the
kinematical distributions obtained here of the final
state leptons have a practical application in the design of the detector. In the following we shall call
this process resonance production to distinguish it
from the process considered in section 2.2, where
the invariant mass of two leptons produced in the
quark level sub-process q q̄ → l+ l− has a continuum
spectrum.
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the correspondence of bin numbers to the particle
names for the case of electrons and muons as grandparents (Table 2.8) and the correspondence to the
particle names for the case of π + / π − parents and
grandparents (Table 2.9).

2.2

Distribution of Leptons
Produced in pp̄ Collisions

We use PYTHIA 6.4 to generate two samples (separately for muons and electrons) of 105 pp̄ →
l+ l− + X events which include the leading order
2 → 2 quark level hard scattering sub-processes
q q̄ → γ ∗ → l+ l− , where the interaction of incoming
two quarks produce two leptons. In the following,
these events will be called ”signal events”, and the
muons/electrons produced in this sub-process will
be called ”signal” leptons. The fake leptons which
are produced in hadron decays (mainly of mesons)
in the same signal event will be called ”decay” leptons. The simulation is done starting from the assumption of the ideal muon system and electromagSection 2.4 includes the distributions of the invari- netic calorimeter covering 2π. No cuts are used in
ant mass and other physical variables characteristic the present section. They will be discussed later.
for the lepton pair as a whole system. Most inter- We consider the case where both initial-state raesting is the total transverse momentum of a lepton diation (ISR) and final-state radiation (FSR) are
pair because it is connected to the intrinsic trans- switched on simultaneously by choosing the correverse velocity of a quark inside the proton.
sponding PYTHIA parameters. We also have used
In section 2.5 we estimate the size of the kinematical the CTEQ3L [19] parameterization of parton disregion in the x - Q2 plane available for measuring tributions with the default value of the parameter,
which allows one to take into account the primordial
the quark distributions in PANDA experiment.
kT -effect, the effect of quark Fermi motion inside
The problems connected with the background from
the hadron.
fake leptons, which may appear together with the
signal lepton pair in one and the same event due to First we consider the distributions of physical varimeson decays, as well as with the background from ables that describe the kinematics of individual lep+ −
other than q q̄ → l+ l− sub-processes, are discussed tons belonging to the l l pair. Simulation shows
that there is no difference between e+ e− and µ+ µ−
in sections 2.6 and 2.7, respectively.
distributions. In all the following figures the vertiIn section 2.8 we present a set of cuts which allow
cal axis shows the number of events (per bin) that
separating the background from the signal events.
may be expected per year (107 sec) for the lumiThe efficiencies of the proposed cuts are given.
nosity L= 2·1032 cm−2 s−1 (= 2·105 mb−1 s−1 ). The
In section 2.9 we outline important physical mea- total number of expected events per year is shown
surements which can be performed by studying the as ”Integral” values in the inserts of figures. Let
lepton pair production at PANDA energies.
us keep in mind that this number can be treated
It is worth mentioning that the results presented only as estimation because it strongly depends on
here can also be useful for the physical analysis of the models used in PYTHIA which is basically dehadron decays at PANDA because the contribution signed for much higher energies.
from q q̄ → l+ l− events may be one of the main The distributions of the number of generated sigbackground sources.
nal events (Nev ) versus the energy El of the signal
leptons,
as well as versus the transverse momentum
Section 2.10 includes the summary.
and of the polar angles θl , measured from the z-axis
Section 2.11 contains two tables which present
directed along the beam line, are given in Fig. 2.2.
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Figure 2.2: Distributions of number of signal leptons versus: the energy E l (plots a) and b)); transverse
±
±
momentum PTl (plots c) and d)) and the polar angle θl (plots e) and f )). Left column: l− , right column l+ .

The left column is for negatively charged l− distributions and the right one is for positively charged
l+ . One can see from plots a) and b) that most
of the lepton energy is contained in the interval 0
< El < 10 GeV. Its spectrum has a mean value
< El > = 2.6 GeV and a peak at ≈ 0.5 GeV. The
PTl spectrum has an analogous peak at ≈ 0.4 GeV.
The main part of PTl spectrum is confined within a
rather narrow interval 0 < PTl < 2 GeV. The polar
angle spectrum is maximal around θl = 10◦ and the
mean value is 27.3◦ . While most of the signal leptons fly in the forward direction there is still a small
number of them which fly into the back hemisphere.

the analogous spectrum of the slow leptons starts
l
sharply from zero and reaches a peak at Eslow
≈
0.4 GeV. Then it goes down and practically vanishes at the point Efl ast ≈ 5 GeV. The mean value
of slow leptons energy ≈ 1.36 GeV is about 3 times
less than the mean energy of fast leptons < Efl ast >
= 3.85 GeV. The PTl spectra of fast and slow leptons differ only by about 400 MeV shift to the left
of the peak position of the slow leptons spectrum
and about 340 MeV analogous shift of their mean
transverse momentum value. Both of these spectra
demonstrate that the main part of slow and fast
leptons has PTl > 0.2 GeV.

Fig. 2.3 includes the set of plots separately for the
signal leptons having the largest energy Efl ast (right
column) in the lepton pair and for the leptons havl
ing the smaller energy Eslow
in the pair (left column). We shall call them “fast” and “slow” leptons. One can see that the energy spectrum of fast
signal leptons (plot b)) increases rather fast up to
the peak position at the point Efl ast ≈ 2.5 GeV
(< Efl ast > = 3.85 GeV). More than 90% of fast
leptons have energy larger than 1 GeV. In contrast

The bottom row of the plots demonstrates that the
polar angle spectrum of less energetic leptons is
wider for the slow leptons than for the fast ones.
Its mean value < θslow > = 38.2◦ is more than
twice as large as the analogous mean value of fast
leptons: < θf ast > = 16.5◦ . Thus, we can conclude that almost all fast leptons are emitted in the
forward direction (θf ast < 80◦ ) and their spectrum
practically finishes at ≈ 60◦ , while 17% of slow leptons have θslow > 60◦ . It is worth noting that about
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Figure 2.3: Distributions of number of signal leptons versus: the energy E l (plots a) and b)); transverse
±
±
momentum PTl (plots c) and d)) and the polar angle θl (plots e) and f )). Left column: low energy “slow”
leptons, right column: high energy “fast” leptons.

Data taking of searched signal events is strongly influenced by the cuts on lepton energies that can be
Fig. 2.4 contains two 3-dimensional “angle-energy” imposed to suppress the electronic noise and backcorrelation plots both for slow and fast leptons in ground from the detector. The analysis of the plots
the signal pairs with the vertical axis being the a) and c) of Fig. 2.5 is summarized in the Table
number of signal events (Nev ) multiplied by 103 . 5.1.
2-dimensional contour plots are below. The rightEcut (GeV) Loss of signal events (%)
hand color vertical strip in each plot sets the scale
0.3
14
in colors. The lower plots in Fig. 2.4 show the
0.5
24
kinematical regions in θ - E plane that are covered
0.75
31
by slow and fast leptons, respectively. In summary
1.0
45
Fig.2.4 demonstrates that the polar angle of slow
leptons θslow drops more steeply with energy than
compared to fast leptons θf ast .
l
l
5% of slow leptons may scatter into the back hemisphere, i.e. θslow > 90◦ .

After discussion of individual lepton distributions
let us turn to the distributions that characterize the
produced lepton pairs as a whole system. Fig. 2.5
shows energy and angle correlations of slow and fast
leptons, the corresponding contour plots are given
in the plots c) and d).

Table 2.1: Efficiency of Ef ast , Eslow ≥ Ecut cut.

It demonstrates the loss of signal events due to apl
plication of the kinematical cuts Efl ast , Eslow
≥
Ecut , setting a lower limit on the lepton energy.
The efficiency of collection of signal events containing leptonic pairs also depends on the angle coverFinally we discuss the possible energy and angle age by the muon system and the electromagnetic
cuts which can be imposed in the data analysis. calorimeter (EMC).
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Figure 2.5: Plots a) and c) Eslow
/Efl ast correlations; b) and d) θslow
/θfl ast correlations. Plots c) and d) the
l
l
l
l
projections of 3D plots on Eslow - Ef ast and θslow - θf ast planes, correspondingly.

Plots b) and d) of Fig. 2.5 show the “angle-angle”
l
θslow
/θfl ast lepton correlation. The results of its
analysis are given in the Table 2.2.
It demonstrates which fraction of signal events
would be lost due to imposing the upper limit θcut

on the spatial extension of the muon system or the
EMC. The last line of Table 2.2 shows that even in
the case when the muon system or the EMC would
cover the forward angle region, about 5% of the
events containing the signal pairs would be lost.
Nevertheless, such a geometrical boundary allows
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8

(8)

428) q q̄ → cc̄[3 S1 ]g → l+ l− + X [20, 21]
(8)
429) q q̄ → cc̄[1 S0 ]g → l+ l− + X [20, 21]
(8)
430) q q̄ → cc̄[3 PJ ]g → l+ l− + X [20, 21]
3 (1)
431) gg → cc̄[ P0 ]g → l+ l− + X [20, 21]
(1)
432) gg → cc̄[3 P1 ]g → l+ l− + X [20, 21]
(1)
433) gg → cc̄[3 P2 ]g → l+ l− + X [20, 21]
(1)
l
Table 2.2: Efficiency of θfl ast , θslow
≤ θcut cut.
434) gq → cc̄[3 P0 ]q → l+ l− + X [20, 21]
(1)
435) gq → cc̄[3 P1 ]q → l+ l− + X [20, 21]
to keep about 95% of signal events with electron or 436) gq → cc̄[3 P2(1) ]q → l+ l− + X [20, 21]
muon pairs. Therefore, we conclude that the choice 437) qq → cc̄[3 P (1) ]g → l+ l− + X [20, 21]
0
of polar angle upper limit θcut ≤ 120◦ to be prefer(1)
438) q q̄ → cc̄[3 P1 ]g → l+ l− + X [20, 21]
able for the study of MMT-DY process of lepton
(1)
3
+ −
pair production with the continuous mass spectrum 439) q q̄ → cc̄[ P2 ]g → l l + X [20, 21]
of this pair.
The total cross section of J/ψ production2 is
dominated by the following three sub-processes
[?, 18]:
2.3 Leptons from J/ψ Decay
1) qi q̄i → γ ∗ → cc̄ → J/Ψ → l+ l− + X
3 (8)
+ −
The process of charmonium resonance production 428) q q̄ → cc̄[ S1 ]g → l l + X
(8)
with its further decay into a lepton pair pp̄ → J/ψ+ 430) q q̄ → cc̄[3 PJ ]g → l+ l− + X
X → l+ l− + X (see the Fig. 2.6) was considered in
the PANDA TPR [7] to be a benchmark process.
Distributions of the final state leptons from J/ψ
θcut (degree)
20
40
60
90

Loss of signal events (%)
80
39
17
5

decay, are shown in Fig. 2.7. They are obtained
without any cuts and cover the same ranges as the
X
leptons produced in the continuum case. From comp
parison of these two figures one can see that the en+
l
ergy and momentum distributions of Fig. 2.7 look
J/ s
very different to those of Fig. 2.2. Thus, plot a)
of Fig. 2.7 shows a rather flat distribution of the
p
a*
number of events versus the energy of leptons from
l
J/ψ decay, while the analogous plots a) and b) of
Fig. 2.2 demonstrate that the most part of leptons
X
produced in the continuum case have small energies < 1 GeV. Analogously, as seen from the plot
Figure 2.6: pp̄ → J/ψ + X → l+ l− + X process.
b) of Fig. 2.7, the peak of PTl distribution in case
of J/ψ production appears at the point PTl ≈ 1.4
Therefore, modeling of the kinematical energy, GeV/c which is more than three times higher than
transverse momentum and angle distributions of fi- the maximum value of PT in the plot b) of Fig. 2.2
nal state leptons is of practical interest. Like in (≈ 0.4 GeV). As one can see from the plot d) of Fig.
the previous section, we use as event generator 2.7, the maximum of cos(l+ l− ) is at ≈ 0.75. This
PYTHIA 6.4 which includes 22 sub-processes for value corresponds to an opening angle between the
leptons ≈ 42◦ .
charmonium production:
l

1)
86)
106)
421)
422)
423)
424)
425)
426)
427)

-

qi q̄i → γ ∗ → cc̄ → J/Ψ → l+ l− + X
gg → J/Ψ + g → l+ l− + X [13]
gg → J/Ψ + γ → l+ l− + X [14]
(1)
gg → cc̄[3 S1 ]g → l+ l− + X [20, 21]
3 (8)
gg → cc̄[ S1 ]g → l+ l− + X [20, 21]
(8)
gg → cc̄[3 S0 ]g → l+ l− + X [20, 21]
3 (8)
gg → cc̄[ PJ ]g → l+ l− + X [20, 21]
(8)
gq → cc̄[3 S1 ]q → l+ l− + X [20, 21]
(8)
gq → cc̄[1 S0 ]q → l+ l− + X [20, 21]
(8)
gg → cc̄[3 PJ ]q → l+ l− + X [20, 21]

Fig. 2.8 is the analog to Fig. 2.3. It presents the
distributions of the same leptons produced in J/ψ
decay, but separately for “slow” and “fast” ones.
One can see that the plots a) and b) of Fig. 2.8
look much more different from the plots a) and b)
of Fig. 2.3. The energy spectra of slow (Eslow )
and fast (Ef ast ) leptons, cover very different energy
intervals with only small overlap in the region of El
2. Let us note that different theoretical models predict different values of J/ψ production cross sections.
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≈ 4-5 GeV. It is also seen from the plots c) and d) slow and fast leptons has a rather close mean values
of Fig. 2.8 that the transverse momentum of both about ≈ 1.4 GeV/c. Plots e) and f ) demonstrate a
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of continuum lepton pair production via the process
pp̄ → γ ∗ → l+ l− + X. It is seen that fast and slow
leptons cover well separated regions (plots c) and
d) of Fig. 2.9) while in the continuum case (plots
c) and d) of Fig. 2.4) the distributions of fast and
slow
leptons have a wide area of overlap.
Fig. 2.9 includes plots showing angle-energy correlations. Plots a) and c) for slow leptons, b) and d) It is again of interest to compare the “energyfor fast leptons. They differ strikingly from the case energy” and “angle-angle” correlation plots pregood separation of polar angle distributions of slow
and fast leptons. The spectrum of slow leptons is
above 20◦ , while the spectrum of fast leptons polar
angles ranges between 0◦ to 25◦ and has the mean
value θf ast = 12.1◦ .
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Distributions of the
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Transverse Momentum of
Lepton Pairs

We consider here a set of physical variables which
characterize a produced lepton pair as a whole system. These variables are constructed from the components of the total 4-momentum of the initial state
quark-antiquark system Pαqq̄ = Pαq + Pαq̄ (α = 0,
1, 2, 3) and its analog Pαll̄ = Pαl + Pαl̄ for a lepton pair. Fig. 2.11 a) and Fig. 2.11 b) show the
distributions of the invariant masses of initial-state
quark-antiquark pair
p
q q̄
(2.1)
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Figure 2.11: Distribution of number of signal events
versus the invariant mass. a) The invariant mass of
q q̄
initial-state quark-antiquark system (Minv
). b) Invaril+ l−
ant mass of final-state lepton-antilepton pair (Minv
).

the lowest value of the invariant mass of the initial
state two-body system of any fundamental quarkparton 2 → 2 subprocess. Different to the spectrum
of the invariant mass of the initial-state q q̄ system,
the invariant mass of the final-state l+ l− system has
ll̄
a very small tail at smaller than 1 GeV values Minv
3
< 1 GeV (see Fig. 2.11 a)) .
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sented in Fig. 2.10 for the case of lepton pair production from J/ψ resonance decay and those shown
in Fig. 2.5 for lepton production in the continuum
case. It is seen from plot c) of Fig. 2.10 that the
energy region covered in the Eslow -Ef ast plane in
the case of J/ψ resonance production fit well into
the right corner of the region covered in the Eslow Ef ast plane shown in the plot c) of Fig. 2.5 for the
case of the continuum MMT-DY process of leptonantilepton pair production. Moreover, the analogous comparison of the plot d) of Fig. 2.10 with
the plot d) of Fig. 2.5 allows to make an important
observation that the area covered in the θslow /θf ast
plane fits well into the analogous area of the “angleangle” correlation plot in Fig. 2.5. From here one
can conclude that the choice of polar angle boundary for muon system geometry, which was proposed
in section 2.2 based on the analysis of the MMTDY process, would be quite suitable for the study
of both benchmark J/ψ and MMT-DY channels of
lepton-antilepton pair production.
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Figure 2.12: Distribution of number of signal events
+ −
versus a) the total lepton pair energy E l l , b) the
+ −
total transverse momentum PTl l of the lepton pair.
+ −

The spectrum of the total lepton pair energy E l l
+
−
= E l + E l is shown in Fig. 2.12 a). The lepton
pair total energy distribution is by about 2 GeV
longer than the energy spectrum of the fast leptons.
The mean value of the total energy of the lepton
pair, as seen from Fig. 2.12 a), is about 5 GeV. It is
clearly seen that more than 50% of the lepton pairs
+ −
have their energy in the interval 4 < E l l < 12
GeV. We conclude that the produced lepton pairs
are rather energetic and they can carry away quite a
and the invariant mass of the final-state leptonnoticeable part of the total energy of the pp̄ colliding
antilepton pair
system.
q
+
−
ll̄
The distribution of the longitudinal component
Minv
= (P ll̄ )2 = Q, Q2 = q 2 = (P l + P l )2 ,
+
−
l+ l−
= Pzl + Pzl of the total 4-momentum of
(2.2) Pz
shown here) has a shape
produced in the signal processes pp̄ → l+ l− + X, the lepton pair system +(not
l l−
spectrum. The explanawhich go through the quark level sub-process q q̄ → very similar to the E
tion of this fact follows from the shape of the distriγ ∗ → l+ l− .
bution of the lepton pair total transverse momenBoth invariant mass distributions look rather simtum
−−−
→
−−→
−−→
ilar. They are rather short and drop steeply with
+ −
+ −
+
−
PTl l = |P l l | = |PTl + PTl |,
(2.3)
growing invariant mass. The distribution of the inq q̄
variant mass Minv of the initial-state q q̄ - system
sharply starts at 1 GeV which is the left boundary
3. This left tail may appear due to the final state radiation
point due to the internal PYTHIA restriction on (FSR) of photons by the produced leptons.
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shapes among which we have chosen the leading order phenomenological parametrization CTEQ3L to
be used for simulation with PYTHIA.
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which is presented in Fig. 2.12 b). The distri+ −
bution of the transverse component PTl l is much
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narrower than that one of the energy E l l . It cov+ −
ers the region 0 < PTl l < 2.3 GeV, like it was
in a case of a single lepton distribution (plots c
+ −
and d of Fig. 2.2). PTl l has a peak at 1 GeV,
that is twice as large as the analogous peak position of a single lepton PTl shown in plots c) and
d) of Fig. 2.2. Thus, the main contribution to the
lepton pair energy comes from the longitudinal com+ −
ponent Pzl l . It is worth noting that according to
l+ l− 2
Fig. 2.1 the square of the invariant mass (Minv
)
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= Q2 = q 2 = (P l + P l )2 has the meaning of
the square of the momentum transferred from the
quark-antiquark pair to the lepton pair.
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Figure 2.13: x - distributions of valence a) up quarks,
b) down quarks.

Most interesting for us is the information about
the size of the x-region which will be available at
Therefore, it plays the same role as the Q2 in the PANDA energies. The distributions of Bjorken xprocesses of deep-inelastic scattering (DIS) of lep- variables are shown in Fig. 2.13 for up- and downton over the proton. From this point of view the di- quarks5 . We see from both plots of Fig. 2.13 that
agram shown in Fig. 2.1 looks like the cross channel x-variable spans the interval 0.05 < x < 0.7.
analog of the diagram of DIS scattering of a lepton Combining the results from Fig. 2.11 and Fig. 2.13
off the proton with the inclusive production of a we can conclude that, according to the results of
proton in the final state. The essential difference simulation with PYTHIA, we can hope to get inforis that in DIS case the momentum transferred is mation about the valence quark distributions in the
l
l
l
(Pin
and kinematical region defined by the following bounddefined by the relation qdis = Pin
- Pout
4
l
Pout are for incoming and outgoing leptons) , which aries: 0.05 < x < 0.7 and Q2 < 6.2 GeV2 . The imdiffers from the definition of Q2 given above for the portant point here is that different to lepton-hadron
case of MMT-DY process. Therefore, its square has scattering, which provides the information about
2
< 0, while in MMT-DY pro- the structure functions in the region of negative,
the negative value qdis
+
−
cess its square is positive: q 2 = (P l + P l )2 ≥ 0. i.e. “space-like” values of the square of transverse
2
l
l
momentum qdis
= (Pin
- Pout
)2 , the “annihilation”
+ −
To conclude this section let us mention that the process pp̄ → l l + X allows to get the informameasurement of the invariant mass of the lepton tion about the structure functions in a region of
2
pair would allow to separate background to J/ψ positive, i.e. “time-like” values of q > 0. Such a
measurement of quark distributions will supplement
production events.
the planned measurement of proton elastic form factor in the region of “time-like” values of q 2 > 0 (see
and the planned measurements of deep-inelastic
2.5 Estimation of the Size of x - [8])
processes in a region of small values of q 2 < 0.
2

Q Region Available for
Measurement of Proton
Structure Functions.

The information about proton structure remains
of great interest. It is accumulated in structure
function which is the some of proton distribution function fi (x, Q2 ) which phenomenologically
parametrizes the probability to find a parton i with
a fraction x of the beam energy when the proton
p is probed by hard scattering at virtuality scale
Q2 . The Q2 dependence of parton distributions is
perturbatively calculable in the region of high Q2 ,
while at low Q2 it is a subject of a phenomenological models. The parton distributions come in many

2.6

Fake Leptons in Signal
Events

The signal events, defined by the q q̄ → l+ l− subprocess, also contain some hadrons in the final state.
Fortunately, their number is essentially restricted
by the upper limit on the beam energy that will
be available in the PANDA experiment. This circumstance may simplify greatly the identification
2 = -(P l
4. For DIS the value of Q2 is defined as Q2 = -qdis
in
l
2
- Pout ) .
5. The distributions of antiquarks look similar to quark
distributions for pp̄ collisions.
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of final state particles and the physical analysis due
to the reduction of the phase space and therefore to
the reduction of the number of hadrons and other
particles which may be produced directly or in the
decays. Such hadrons may decay within the detector volume6 and thus produce the background
leptons which may fake the signal leptons (e, µ). In
signal events with electron-positron pair production
the fake electrons/positrons may appear also from
muon decays.
In this section we shall consider separately the signal events with muon pair production (subsections
2.6.1 and 2.6.3) and the signal events with electron
pair production (subsection 2.6.4). The subsection
2.6.2 includes the discussion of different kinematical distributions for charged pions that provide the
main contribution to fake muons. Our analysis of
fake leptons is based on two different samples. One
of them is the sample with signal muon pair events
production while the second one with electron pair
production events. These samples were used in section 2.2.

2.6.1

Fake Muons

13

One can conclude that the strings (bin 2 in Fig.
2.14 b)), ω (bin 6) and Λ0 (bin 20) are the main
grandparents of muons. It is of interest to consider in more detail the kinematical distributions of
charged pions as the main source of fake muons and
to compare them with the distributions of produced
muons. We shall do it in the following subsection.

2.6.2

Kinematical Distributions of
Parent Pions

The left-hand side of Fig. 2.15 includes three plots
containing the distributions (top to bottom) of the
number of events versus the energy Eπ , the transverse momentum PTπ and the polar angle θπ of
charged pions which appear in the sample of signal muon events as generated by PYTHIA based
on the quark level sub-process q q̄ → µ− µ+ . This
sample was discussed in section 2.2 and in the beginning of this section. The plot b) in Fig. 2.15
shows the distribution of number Nπ of charged πmesons produced per event in the generated signal
events. The first left bin in this plot shows the
number of events without charged pions. One may
see that there is a huge number of signal events
(about 42%) which do not contain at all charged
pions. The final states in most of these events, as it
can be seen from the PYTHIA event listings, do include mostly nucleon - anti-nucleon pairs. Thus, we
can expect that about 42% (taking in account also
charged kaons decays) of the events, which include
the signal muon pair, will not contain any additional
fake decay muon. Let us underline that PYTHIA
provides a good but still a model approximation to
the hadronization processes.

We shall first discuss the case of background muons
that may be produced additionally to a signal µ− µ+
pair in the signal events due to hadron decays. For
this reason, we shall call these fake muons also as
“decay muons”. In the following we do not distinguish µ− and µ+ . The distribution that shows the
number of the main hadronic “parents” of muons in
signal events is presented in the plot a) of Fig. 2.14,
while Fig. 2.14 b) shows the distribution of muon
“grandparents”, i.e. the “parents of muon parents”. From the second and the third bins of Nπ of the
The correspondence between the bin number on the same plot b) one sees that about 24% of signal
events may have only one charged pion and about
Muon’s grandparents
Muon’s
parents
27% of events may have two charged pions in the
×10
×10
1600
300
final states. The other two bins of plot b) demon1400
250
strate that about 5% of events may have three
1200
charged pions, about of 1.5% of the events do con200
1000
tain more final-state pions.
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plot d) (“π’s parents”) of Fig. 2.15, where each
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Figure 2.14: Distributions of: a) parents of fake
muons; b) grandparents of fake muons.

x-axis and the name of the related grandparent of
the muon can be found from the right column of
Table 2.8 of the section 2.11 (Appendix7 ).

6. For the pion the cτ factor (τ is the mean life time of a
particle, τπ = 2.6·10−8 s) is equal to cτ = 7.8 meter according
to PDG.
7. Sometimes, when the sea strange quarks take part in
the fundamental q q̄ → l+ l− interaction, a parent virtual
K-meson appears in PYTHIA event listing together with
the “K ± -like string” (i.e. this string includes a strange
quark) which origin flag points onto the colliding proton in
the PYTHIA output listing.
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Figure 2.15: Left column - distributions of the number of pions versus: a) the energy Eπ ; c) transverse
momentum PTπ and e) polar angle θπ of the produced pions. Right column - distributions: b) of the total number
Nπ of charged π-mesons in the signal events; d) of the particles that give birth to the pions (π’s parents) and f )
of the particles which are parents to π’s parents.

bin on the x-axis corresponds to the parent particle
of a pion. One can find the correspondence of the
number of the bin to the name of a parent particle
using the left-hand column of Table 2.9 of section
2.11. We see that the dominant source (bin 2) for
pion production are the strings (about 22%) which
are one of the main objects in LUND fragmentation
model. The bins 3-6 do correspond, respectively,
to the ρ-, η- and ω- mesons. The decays of these
light vector mesons give quite a noticeable contribution, about 39% of all entries. The contribution
of parent K-mesons (bins 7-10) is close to 4% of all
entries. The next sizable portion of pions (about
21%) comes from the family of ∆-resonances (bins
13-16), and from decays of Λ0 (bin 19).
In the same way, the corresponding distributions
of pion’s grandparents are shown in the plot f ) of
Fig. 2.15 (see also the right-hand column of Table
2.9 of section 2.11 (Appendix: Tables)). One can
see that among the grandparents the dominating
entries belong to the strings (bin 4)), followed by Kmesons (bins 7-9) and also η- and ϕ- mesons (bins

10 and 11). A new object in this grandparent plot,
compared to that one of the parents, is a group of diquarks (bins 12-14), which has a total contribution
about 18.5% of the entries. The group of Σ− and
Ξ− resonances (bins 16-23) gives a bit more than
3.5% of pion parents.

2.6.3

Kinematical and Vertex
Distribution of Fake Decay
Muons in Signal Events

Fig. 2.16 includes a set of plots with the distributions of background, fake or decay muons, which
are contained in the generated sample of 105 signal muon events as described in section 2.2. These
muons come from all possible decay channels of produced hadrons including the pion decays discussed
above. It is clear that not all hadrons will decay within the detector volume. Therefore, in this
subsection we have used the existing PYTHIA option that allows to restrict the decay volume. For
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Figure 2.16: Left column - distributions of the number of decay muons versus: a) the energy Eµ
dec ; c) transverse
µ
µ
momentum P Tdec
and e) polar angle θdec
. Right column - distributions of: b) the total number Nµ
bkg of fake
muons per the signal event; d) x-coordinate of the fake muon production vertex and f ) z-coordinate of the fake
muon production vertex.

PANDA detector volume we have chosen the cylinder with R = 2.5m and L = 8m. Subsequently, the
number of entries in all the plots of Fig. 2.16 (except the plot b)) is equal to 16601. It means that
the fraction of signal processes, which include fake
muons, reduces to about 16.6% after taking into
account the detector size.
The distribution of the number of muon signal
events versus the number of fake muons Nµbkg , contained in each event, is shown in the plot b). It
is seen that there can be up to 4 muons in the final state. From the first bin of this plot one may
see that about 83% of events have no background
fake muons at all. This value agrees well with the
number of entries shown in the plot which was discussed above. The amount of events free of fake
muons does not correspond to the previously discussed (in subsection 2.6.2) amount of the events
without charged pions because of the restricted decay volume. It is also seen from the plot b) that
the numbers of events with one, two or three fake

muon are each decreasing by an order of magnitude,
respectively, as compared to the number of events
without any fake muon. The left column of Fig.
2.16 includes the energy Eµdec (plot a)), transverse
µ
µ
momentum P Tdec
(plot c)) and polar angle θdec
(plot e)), distributions of muons which appear from
hadron decays. From comparison of these plots with
their analogs from Fig. 2.2 for the signal muons, one
sees that the fake muons are less energetic. One
may also find that the mean energy of the signal
muons < Eµ > = 2.6 GeV corresponds to such a
point in the energy spectrum of fake muons which
decay in the restricted volume, where the contribution of fake muons is very low. Analogously, the
mean value of the PT-distribution of signal muons
µ
< P Tsignal
> = 0.7 GeV (see Fig. 2.2) corresponds
µ
to that point where the spectrum of P Tdec
practically vanishes. Therefore, one has to set reasonable
cuts on the muon energy Eµ as well as on its P Tµ
value, which may reduce fake muons and will retain
the main part of signal events. For example, the
comparison of the plots a) and c) of Fig. 2.2 with
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the analogous plots in Fig. 2.16 leads to the conclusion that the cuts Eµ > 0.2 GeV, P Tµ > 0.2 GeV
may allow to get rid of about 66% of decay muons
in the signal events and to save most of the signal
both slow and fast muons. We shall return to this
problem below.
Another way helping to discriminate the signal
muons from the “decay” ones is to use the information about the position of fake muon production
vertex and the reconstruction of the invariant mass
of the parent and grandparent hadrons. The plots
d) and f ) of Fig. 2.16 contain the distributions of
Vx - and Vz - components of the 3-vector V = (Vx ,
Vy , Vz ), which gives the position of a fake muon
production vertex in millimeters. Let us note that
these plots are obtained on level of the PYTHIA
simulation, without an account of details of the detector construction and the effects caused by the
magnetic field. Within this approximation the distributions of Vx - and Vy - components have to be
similar. As seen from Fig. 2.16 f ) the Vz component of about 3-5% of events may be rather close
to zero, i.e. in the interaction point. The corresponding fake muons produced near the interaction
point give rise to the most difficult background. The
contribution of background from the other type of
events based mainly on minimum bias and QCD
partonic sub-processes will be discussed in the following section 2.7.

2.6.4

Fake Electrons

Now let us consider the situation with the background of fake decay electrons and positrons in the
case of signal processes based on the quark level
sub-process of electron-positron pair production8 .
In the following fake electrons will be also called
“decay” electrons. Recall, as it was already mentioned in the section 2.2 and in the beginning of
the present one, that we shall use the sample of
105 generated signal events with e+ e− production.
Fig. 2.17 a) presents the contribution of different
parent particles into the process of creation of the
fake electrons. It clearly demonstrates that among
all shown sources of fake electrons the contribution
of neutral pion π 0 decay (bin 2) is the dominant
one. The electrons/positrons may appear in neutral
pion decay only through the Dalitz decay channel:
π 0 → γ + e+ e− . The next contribution, which is
by about one order less, is given in descending order by µ (bin 1), η- and K-meson decays as well as
the decay of Λ0 . Neutral pions in turn may arise
from decays of η- and ω- mesons or heavier mesons
and baryons, produced as resonance states accord-
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Figure 2.17: Distributions of: a) parents of fake
e+ /e− ; b) grandparents of fake e+ /e− .

ing to the LUND fragmentation model. Fig. 2.17 b)
shows the distribution of the number of background
electrons versus the type of their grandparents. The
correspondence between the bin numbers shown on
the x-axis and the name of the grand-parent particle can be found from the left column of the Table
2.8 of section 2.11. From comparison with this Table one can see that the strings (bin 2) are the main
source of electron parents. Then follows a group of
ρ-, η- and ω- mesons (bins 5-7) as well as the group
of ∆-resonances (bins 15-16) and Λ0 (bin 20). Two
orders less contribution is provided by the group of
kaons (bins 8-11) which is followed by η resonance
(bin12) and the group of Σ-resonances (bins 22-24).
The plots, containing the distributions of the fake
electrons which appear in signal events (based on
the q q̄ → e− e+ sub-process), are presented in Fig.
2.18. They are done using the sample of 105 signal events generated by PYTHIA containing signal
e− e+ pairs. Like in the previous subsection we use
here the same restriction on the detector volume.
From the statistics frame one sees that in a case of
decay electrons the number of entries is 1926 (i.e.
the fraction of the signal processes which includes
fake electrons is about 2%).
The comparison of the energy Eedec and transverse
e
momentum P Tdec
distributions of fake electrons in
signal events, which are given in the left-hand column of Fig. 2.18, with the analogous plots for fake
muons from the left-hand column of Fig. 2.16,
allows to conclude that in the electron case the
distributions fall at least twice as steeply as in
case of muons. Analogous to the previous subsection, the comparison of the same Eedec and transe
verse P Tdec
distributions of fake electrons in signal
events, shown in plots a) and c) of Fig. 2.18, with
the plots a) and c) of Fig. 2.2 for signal electrons
leads to the conclusion that soft cuts like Ee > 0.2
8. In the following we shall use “electron” as a common
name for the background electrons and positrons.
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Figure 2.18: Left column - distributions of the number of decay electrons versus: a) the energy Eedec ; c)
e
e
transverse momentum P Tdec
and e) polar angle θdec
. Right column - distributions of: b) the total number Nebkg
of fake electrons per the signal event; d) x-coordinate of the fake e+ /e− production vertex; f ) z-coordinate of the
fake e+ /e− production vertex;

GeV and P Te > 0.2 GeV may allow to eliminate
most of the fake electrons at the cost of about 10%
loss of signal events. The right-hand column of Fig.
2.18 includes plots b) and d). They contain the values of the Vx - and Vz - components of the 3-vector
V pointing to the position of the fake electron production vertex and they also differ from the analogous muonic plots d) of Fig. 2.16 due to changing
the decimal scale for Nev to the logarithmic one. In
contrast to the form of vertex distribution for decay
muon production case (see the plot f ) in Fig. 2.16),
the concentration of Vz -component of electron production (see plot d) in Fig. 2.18) near the interaction point poses the essential difference of a e+ e−
channel as compared to a case of µ+ µ− channel. In
the latter case, most of the background muons are
produced by light charged pions which may decay in
flight at a rather large distance from the interaction
point. It is also seen from plot f ) in Fig. 2.18 and
the analogous plot a) in Fig. 2.16 that the number
of fake electrons or fake muons in signal events may
be up to four in both cases.

2.6.5

Cuts for Fake Lepton Reduction
in the Signal Events

The analysis of distributions discussed above suggests the following cuts:
1) selection of only two lepton events with El >
0.2 GeV, P Tl > 0.2 GeV;
2) charges of these two leptons must be of the
opposite sign;
3) lepton vertex originates within the range Rvtx
< 15 mm from the interaction point.
Application of these cuts to the sample of signal
events selects a subsample which includes a strongly
reduced fraction (f re ) of events containing fake leptons, f re = 0.008% for the case of electron pair
production and frµ = 0.001% for the muon pair
production. The loss of the signal events due to
application of cuts 1) - 3) is shown in Table 2.3.
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e+ e− production
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Table 2.3: Loss of the signal events (in %) after cuts
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One can see from this Table that it is possible to se- a)
lect the signal events which are almost free of back- Figure 2.19: Distributions of: a) parents of background leptons at the cost of diminishing the signal ground fake µ+ /µ− ; b) grandparents of background
event sample by ∼ 17% for µ+ µ− and ∼ 14% for fake µ+ /µ− .
e+ e− production.

2.7

QCD and Minimum-Bias
Background Events

The other source of the background concerns leptons produced in minimum-bias (low- PT and
diffractive scattering) events and QCD background.
These are mainly q + g → q + g, g + g → g + g,
and q + q’ → q + q’ processes, where the possibility of appearance of two (and more) leptons in
the final state is very high. For analysis of these
processes 106 events of antiproton diffraction on a
proton target with Ebeam = 14 GeV were generated with PYTHIA 6.4. These events include the
above mentioned processes in addition to the signal q q̄ → l+ l− . According to PYTHIA the total
bkg
cross section of these processes σtot
= 50.2 mb.
It is about 107 times higher than the cross section of the signal MMT-DY sub-process q q̄ → l+ l− :
5.57·10−6 mb. In the following subsections 2.7.1 2.7.2 we shall present the distributions obtained
without using any cuts.

2.7.1

Muon Background

The distribution of the parents of muons produced
in background minimum-bias and QCD events is
presented in Fig. 2.19 a). Like in the case of fake
muons in the signal events (see Fig. 2.14 a)), the
main contribution comes from π ± and K± meson
decays. Fig. 2.19 b)9 shows the distribution of
muon grandparents. Using the right-hand column
of Table 2.8 of section 2.11 it is seen that most
grandparents of muons in QCD and minimum-bias
events are the clusters and strings (bins 1, 2) as well
as the ρ-, η- and ω-mesons (bins 3-6). Then follow
the ∆-resonances (bins 16, 17) and Λ0 (bin 20).

2 4 6 8 10 121416 18 20 2224 26

produced in the above mentioned generated background minimum-bias and QCD events are shown
in Fig. 2.20. The kinematical distributions (plots
b), c), e)) do not differ much from those of fake
“decay” muons produced in the signal processes
pp̄ → l+ l− + X (see Fig. 2.16). The distribution
of the number of generated background events versus the amount of fake muons produced per event,
i.e. Nµbkg is shown in plot b) of Fig. 2.20. It differs noticeably from its analog shown in Fig. 2.16
that contains only the distribution of fake “decay”
muons in signal lepton pair production events. The
number of muons in the final state, contained in
one and the same background event, can be up to
7. It means that the probability of production of a
pair of fake muons with the charges of the opposite
signs (like in signal events) is rather high in these
background events. Such pairs may fake quite well
the signal events. The distribution plots of the production vertexes of background muons are shown in
the right column of Fig. 2.20. It is seen from plot f )
of Fig. 2.20 that most of the muon production vertices are spread over the detector volume while only
some of these vertices are rather close to the interaction point. So the information about the vertex
position can be useful for background separation.

2.7.2

Electron Background

Let us consider now the case of electrons produced
in the background minimum-bias and QCD events.
The distribution of the parents of background electrons in the sample of minimum-bias and QCD
events discussed above is presented in Fig. 2.21 a).
It is seen that, like in the case of fake electrons in
signal events (see Fig. 2.19 a)), the main contribution comes from π 0 -, η-, charged K-mesons (bins 2,
9. which is slightly different from its analog in Fig. 2.14

The kinematical and other distributions of muons for the signal events.
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Figure 2.21: Distributions of: a) parents of background e+ /e− ; b) grandparents of background e+ /e− .

5 and 7, respectively) and also from muon decays
(bin 1). The main sources of fake electrons are decays of neutral pions (π 0 → γ + e+ e− ). They can
appear directly or from decays of ρ-, η-, ω- and Kmesons, as well as from ∆-resonances decays. From
Fig. 2.21 b) one may see that in the minimum-bias
and QCD event sample the structure of the distributions of electron grandparents is rather different

from its analog presented in Fig. 2.19 b) for a case
of fake electrons in the sample of signal events with
the signal electron-positron pairs. Namely, different
to the plot Fig. 2.19 b)10 the charged ρ-mesons (bin
5) take the dominant position in the plot Fig. 2.21
b), followed by the increased contribution of clusters (bin 1) which reaches the height of strings (bin
2). The total contribution of light vector mesons (ρ,
η and ω (bins 5-7)), as well as the contribution of
K- (bins 8-11) and η-, ϕ-mesons (bins 12, 13), have
grown as compared to the higher bins (15, 16 and
20) corresponding to ∆− and Σ− baryons, respectively.
The distributions obtained from the sample of
minimum-bias and QCD background events, are
shown in Fig. 2.22. The kinematical distributions
(plots a), c) and e)) are rather similar to the distributions of fake decay electrons in the signal events
that were discussed in the subsection 2.6.4 and presented at Fig. 2.18. From Fig. 2.22 one may see
10. after normalization to an equal number of entries.
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Figure 2.22: Left column - distributions of the number of background muons versus: a) energy Eebkg ; c) transverse
e
e
; Right column distributions: b) of the total amount Nebkg of muons per
; e) polar angle θbkg
momentum P Tbkg
event; d) x-coordinate of the background muon production vertex and f ) z-coordinate of the background muon
production vertex.

that the total number of electrons in the sample
of generated 105 minimum-bias and QCD events is
equal to 37885. This number is much less than the
number of fake muons produced in the same sample of 106 minimum-bias and QCD events. Plot
b) of Fig. 2.22 shows the distribution of generated
minimum-bias and QCD events versus the number
of decay electrons per event. The third bin in this
plot (numerated as “2”), as well as the other bins to
the right from it, shows how many events may contain two and more electrons. In these events there
may appear e+ e− pairs, which potentially may fake
the signal events. It is clearly seen that the probability of appearance of 2 and more electrons in the
final state reduces to a few percent of the total number of generated events.
The plots d) and f ) of Fig. 2.22 show the distributions of the position of the electron production
vertex in the background sample in the transversal
e
(V xebkg ) and the longitudinal (V zbkg
) directions. It
is seen that most of the background electrons, orig-

inating from hadron decays, are produced near the
interaction point (Vx = 0 and Vz = 0), like in Fig.
2.18.

2.8

Background Separation

In order to reduce the background from the minimum bias and QCD events we added two new cuts
to the previously used cuts of 2.6.5. Finally, we
apply the following selection cuts:
1) selection of only two lepton events with El >
0.2 GeV, P Tl > 0.2 GeV;
2) charges of these two leptons must be of opposite sign;
3) lepton vertex originates within a radius of
15mm from the interaction point;
4) Minv (l+ , l− ) > 0.9 GeV;
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It is seen from Table 2.4 that in µ+ µ− case the
growth of the maximal value of Minv up to Minv
= 1.2 GeV allows to strongly suppress the background at the expense of loosing 35% of the signal
events, while in e+ e− case (see Table 2.5), the same
upper limit leads only to S/B = 2.3. The results
of all the five cuts sequentially applied to the sample of inelastic pp̄ → X events which contain the
minimum-bias and QCD events including the signal events based on the parton level annihilation
sub-process q q̄ → γ ∗ → l+ l− are in the Tables 2.6
and 2.7.
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Figure 2.23: Lepton isolation for electron case. Distributions of summarized energy Esum within the cone the
radius 0.1, 0.2, 0.3, etc. a) signal events (logarithmic
energy scale); b) background events.
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Few words are in order now about the choice of the
last two cuts. Tables 2.4 and 2.5 show, for muon
pair and electron pair production cases separately,
the influence of the variation of the cut on di-lepton
invariant mass Minv on the loss of signal events and
the value of signal to background ratio S/B after
application of the cuts 1-3.

8 7

Esum, Ge4
V

b)

Nev

The lepton isolation criterion restricts the summarized energy of particles (p) within a cone around
the vector of lepton (l) momentum. The momentum
direction is defined by its azimuthal ϕ and polar
θ angles measured in radian units from the z-axis,
which points along the beam direction. In collider
physics it is common to use the dimensionless pseudorapidity η = −ln(tan(θ/2)) [22] which appears
from the rapidity y = ln[(E + pz )/(E − pz )] in the
limit when a lepton momentum is much higher than
its mass11 . The dimensionless cone radius R is defined through the square root of η and ϕ as R =
(∆2ϕ + ∆2η )1/2 , where ∆η =ηl - ηp and ∆ϕ = ϕl ϕp . ηp and ϕp are numerical dimensionless values
of the pseudorapidity and the azimuthal angle of
particle p which fits the cone around the lepton.

The plots presented in Figs. 2.23, 2.24 are done to
illustrate the action of the lepton isolation criterion
used in the definition of the fifth cut. They show
the distributions of the total energy of the particles
which are contained within the cones of the radius
R around the leptons.

Nev

5) lepton isolation criteria: the summed energy
Esum of all the particles around the lepton
within a cone of the radius R = (∆2ϕ + ∆2η )1/2
max
= 0.2 in the η - ϕ space is not higher than Esum
= 0.5 GeV.
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Figure 2.24: Lepton isolation for muon case. Distributions of summarized energy Esum within the cone the
radius 0.1, 0.2, 0.3, etc. a) signal events (logarithmic
energy scale); b) background events.

Figures 2.23 and 2.24 present these distributions for
the electron and muon cases, correspondingly. By
comparing the plots a) (for leptons from the signal
events) with the plots b) (for background leptons
from minimum-bias and QCD events) one can easily
see that the signal events have much smaller summarized energy content within the cone of R < 0.2
than the energy content in background events. This
observation is used in the cut 5.
From the Table 2.6 one can see that the last cut
on the lepton isolation, i.e. the choice of only those
final state leptons which have the restricted value
of the summarized energy (not greater than Esum
= 0.5 GeV) of other particles p
contained within the
cone of some fixed radius R= ϕ2 + η 2 = NR (NR
= 0.1, 0.2, 0.3, etc.) around the direction of the lepton 3-momentum, allows one to achieve (choosing
NR = 0.2) the value of the signal to background
ratio equal to S/B = 3.8 for electron production
case and S/B = 8.5 in muon production case. In

It is seen that the first three cuts allow to enlarge
the S/B ratio by about one order in case of muon
pair production. At the same time, the third cut
is inefficient for the case of e+ e− pair production.
The forth cut Minv > 0.9 GeV allows to increase
the S/B ratio in the e+ e− case by more than two
orders and by about three orders in the µ+ µ− case.
It is worth mentioning that the cut Eµ ≥ 0.5 GeV,
P Tµ ≥ 0.2 GeV leads to the loss of 23 % of signal
events (for beam energy 14 GeV) while another cut 11. It is worth mentioning that the size of calorimeter elEµ ≥ 0.5 GeV, P Tµ ≥ 0.5 GeV gives the 61 % loss ements of collider detectors usually have a segmentation
∆ϕ × ∆η = 0.1 × 0.1 [23].
of these events.
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+

−

µ µ
Minv
≥ (GeV)
0.9
1.0
1.03
1.05
1.1
1.2

S/B for
0.12
0.22
0.50
0.69
1.50
48

Efficiency
0.0850
0.0444
0.0198
0.0136
0.0063
0.0074

Signal events
85%
82%
81%
78%
76%
65%

Table 2.4: Efficiency of Minv (l+ ,l− ) cut for the case of µ+ µ− production.
e+e−
Minv
≥ (GeV)
0.9
1.0
1.03
1.05
1.1
1.2

S/B for
0.093
0.146
0.375
0.395
0.762
2.3

Efficiency
0.0059
0.0035
0.0014
0.0012
0.0006
0.0002

Signal events
84%
81%
78%
74%
69%
61%

Table 2.5: Efficiency of Minv (l+ , l− ) cut for the case of e+ e− production.

N of cuts
1
2
3
4
5

S/B for µ+ µ−
1.13·10−5
1.69·10−5
8.35·10−3
0.107
8.5

Efficiency
0.007
0.664
0.002
0.078
0.012

S/B for e+ e−
5.34·10−4
5.41·10−4
5.47·10−4
9.27·10−2
3.8

Efficiency
1.78·10−4
0.98
0.99
0.0006
0.024

Table 2.6: Influence of the cuts for background events.

N of cuts
1
2
3
4
5

S/B for P Tµ ≥ 0.2 GeV cut
2.09 ·10−5
3.16 ·10−5
0.01134
0.1356
12.5

Efficiency
3.77 ·10−3
0.663
2.75 ·10−3
0.083
0.010

S/B for P Tµ ≥ 0.5 GeV cut
1.45 ·10−3
2.14 ·10−3
0.56
0.91
72

Efficiency
2.5 ·10−5
0.68
3.8 ·10−3
0.62
0.012

Table 2.7: P Tµ cut influence on S/B for a case of the first cut with Eµ ≥ 0.5 GeV cut

both cases the application of the fifth cut leads to
additional 8% loss of the signal events left after application of the first four cuts. Let us note that the
same criteria, but with the use of a more restricted
form of the forth cut Minv (e+ ,e− ) > 1.0 GeV/c2 ,
allows to increase the signal to background ratio
up to S/B = 9 in e+ e− case. The more restricted
first cut on Eµ > 0.5 GeV (see Table 2.7) leads to
improvement of S/B ratio to the value of S/B =
12.5 at the present value of the cut on P Tµ > 0.2
GeV/c, and to the value of S/B = 72 at the more
restricted value of the cut on P Tµ > 0.5 GeV/c,
correspondingly. Let us note that the numbers presented in Table 2.6 for the muon case and Table 2.7

were calculated at much larger statistics of 2 · 109
events.

2.9

Study of Quark Dynamics in
the Proton.

In addition to the opportunity to get the information about parton distribution functions, which was
already discussed in section 2.5, let us also mention
here three other ones which may be useful for studying quark dynamics in proton and its PDFs.
The first two are connected with the processes of
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planned for searches of New Physics signals at Teva(2.4) tron and LHC. It is worth mentioning that the measurement of the processes 2.4 and 2.5 can be done
or even three lepton pairs
for the case when final state lepton pairs would have
+ −
+ −
+ −
+ −
+ −
pp̄ → l1 l1 + l2 l2 + l3 l3 + X
(2.5) different flavor, like pp̄ → e e +µ µ +X. In such
a case we shall have the situation when events with
four hadronic jets, used in previous measurements
produced in one event.
of multiple interactions [31, 32, 33], are substituted
Both of these processes can include two or three
by events with four leptons. This substitution will
+ −
hard quark annihilation q q̄ → l l sub-processes,
increase the precision of measurement of the pacalled double and triple parton collisions respecrameters of multiple interactions as it was shown
tively. The analogouse processes, including in fiin recent measurements done with “3 jet + phonal state the system of four jets or the system of
ton” final states [34, 35, 36]. Besides getting the
three jets and one photon, were measured at higher
information about the fraction of multiple interacenergies by the experiments AFS[24], UA2[25],
tions, their study opens the possibility to get the inCDF[26, 27, 28], and D0[29, 30]. The last three
formation about the spatial distribution of quarks
most precise experiments have shown that at low
within the proton. It is obvious that in a case of
values of transverse momentum of the second jet
uniform distribution of quarks within the proton
with respect to the leading one, the fraction of douvolume the occurrence of the first parton-parton
ble parton events may be around 50%. At the
interaction would not influence the probability of
present time, due to the absence of a complete theothe second interaction, while in the case when the
retical explanation, the only way to define the cross
quarks are concentrated in small region the probsections of these multiparton interactions, apart
ability of the second interaction becomes higher if
from making phenomenological models, is the exone of the quarks has taken part in the first interperimental measurement. The PANDA experiment
action.
may be quite suitable for this aim.
The third opportunity is connected with the posThe total cross sections of such processes can be
sibility to measure the characteristics of internal
smaller as compared to the pp̄ → l+ l− + X proquark motion in the proton. This possibility is
cess which includes a single q q̄ → l+ l− sub-process.
based on the fact that the shape of the distribuNevertheless, they may contain interesting physical
tion of the modulus of the vector sum of quark and
information that can be more easily extracted at
antiquark transverse momentum vectors
the intermediate energies than at the higher ones.
PTqq̄ = |P~Tqq̄ | = |P~Tq + P~Tq̄ |
(2.6)
First, the measurement of the characteristics of the
system of other particles than lepton pairs, pro- practically coincides (due to the transverse momenduced in the process 2.4, will give us the oppor- tum conservation law) with the shape of the abovetunity to get information about the so-called “un- considered distribution of the modulus of the lepton
+ −
derlying” event, i.e. the system of ”spectator par- pair transverse momentum PTl l , shown in the plot
tons” which did not take part in a hard 2 → 2 b) of Fig. 2.12.
collision. The study of the analogous distribution The variable P qq̄ is of special interest because it
T
in the process 2.5, in which all valence quarks (and contains the information
about two important physantiquarks) in proton (and antiproton) will annihi- ical features of quark dynamics inside the hadron.
late into lepton-antilepton pairs, may provide the Indeed, in our case when an antiproton beam is diinformation about the gluon and quark-antiquark, rected along the z axis and it scatters off the proton
i.e. ”sea” quark content in the proton. The under- fixed target, there may be only two sources of transstanding of the physics of the ”underlying” event, verse motion of quarks in the initial state:
i.e. the interaction of partons which do not participate in the hard sub-process, is very important for
a) internal Fermi-motion of quarks (with some
the interpretation of the results of the Tevatron and
transverse velocity) inside a proton, i.e. the
LHC experiments related to ”soft” physics.
so-called “kT -effect”;
pp̄ → l1+ l1− + l2+ l2− + X

The second opportunity, also provided by the prob) initial-state radiation (ISR) of gluons or phocesses 2.4 and 2.5, is the study of the so-called multons from quarks before hard quark-antiquark
tiple parton hard interaction processes in pp- and
annihilation.
pp̄ interactions which are widely discussed in connection with the problem of a proper account of The importance of these two effects was recently
background contribution to the processes which are discussed [37, 38] in connection with the interpre-
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tation of the prompt photon production study in
the experiment E706 at Fermilab [39] and also with
the study of “γ/Z + jet” events, which are sensitive to the shape of gluon distribution, at the LHC
[40, 41] and Tevatron [42, 43, 44].
The feasibility of these measurements should be
studied in a dedicated simulation.

2.10

Conclusions

The modeling of di-lepton production in antiproton
scattering off a proton target pp̄ → l+ l− + X is
done for the intermediate energy Ebeam = 14 GeV
on the basis of the event generator PYTHIA and
the parton level sub-processes of quark-antiquark
annihilation: 1) q q̄ → γ ∗ → l+ l− with the continuous spectrum of the invariant mass of the lepton pair and 2) via J/ψ - resonance production
pp̄ → J/ψ + X → l+ l− , where, subsequently, J/ψ
decays through the leptonic channels J/ψ → l+ l−
(l = µ, e).
The distributions of the essential kinematical variables for individual leptons, are presented in section 2.2. They show that the energy and angle spectra of the fast (most energetic) leptons in
a pair are very different from those of slow leptons. The mean value < Efl ast > = 3.85 GeV
is about three times higher than that one of slow
l
> = 1.36 GeV. The simulation
leptons < Eslow
has also shown a maybe rather general tendency
that fast leptons fly predominantly at smaller angles < θfl ast > = 16.5◦ as compared to the angles
l
of slow ones < θslow
> = 38.2◦ . It is worth noting that about 6% of events may have slow leptons
that scatter into the back hemisphere. The angleenergy, energy-energy and angle-angle correlations
among slow and fast lepton in the same lepton pair
in the event are also described in section 2.2 and are
presented in Figures 2.4 and 2.5 together with the
corresponding distributions of the number of events
versus the corresponding lepton energies and angles.

min
l
Ecut
= 0.5 GeV and θmax
= 90◦ result in about
30% loss of signal events.

The analogous study was done on the basis of
PYTHIA in the section 2.3 for the leptons which
may appear in decay of J/ψ mesons, produced in
the benchmark process pp̄ → J/ψ+X. It was shown
that the leptons, produced in J/ψ → l+ l− decay, fit
well into the same angle regions as the leptons produced in MMT-DY process pp̄ → l+ l− + X. The
reconstruction of the lepton pair invariant mass can
allow to get rid of background without a sizable loss
of signal events.
In section 2.4 the study of kinematical characteristics of lepton pair as a whole system was done. It
is shown that the spectrum of the invariant mass of
the lepton pair decreases rather fast and vanishes
ll̄
= 2.5 GeV. At the same time the lepton
at Minv
pairs total energy spectrum starts at around 1 GeV
and extends up to the value of 12 GeV. It is also
demonstrated that about half of the events have a
lepton pair energy higher than 5 GeV. It is shown
that one can expect that in about 50% of events
the lepton pairs would be rather energetic and they
can take away between 33% and 80% of the total
energy of the final state system.
In section 2.5 the analysis of distributions, obtained by PYTHIA, allowed to determine the region
in x - Q2 plane which can be available for measuring
the proton structure function at PANDA. This region is defined by the following boundaries: 0.05 <
x < 0.7 and Q2 < 6.25 GeV2 . Let us emphasize that
the measurements in this region of positive (“time+
−
like”) q 2 = (P l + P l )2 = Q2 > 0 would be a good
extension of studies planned to be done at JLab in
2
the region of negative (“space-like”) values of qdis
2
l
l
= (Pin + Pout ) < 0.

The important problem of background suppression
is considered in sections 2.6, 2.7 and 2.8. In section 2.6 we have concentrated on the fake leptons
which can appear from hadron decays in the same
signal process. We studied signal processes with
di-muon production separately from the processes
These distributions allow one to estimate the en- with electron pair production using for this two sepergy, the transverse momentum and angle ranges arate event samples with signal muon pair and, rethat can be covered by leptons produced in quark- spectively, electron pair production. First we have
antiquark annihilation process. They were useful considered the case of µ+ µ− production. The hisfor proper design of the muon system and may also tograms which demonstrate the relative contribube used for the electromagnetic calorimeter. Tables tion of different parents and grandparents of pro5.1 and 2.2 show the estimation of the loss of signal duced muons are presented in the subsection 2.6.1.
events depending on the choice of cuts on the lower It is shown that charged pion decays produce the
values of lepton energy and, respectively, on the up- main part of fake muons. The next dominant source
per limit of the angle size of the muon system and is the decays of charged K-mesons the contribution
the electromagnetic calorimeter. From these Tables of which is by more than two orders less than from
one can see that, for instance, the choice of cuts pions.
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Some details about the pion source are presented
in the subsection 2.6.2 where it was shown that
about 42% of signal events do not contain at all
charged pions, while 24% of them contain only
one pion and 27% include two charged pion in
the final state. About 5% of signal events include
three charged pions and 1.5% have four charged pions. This prediction of PYTHIA indicates, that
the reconstruction of invariant masses of parent and
grandparent hadrons can be a quite reliable way for
fixing the origin of produced fake muons.
The kinematical plots, shown in subsection 2.6.3
(and in subsection 2.6.4 for fake electrons) are
done by applying a geometrical restriction on the
detector volume. This restriction produced a strong
reduction of the fraction of fake leptons. In result
the energy and transverse momentum spectra of
fake muons became essentially shorter than their
analogs shown in the Section 2.2 for signal leptons. The fraction of signal events which include
fake muons has reduced down to about 16.6% (in
comparison with pion distributions). It means that,
according to PYTHIA, about 83% of signal events
would not contain fake muons at all due to the used
restriction of the decay volume. The analogous parent, grandparent and kinematical distributions were
obtained in subsection 2.6.4 for the case of background electrons. It is found that the application of
geometrical restriction on the detector volume provides the reduction of signal events fraction (containing fake electrons) to 2%.
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cross section of minimum-bias process is by about
7 orders larger than the cross section of the signal process the application of these five cuts allows
to suppress strongly minimum-bias and QCD background contribution in µ+ µ− case and to reach the
value of S/B = 3.8 for e+ e− case. It is worth mentioning that the application of the fourth and the
fifth cuts leads to an additional loss of the number
of selected signal events by 8%.
Section 2.9 contains three important remarks
about the physical potential of studying events having several lepton-antilepton pairs in the final state.
First, it is stressed that the study of events with two
(and, may be, even three) lepton pairs would allow
to enlarge the precision of the parameters of multiple quark interactions. It will also essentially extend the region of QCD studies because up to now
there were done only five dedicated measurements
of such events in proton-proton and antiprotonproton collisions. The first three processes considered the case when four jets were produced in the
final state, while the last two measurements have
used the events in which the final state was including three jets plus one direct photon. Therefore,
the measurements in which the jets would be substituted by leptons would allow to reach a higher
level of precision.

It was also noted that at the same time such events,
based on the processes of valence quark annihilation in the colliding protons, will provide a clean
information about the dynamics of spectator quark
Three cuts are proposed in subsection 2.6.5 interactions. It is worth mentioning that the most
which, being applied together with the restriction interesting would be the measurements with three
on the detector volume, allow a further reduction lepton pair production, because in this case the unof the fraction of the signal events containing fake derlying processes would be defined mostly by soft
decay leptons. They are f rµ = 0.001% in case of gluon interactions.
µ+ µ− production and f re = 0.008% in e+ e− . Let The third opportunity, which was discussed in the
us underline that this strong reduction of the frac- section 2.8, can be based on the measurement of
tion the signal events including fake leptons was the transverse momentum of lepton pairs which is
achieved at the cost of the loss of a noticeable num- directly connected with the transverse momentum
ber of selected signal events. These losses are 17% of the system of two annihilating quarks. The latter
for µ+ µ− and 14% for e+ e− production.
can be caused by the so-called “k - effect” which
T

The more dangerous background, provided by
minimum-bias and QCD events, was studied in sections 2.7 and 2.8. The former includes two subsections in which the figures with parent and grandparent relative contributions as well as with kinematical distributions for µ+ µ− and e+ e− cases are
presented, respectively. Section 2.8 contains five
cuts including the three former cuts. The fourth
cut reduces the spectrum of the invariant mass of
di-lepton system by the condition Minv > 0.9 GeV,
while the fifth cut uses the isolation criteria for the
lepton. It is shown that despite the fact that the

is connected with the so called “Fermi-motion” of
quarks inside the proton or the radiation of gluons
by initial-state quarks. This information is of big
interest for the interpretation of QCD effects observed at high energy hadron colliders.
It should be underlined that the present PYTHIA
simulation does not take into account the detector
effects (like the magnetic field and the material of
the apparatus, for example). Hence, the obtained
plots, which describe the unbiased distributions of
the produced free particles, may be mainly useful
for preliminary estimations and working out the cri-
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teria (cuts) for selection of experimental events for
further physical analysis. The detailed GEANT
simulation with account of detector design (and
based on the simulated PYTHIA event sample described here) will be a subject of following study.
Nevertheless, one can expect that there is a high
probability that the main features of the real process, corrected for detector effects, would be rather
close to those shown in the plots presented here.
An estimation of the magnetic fields effects and of
the material filtering of the muon background are
reported in chapter 4, where the figures of merit of
the π-µ separation are discussed in details.
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2.11
Bin
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Appendix with Tables
Name of e’s
grandparent
particle
cluster
string
ρ0
π+
ρ+
η
ω
KS0
K ∗0
K+
K ∗+
η’
ϕ
∆−
∆0
∆+
K +/− like string
∆++
Σ∗−
Λ0
Σ0
Σ∗0
Σ+
Σ∗+
Ξ∗−
Ξ0

Name of µ’s
grandparent
particle
cluster
string
ρ0
ρ+
η
ω
KS0
K ∗0
K+
K ∗+
η’
ϕ
∆−
∆0
+/−
K
like string
∆+
∆++
Σ−
Σ∗−
Λ0
Σ∗0
Σ+
Σ∗+
Ξ−
Ξ∗−
Ξ∗0

Table 2.8: Bin correspondence to the particle names
for the case of e’s and µ’s grandparents.
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Bin
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Name of π’s
parent particle
cluster
string
ρ0
ρ+
η
ω
KS0
K ∗0
K+
K ∗+
η’
ϕ
∆−
∆0
∆+
∆++
Σ−
Σ∗−
Λ0
Σ∗0
Σ+
Σ∗+
Ξ−
Ξ∗−
Ξ∗0

Name of π’s
grandparent particle
d - quark
u - quark
cluster
string
ρ0
ω
K0
K ∗0
K ∗+
η’
ϕ
ud - diquark, S = 0
ud - diquark, S = 1
uu - diquark, S = 1
neutron
Σ∗−
Σ0
Σ∗0
Σ∗+
Ξ−
Ξ∗−
Ξ0
Ξ∗0

Table 2.9: Bin correspondence to the particle names
for the case of e’s and µ’s grandparents.
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3

The Muon System for PANDA

3.1

The PANDA Spectrometer

The main objectives of the design of the PANDA
experiment are to achieve 4π acceptance, high
resolution for tracking, particle identification and
calorimetry, high rate capabilities and a versatile
readout and event selection. To obtain a good momentum resolution the detector will be composed of
two magnetic spectrometers: the Target Spectrometer (TS), based on a superconducting solenoid magnet surrounding the interaction point, which will be
used to measure at large polar angles and the Forward Spectrometer (FS), based on a dipole magnet,
for small angle tracks.
It is based on a complex setup of modular subsystems including tracking detectors (MVD, STT,
GEM), electromagnetic calorimeters (EMC), a
muon system, Cherenkov detectors (DIRC and
RICH) and a time-of-flight (TOF) system. A sophisticated concept for the data acquisition with
a flexible trigger is planned in order to exploit at
best the set of final states relevant for the PANDA
physics objectives.

nermost parts are planned to be made of beryllium,
titanium or a suited alloy which can be thinned to
wall thicknesses of 200 µm. Due to the limited space
and the constraints on the material budget close to
the IP, vacuum pumps along the beam pipe can
only be placed outside the target spectrometer. Insections are foreseen in the iron yoke of the magnet
which allow the integration of either a pellet or a
cluster-jet target. The target material will be injected from the top. Dumping of the target residuals after beam crossing is mandatory to prevent
backscattering into the interaction region. The entire vacuum system is kept variable and allows an
operation of both target types. Moreover, an adaptation to non-gaseous nuclear wire targets is possible. For the targets of the planned hypernuclear
experiment the whole upstream end cap and parts
of the inner detector geometry will be modified.

At present, two different, complementary techniques for the internal target are being developed
further: the cluster-jet target and the pellet target.
Both techniques are capable of providing sufficient
densities for hydrogen at the interaction point, but
exhibit different properties concerning their effect
The Target Spectrometer will surround the interac- on the beam quality and the definition of the intertion point and measure charged tracks in a highly action point. In addition, internal targets also of
homogeneous solenoidal field. In the manner of a heavier gases, deuterium, nitrogen or argon can be
collider detector it will contain detectors in an onion made available.
shell like configuration. Pipes for the injection of
target material will have to cross the spectrometer
perpendicular to the beam pipe.
The Target Spectrometer will be arranged in three
parts: the barrel covering angles between 22◦ and
140◦ , the forward end cap extending the angles
down to 5◦ and 10◦ in the vertical and horizontal planes, respectively, and the backward end cap
covering the region between about 145◦ and 170◦ .
Please refer to Fig. 3.1 for a complete overview.

Solenoid Magnet

The solenoid magnet of the TS will deliver a very
homogeneous solenoid field of 2 T with fluctuations
of less than ±2%. In addition, a limit of
R
Br /Bz dz < 2 mm is specified for the normalised
integral of the radial field component. The super3.1.1 Target Spectrometer
conducting coil of the magnet has a length of 2.8 m
and an inner radius of 90 cm, using a laminated
Beam -Target System
iron yoke for the flux return. The cryostat for the
solenoid coils is required to have two warm bores
The beam-target system consists of the appara- of 100 mm diameter, one above and one below the
tus for the target production and the correspond- target position, to allow for insertion of internal taring vacuum system for the interaction region. The gets. The load of the integrated inner subsystems
beam and target pipe cross sections inside the tar- can be picked up at defined fixation points. A preget spectrometer are decreased to an inner diameter cise description of the magnet system and detailed
of 20 mm close to the interaction region. The in- field strength calculations can be found in [1].

PANDA - Strong interaction studies with antiprotons

32

Micro
Vertex
Detector
Target
System

Straw
Tube
Tracker

GEM
Detectors

Straw Tube
Trackers

Shashlyk
Calorimeter
Muon Range
System

Solenoid

Beam
Pipe

Dipole
Magnet

TOF
Wall
RICH

Disk DIRC
Muon Filter
Muon End Cap Detector
Muon Barrel
Detector

Barrel DIRC
& SciTil

EM
Calorimeters

Figure 3.1: Artistic view of the PANDA Spectrometer

Micro Vertex Detector

Additional Forward Disks

The design of the Micro Vertex Detector (MVD) Two additional silicon disk layers are considered
for the Target Spectrometer is optimised for the further downstream at around 40 cm and 60 cm
detection of secondary decay vertices from charmed
and strange hadrons and for a maximum acceptance
close to the interaction point. It will also strongly
improve the transverse momentum resolution. The
setup is depicted in Fig. 3.2.
The concept of the MVD is based on radiation hard
silicon pixel detectors with fast individual pixel
readout circuits and silicon strip detectors. The
layout foresees a four layer barrel detector with an
inner radius of 2.5 cm and an outer radius of 15 cm.
The two innermost layers will consist of pixel detectors and the outer two layers will be equipped with
double-sided silicon strip detectors.
Six detector wheels arranged perpendicular to the
beam will achieve the best acceptance for the forward part of the particle spectrum. While the inner
four layers will be made entirely of pixel detectors,
the following two will be a combination of strip detectors on the outer radius and pixel detectors closer
to the beam pipe.

Figure 3.2: The Micro Vertex Detector (MVD) of the
Target Spectrometer surrounding the beam and target
pipes seen from downstream. To allow a look inside the
detector a three-quarters portraits is chosen.
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to achieve a better acceptance of hyperon cascades.
They are intended to be made entirely of silicon
strip detectors. Even though they are not part of
the central MVD it is planned, as a first approach,
to follow the basic design as defined for the strip
disks of the MVD. However, an explicit design optimisation still has to be performed. Two of the
critical points to be checked are related to the increased material budget caused by these layers and
the needed routing of cables and supplies for these
additional disks inside the very restricted space left
by the adjacent detector systems.
Straw Tube Tracker (STT)
This detector will consist of aluminised Mylar tubes
called straws. These will be stiffened by operating
them at an overpressure of 1 bar which makes them
self-supporting. The straws are to be arranged in
planar layers which are mounted in a hexagonal
shape around the MVD as shown in Fig. 3.3. In
total there are 27 layers of which the 8 central ones
are skewed, to achieve an acceptable resolution of
3 mm also in z (parallel to the beam). The gap to
the surrounding detectors will be filled with further
individual straws. In total there will be 4636 straws
around the beam pipe at radial distances between
15 cm and 41.8 cm with an overall length of 150 cm.
All straws have a diameter of 10 mm and are made
of a 27 µm thick Mylar foil. Each straw tube is
constructed with a single anode wire in the centre
that is made of 20 µm thick gold plated tungsten
The gas mixture used will be Argon based with CO2
as quencher. It is foreseen to have a gas gain not
greater than 105 in order to warrant long term operation. With these parameters, a resolution in x
and y coordinates of less than 150 µm is expected.
A thin and light space frame will hold the straws
in place, the force of the wire however is kept solely
by the straw itself. This overall design results in a
material budget of 1.2% of one radiation length.
Forward GEM Detectors

Figure 3.3: The Straw Tube Tracker (STT) of the
Target Spectrometer seen from upstreams.

Figure 3.4: Schematic drawing of the tracking detectors of the Target Spectrometer.

chambers have to sustain a high counting rate of
particles peaked at the most forward angles due to
the relativistic boost of the reaction products as well
as due to the small angle pp elastic scattering. The
maximum expected particle flux in the first chamber in the vicinity of the 5 cm diameter beam pipe
will be about 3 · 104 cm−2 s−1 .
Barrel DIRC

Fig. 3.4 shows the components of the tracking sys- At polar angles between 22◦ and 140◦ , particle identem of the Target Spectrometer.
tification will be performed by the Detection of InParticles emitted at angles below 22◦ which are not ternally Reflected Cherenkov (DIRC) light as recovered fully by the STT will be tracked by three alised in the BaBar detector [2]. It will consist of
planar stations placed approximately 1.1 m, 1.4 m 1.7 cm thick fused silica (artificial quartz) slabs surand 1.9 m downstream of the target. Each station rounding the beam line at a radial distance of 45 cm
consists of double planes with two projections per to 54 cm. At BaBar the light was imaged across a
plane. The stations will be equipped with Gaseous large stand-off volume filled with water onto 11,000
micro-pattern detectors based on Gas Electron Mul- photomultiplier tubes. At PANDA, it is intended
tiplier (GEM) foils as amplification stages. The to focus the images by lenses onto Micro-Channel
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Plate PhotoMultiplier Tubes (MCP PMTs) which
are insensitive to magnet fields. This fast light detector type allows a more compact design and the
readout of two spatial coordinates.
Forward End-Cap DIRC
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(PbWO4 ) is a high density inorganic scintillator
with sufficient energy and time resolution for photon, electron, and hadron detection even at intermediate energies [3, 4, 5].
The crystals will be 20 cm long, i.e. approximately
22 X0 , in order to achieve an energy resolution below 2 % at 1 GeV [3, 4, 5] at a tolerable energy loss
due to longitudinal leakage of the shower. Tapered
crystals with a front size of 2.1 × 2.1 cm2 will be
mounted in the barrel EMC with an inner radius of
57 cm. This implies 11,360 crystals for the barrel
part of the calorimeter. The forward end cap EMC
will be a planar arrangement of 3,600 tapered crystals with roughly the same dimensions as in the
barrel part, and the backward end cap EMC comprises of 592 crystals. The readout of the crystals
will be accomplished by large area avalanche photo
diodes in the barrel and in the backward end cap,
vacuum photo-triodes will be used in the forward
end cap. The light yield can be increased by a factor of about 4 compared to room temperature by
cooling the crystals down to −25 ◦ C.

A similar concept is considered to be employed in
the forward direction for particles at polar angles
between 5◦ and 22◦ . The same radiator, fused silica, is to be employed, however in shape of a disk.
The radiator disk will be 2 cm thick and will have
a radius of 110 cm. It will be placed directly upstream of the forward end cap calorimeter. At the
rim around the disk the Cherenkov light will be
measured by focusing elements. In addition measuring the time of propagation the expected light
pattern can be distinguished in a 3-dimensional parameter space. Dispersion correction is achieved by
the use of alternating dichroic mirrors transmitting
and reflecting different parts of the light spectrum.
As photon detectors either silicon photomultipliers
or microchannel plate PMTs are considered.
The EMC will allow to achieve an e/π ratio of
103 for momenta above 0.5 GeV/c. Therefore,
e/π-separation will not require an additional gas
Scintillator Tile Barrel (Time-of-Flight)
Cherenkov detector in favour of a very compact geFor slow particles at large polar angles, particle ometry of the EMC. A detailed description of the
identification will be provided by a time-of-flight detector system can be found in [6].
(TOF) detector positioned just outside the Barrel
DIRC, where it can be also used to detect photon
conversions in the DIRC radiator. The detector is
based on scintillator tiles of 28.5 × 28.5 mm2 size,
individually read out by two Silicon PhotoMultipliers per tile. The full system consists of 5,760 tiles
in the barrel part and can be augmented also by
approximately 1,000 tiles in forward direction just
in front of the endcap disc DIRC. Material budget
and the dimension of this system are optimised such
that a value of less than 2% of one radiation length,
including readout and mechanics and less than 2 cm
radial thickness will be reached, respectively. The
expected time resolution of 100 ps will allow precision timing of tracks for event building and fast
software triggers. The detector also provides well
timed input with a good spatial resolution for online pattern recognition.

Muon Detectors
The laminated yoke of the solenoid magnet acts as
a range system for the detection of muons. There
are 13 sensitive layers, each 3 cm thick (layer “zero”
is a double-layer). They alternate with 3 cm thick
iron absorber layers (first and last iron layers are
6 cm thick), introducing enough material for the absorption of pions in the PANDA momentum range
and angles. In the forward End Cap more material is needed due to the higher momenta of the
occurring particles. Therefore, six detection layers
will be placed around five iron layers of 6 cm each
within the downstream door of the return yoke, and
a removable Muon Filter with additional four layers
of 6 cm iron and corresponding detection layers will
be moved in the space between the solenoid and the
dipole.

As sensors between the absorber layers, rectangular aluminum Mini Drift Tubes (MDT) are foreExpected high count rates and a geometrically com- seen. Basically, these are drift tubes with addipact design of the Target Spectrometer require tional capacitive coupled strips. All together, the
a fast scintillator material with a short radiation laminated yoke of the solenoid magnet and the adlength and Molière radius for the construction of the ditional Muon Filter will be instrumented with 2751
electromagnetic calorimeter (EMC). Lead tungstate MDTs and 424 MDTs, respectively.
Electromagnetic Calorimeters

FAIR/PANDA/Technical Design Report - Muon System
Hypernuclear Detector
The hypernuclei study will make use of the modular structure of PANDA. Removing the backward
end cap calorimeter and the MVD will allow to add
a dedicated nuclear target station and the required
additional detectors for γ spectroscopy close to the
entrance of PANDA. While the detection of hyperons and low momentum K ± can be ensured by the
universal detector and its PID system, a specific
target system and a γ-detector are additional components required for the hypernuclear studies.
The production of hypernuclei proceeds as a twostage process. First hyperons, in particular Ξ Ξ̄,
are produced on a nuclear target. In addition, a secondary target is needed for the formation of double
hypernuclei. The geometry of this secondary target
is determined by the short mean life of the Ξ − of
only 0.164 ns. This limits the required thickness
of the active secondary target to about 25 mm to
30 mm. It will consist of a compact sandwich structure of silicon micro-strip detectors and absorbing
material. In this way the weak decay cascade of
the hypernucleus can be detected in the sandwich
structure.
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respectively. The bending power of the dipole on
the beam line causes a deflection of the antiproton
beam at the maximum momentum of 15 GeV/c of
2.2◦ . For particles with lower momenta, detectors
will be placed inside the yoke opening. The beam
deflection will be compensated by two correcting
dipole magnets, placed around the PANDA detection system. The dipole field will be ramped during
acceleration in the HESR and the final ramp maximum scales with the selected beam momentum.
Forward Trackers

The deflection of particle trajectories in the field of
the dipole magnet will be measured with three sets
of tracking drift detectors. The first pair will be
placed in front, the second within and the third behind the dipole magnet. Each pair will contain two
autonomous detectors, thus, in total, 6 independent
detectors will be mounted. Each tracking detector
will consist of four double-layers of straw tubes (see
Fig. 3.5), two with vertical wires and two with wires
inclined by ± 5 degrees. The planned configuration
of double-layers of straws will allow to reconstruct
tracks in each pair of tracking detectors separately,
An existing germanium-array with refurbished also in case of multi-track events.
readout will be used for the γ-spectroscopy of
the nuclear decay cascades of hypernuclei. The
main limitation will be the load due to neutral or
charged particles traversing the germanium detectors. Therefore, readout schemes and tracking algorithms are presently being developed which will
enable high resolution γ-spectroscopy in an environment of high particle flux.

3.1.2

Forward Spectrometer

The Forward Spectrometer (FS) will cover all particles emitted in vertical and horizontal angles below
±5◦ and ±10◦ , respectively. Charged particles will
be deflected by an integral dipole field. Cherenkov Figure 3.5: Double layer of straw tubes with preamdetectors, calorimeters and muon counters ensure plifier cards and gas manifolds mounted on rectangular
support frame. The opening in the middle of the detecthe detection of all particle types.
tor is foreseen for the beam pipe.

Dipole Magnet
A 2 Tm dipole magnet with a window frame, a 1 m
gap, and more than 2 m aperture will be used for
the momentum analysis of charged particles in the
FS. In the current planning, the magnet yoke will
occupy about 1.6 m in beam direction starting from
3.9 m downstream of the target. Thus, it covers the
entire angular acceptance of the TS of ±10◦ and
±5◦ in the horizontal and in the vertical direction,

Forward Particle Identification
To enable the π/K and K/p separation also at
the highest momenta a RICH detector is proposed.
The favoured design is a dual radiator RICH detector similar to the one used at HERMES [7]. Using two radiators, silica aerogel and C4 F10 gas,
provides π/K/p separation in a broad momentum

36
range from 2 to 15 GeV/c. The two different indices
of refraction are 1.0304 and 1.00137, respectively.
The total thickness of the detector is reduced to
the freon gas radiator (5%X0 ), the aerogel radiator
(2.8%X0 ), and the aluminum window (3%X0 ) by
using a lightweight mirror focusing the Cherenkov
light on an array of photo-tubes placed outside the
active volume.
A wall of slabs made of plastic scintillator and read
out on both ends by fast photo-tubes will serve as
time-of-flight stop counter placed at about 7 m from
the target. Similar detectors will be placed inside
the dipole magnet opening to detect low momentum particles which do not exit the dipole magnet.
The time resolution is expected to be in the order
of 100 ps thus allowing a good π/K and K/p separation up to momenta of 2.8 GeV/c and 4.7 GeV/c,
respectively.

Forward Electromagnetic Calorimeter
For the detection of photons and electrons a
Shashlyk-type calorimeter with high resolution and
efficiency will be employed. The detection is based
on lead-scintillator sandwiches read out with wavelength shifting fibres passing through the block and
coupled to photo-multipliers. The lateral size of
one module is 110 mm × 110 mm and a length of
680 mm (= 20X0 ). A higher spatial resolution
will be achieved by sub-dividing each module into 4
channels of 55 mm×55 mm size coupled to 4 PMTs.
To cover the forward acceptance, 351 such modules,
arranged in 13 rows and 27 columns at a distance
of 7.5 m from the target, are required. With similar
modules, based on the same technique as√proposed
for PANDA, an energy resolution of 4%/ E [8] has
been achieved.

Forward Muon Detectors
For the very forward part of the muon spectrum,
a further range tracking system consisting of interleaved absorber layers and rectangular aluminium
drift-tubes is being designed, similar to the muon
system of the TS, but laid out for higher momenta.
The system allows discrimination of pions from
muons, detection of pion decays and, with moderate resolution, also the energy determination of
neutrons and anti-neutrons. The forward muon system will be placed at about 9 m from the target. It
will be instrumented with 576 MDT detectors.
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Luminosity Monitor
The luminosity at PANDA will be determined by
using elastic antiproton-proton scattering as a reference channel.
At very small transferred momentum, corresponding to small polar angles, the elastic cross section
is dominated by the Coulomb component which is
exactly calculable. Taking the beam divergence
into account, the angular distribution of scattered
antiprotons will be measured in the range of 3-8
mrad, corresponding to the Coulomb-nuclear interference region. The angle of each scattered antiproton will be measured by four layers of thin silicon
microstrip detectors placed about 11 m behind the
interaction point, behind the Forward Spectrometer. The planes are positioned as close to the beam
axis as possible and separated by 10-20 cm along
the beam direction. The current design foresees
that every plane consists of 8 sensors in trapezoidal
shape, covering the whole azimuthal angle, in order
to suppress systematic effects from e.g. the forward dipole magnet and potential misalignment of
the beam. The silicon sensors will be located inside
the vacuum to minimize scattering of the antiprotons before traversing the tracking planes. With the
proposed detector setup an absolute precision of 3%
for the time integrated luminosity is expected.

3.1.3

Data Acquisition

In PANDA, a data acquisition concept is being developed to be as much as possible matched to the
complexity of the experiment and the diversity of
physics objectives and the rate capability of at least
2 · 107 events/s. Therefore, every sub-detector system is a self-triggering entity. Signals are detected
autonomously by the sub-systems and are preprocessed. Only the physically relevant information
is extracted and transmitted. This requires hitdetection, noise-suppression and clusterisation at
the readout level. The data related to a particle
hit, with a substantially reduced rate in the preprocessing step, is marked by a precise time stamp and
buffered for further processing. The trigger selection finally occurs in computing nodes which access
the buffers via a high-bandwidth network fabric.
The new concept provides a high degree of flexibility in the choice of trigger algorithms. It makes
trigger conditions available which are outside the
capabilities of the standard approach.
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Infrastructure

ventory in the PANDA hall. The helium gas coming
out from the thermal shields would be recovered at
The PANDA experimental hall will be located in the room temperature and pressure in the low pressure
east straight section of HESR. The planned floor recovery system.
space in the hall will be of 52 m × 28 m. Within All other cabling, which will be routed starting at
the cave, the PANDA detector, the auxiliary equip- the counting house, will join the LHe supply lines
ment, the beam steering magnets and the focus- at the end of the rails system of the TS at the
ing elements will be housed. To allow for access eastern wall. The temperature of the building will
during HESR operation, the area of the beam line be moderately controlled. More stringent requireand the detector will be shielded with movable con- ments with respect to temperature and humidity
crete blocks. Controlled access will be provided via for the detectors have to be maintained locally. To
a properly designed chicane in the concrete wall. facilitate cooling and avoid condensation, the TarMoreover, the experimental hall will provide addi- get Spectrometer will be kept in a tent with dry air
tional space for component storage and detector as- at a controlled temperature.
sembly. The PANDA hall will feature an overhead
crane, spanning the whole area and with a maximum load capacity of 40 t. The shielded space for 3.2
PANDA Muon System
the PANDA detector and the beam line will have an
area of 32.6 m × 11 m and a height of 8.7 m. The The need to measure muons in PANDA within
beam line at a height of 3.55 m. The floor level a wide momentum range, from sub-GeV/c up to
in the HESR tunnel will be 2.15 m higher. The 10 GeV/c (J/ψ, charmonium, MMT-DY, etc.), reTS with its front-end electronics will be mounted quires a good muon identification. For example,
on rails and can move from the on-beam position if we take MMT-DY muon pair production as the
to outside the shielded area, to allow simultaneous benchmark process to evaluate the performance of
detector maintenance and accelerator operation.
the PANDA detector (Fig.3.1), muons must be meaIn the south-west corner of the PANDA hall, the
experiment counting house complex is foreseen. It
will be a complex made of five floors. At the first
floor, the supplies for power, high voltage, cooling
water, gases and other services will be housed. The
second floor will provide space for the readout electronics and data acquisition (DAQ) and the online
processing farm will be housed at the third floor.
The hall electricity supply and ventilation will be
hosted at the fifth floor, whereas at the fourth floor
there will be the space for the shift crew: the control room and a meeting room, with some service
rooms, will be at the same level of the surrounding
ground. The PANDA experiment will need liquid
helium for the TS solenoid and for the compensation solenoid. The refrigeration scheme will be
similar to the one used for the BaBar magnet [9].
The cryogenic plant will be built and characterised
at FZ Jülich and moved to FAIR with the magnet.
In the natural convection refrigeration scheme that
has been proposed, the storage-liquefaction Dewar
close to the liquefier acts as buffer for the system.
With the projected LHe consumption (safety factor
on cryogenic losses included), a 2000 l storage will
allow ∼ 10 h of operation in case of liquefier failure,
giving ample time margin for the magnet discharge.
The supply point will be at the north-east area of
the building. From that point, the LHe will be delivered to the control Dewar, which can be chosen
sufficiently small (∼ 30 l) to minimise the LHe in-

sured within a polar angle ranging from 0 up to 150
degrees in the lab system and average energy of few
GeV with a maximum energy value greater than 10
GeV in the forward region for a 15 GeV/c beam
momentum.
The MMT-DY process is a natural choice for the
optimization of the PANDA Muon System as its
muon pairs have maximal momentum spread which
covers the spectra of other processes of interest with
muons in the final state, like those originating from
J/ψ and D-mesons (Fig.3.6). This figure, taken as
an example, shows the full and transverse momentum (left and right columns, respectively) distributions for the single muons in angular interval (at
production point) up to 20 degrees, which corresponds to the geometrical acceptance of the Forward Spectrometer of the PANDA setup. The ratio
between the momenta of the muons produced in
these processes is almost constant over the full angular acceptance of the Muon System (about 150
degrees). Generally saying the processes of interest
having muons in final states have small cross sections when compared with backgrounds. This requires a very good muon identification to maximize
the signal to background ratio. Muon identification
in the PANDA spectrometer may be done by different detector systems and methods, for example:
• muon tracker (good visibility of the sample of
tracks even in presence of hadronic shower);
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Figure 3.6: Muon momenta distributions for different processes in the polar angle range 0◦ - 20◦

.
• calorimetry,
both electromagnetic and
hadronic (dE/dx energy deposition of MIP);

complicated surfaces, robustness and reliability, small/negligible aging;

• scintillator counters (time-of-flight measurement);

• performance of MDTs in muon systems which
is proven in the big experiments like D0 at
FNAL [11, 12, 13, 14, 15] (6300 detectors,
50400 readout channels) and COMPASS at
CERN [16] (1050 detectors, 8400 readout channels);

• Cherenkov counters.
The first system may be regarded as the main one
for reliable muon identification, the others are important but complementary.
Correlating the signals from all four independent
systems should provide the desirable level of signal
purity for muons. These correlations become more
important with lower beam energy.
The main task of the Muon System is the muon
identification via pattern recognition and matching
of the track segments to the tracks inside the magnets. The precise muon momentum measurement
is performed by the trackers of the magnetic spectrometers.

3.2.1

Mini Drift Tube Detector

The Mini-Drift Tubes (MDTs) were proposed as
detectors to the PANDA Collaboration as optimal
choice for the Muon System [10]. The motivation
includes:

• team of experts in JINR/Dubna capable to design, produce, assemble and maintain the MDT
based Muon System;
• availability of the big workshop with productivity adequate to the PANDA construction
schedule.
The Mini-Drift Tube detector is a type of Iarocci
tubes (streamer tubes) [17] which has the same basic geometry (that proved to be very practical and
flexible) but uses proportional mode of operation instead of streamer one and replaces the plastic cathode by a metallic one; the last two points serve for
much higher longevity of MDTs in high rate background conditions.
The MDT detector (see Fig.3.7 and Fig.5.2 in section 5) comprises the following parts: metallic
cathode-aluminum extruded comb-like profile and
stainless steel cover (not shown on this figure), anode wires and plastic envelope for gas tightness.

• features of the detector comprising: good spatial and time resolution, simplicity and flex- The typical wall thickness of the profile may be in
ibility of design permitting to cover big and the range above 0.45 mm (with tolerances about
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Layout of the Muon System

The most suitable technology for detecting muons
in PANDA is a Range System (RS) with proper
granularity (for example, see [18]) close to muon
straggling in the iron absorber (iron is being also
used as a magnet yoke for the Target Spectrometer).
The RS structure is a well-known solution for detecting muons when they are stopped by the absorber and when they cross the whole iron. In the
Figure 3.7: Mini Drift Tube cross-section (left) and
first case, one may even roughly estimate the enlayout (right).
ergy of the muons. The stopping power of iron is
about 1.5 GeV per meter of absorber for relativistic
muons with dE/dx = 2 MeV/g. Keeping in mind
the specific dependence of muon momenta on the
polar angle at PANDA kinematics we arrive to the
±0.05 mm). Plastic may be chosen (PVC, ABS, Muon System layout shown in Fig.3.8. The Target
Noryl) depending on the safety environmental requirements in the Lab. The signal wire pitch is
10 mm. The relevant features of the MDT detectors, like big enough efficiency plateau, time resolution, coordinate accuracy, small aging (in fact,
no aging at all) etc., were thoroughly investigated
and proven by large scale experiments mentioned
above as well as their high reliability and robustness. Presently the MDTs are used either as
drift chambers (D0/FNAL) or proportional (COMPASS/CERN, Yes/No readout of the wires), but in
both cases as one-coordinate detector only.
The MDT design permits also to use it as twocoordinate detector by reading out the signal induced on an external sample of electrodes (strips
or pads). For this purpose the stainless steel cover
should not be installed during the assembly of detector, thus permitting the induction on the external electrodes without screening effect (the positive
high voltage should be applied to the wires). This
point requires R&D studies (see chapter 5) to optimize the readout of the second coordinate as the induced signal is quite small in this geometry of MDT
(Fig.3.7). For the purposes of the PANDA Muon
System the second coordinate readout is obligatory
as it provides the information on the total path of
muons in the iron absorber, thus giving the energy
loss in the range system.
The second coordinate readout made with Iarocci
tubes and strips of comparable length (4 m and
1.5 m, respectively) was successfully implemented
in the Surround Muon Chambers of DELPHI experiment at LEP/CERN. Although the value of signal
induced on strips in Iarocci tubes is higher compared to the case of MDT detectors (about 25%
versus 10% relative to the anode pulse in proportional mode, respectively) with the proper setup
strips may be used reliably with MDTs.

Figure 3.8: The layout of Muon System using the technique of Range System (with the number of MDT detectors for each particular subsystem).

Spectrometer (TS) has two parts: the Barrel (B)
and the End Cap (EC). The Muon Filter (MF) has
practically identical mechanical structure as TS EC
(except for the number of steel plates: 5 for EC
and 4 for MF), and it serves for two purposes: first,
it increases the depth of absorber for intermediate
angles for better detection of muons and, second,
it provides an additional magnetic screen between
the solenoid of TS and dipole of Forward Spectrometer (FS). It is necessary to stress that the design
of the solenoidal yoke is fully integrated with its
instrumentation - MDT detectors with fiberglass
strip boards and preamplifiers (see below). To reliably and comfortably accommodate the sandwich
of MDTs and strip boards the slots in the iron absorbers (for the whole Muon System) are selected to
be equal to 3 cm. The cross-section of TS and MF is
given in Fig.3.9. In the barrel part the granularity
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3.2.3

3D Model of the Target
Spectrometer and the Muon
Filter

This 3D model was created for deployment of the
MDT detectors, strip boards, and front-end electronics cards in the volume of the whole Muon System setup. The model is using the ACAD 2010
package and it also may be used by other design
packages like CATIA, SolidWorks and PTC ProENGINEER (through the STEP format).

Figure 3.9: Target Spectrometer and Muon Filter
cross section.

of the iron absorber (sampling) is 3 cm (except for
the inner and outer plates, which have a thickness of
6 cm for mechanical reasons). The sampling thickness is determined by the quite small energies of
muons entering the barrel (below or about 1 GeV).
In fact, this thickness corresponds to the straggling
of muons in iron thus providing the best possible
resolution for muons stopped in the Range System.
In the EC and MF the 6 cm sampling is selected for
better detection of muons with higher energies. The
Forward Range System (FRS) of FS has the same
6 cm sampling and due to the high average energy
of most particles entering the FS may also serve as
a hadron calorimeter with modest resolution.
We propose to exploit the Muon System to its maximal resolution capabilities. In practical terms it
means that we plan to have 1 cm pitch for both
coordinates given by wires and strips. Better coordinate resolution is not needed due to the typical multiple scattering of MIP particles in the iron
absorber. On the other side, a larger pitch is not
acceptable due to the loss of accuracy in the reconstruction of the muon path in the absorber with
subsequent loss in the energy resolution for stopped
muons in the Range System. The present level of
our understanding of the Muon System permits us
to calculate the basic numerical parameters of its instrumentation. The numbers for MDTs, wires and
strips are given in Table 3.1. The table contains
also an estimate of the resources required to construct the corresponding subsystem of the PANDA
Muon System.

The general view of the Target Spectrometer with
Muon Filter obtained from the 3D model is given in
Fig.3.10. The TS Barrel consists of 8 modules, each
with an approximate weight of 23.7 tons, which are
made up of 22.3 tons of Fe absorber from the yoke,
0.88 tons from MDTs and 0.5 tons from the strip
boards. The full weight of the barrel is about 189.5
tons. Each of the two End Cap modules (doors)
weighs about 23.2 tons (22.5 tons of Fe absorber as
part of the yoke, 0.52 tons of MDTs, 0.2 tons strip
boards, 0.2 tons of fastenings and supports). The
total EC weight is about 46.5 tons. The Muon Filter
like the End Cap consists of two modules (doors),
each weighs about 17.5 tons (16.9 tons of Fe absorber, 0.4 tons of MDTs and strip boards, 0.2 tons
of fastenings). The total MF weight is about 35
tons.

Figure 3.10: General view of the Target Spectrometer
and the Muon Filter with front-end electronics.

As the perimeter of End Cap and Muon Filter is
accessible it is worth putting there the electronic
cards to read out the signals from wires and strips,
as already done in other big muon systems using
this technique - D0 and COMPASS. The situation
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Barrel
End Cap
Muon Filter
Forward Range System
Total

MDTs
2133
618
424
576
3751

Wires
17064
4944
3392
4608
30008
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Strips
49916
8911
6876
7128
72831

% of resources
61.2
14.9
10.7
13.2
100

Table 3.1: Basic numbers for Muon System instrumentation.

with the Barrel is more complicated as the signal
end-plugs of MDTs as well as strips are not accessible from outside. In this particular case the
electronic cards with amplifiers (for both wires and
strips) will be inserted into the slots between the
iron plates. The cables with amplified signals will
be pulled out of the barrel modules through the corresponding cable channels and fed into the digital
units (DB-64).
The description of electronic units to be used in the
Muon System (HVS/A-8, A-32, ADB-32 and DB64) may be found in section 6. It is necessary to
stress also that all technical solutions concerning
the connection between the MDTs and strips and
corresponding electronics will be thoroughly verified during the beam tests of the Range System
prototype (see section 7).

ble cascaded Ampl-8.3 amplifiers (not shown on the
picture, see section 6.7 for details). The signal cables from wires go from the active ends of MDT
detectors (placed at upstream edge of the Barrel
modules) through the cable channels of the Barrel
to the DB-64 cards. The length of these cables may
reach ∼ 2 m. The amplified signals from the strips
also go to the same digital cards. But the cable
length may be much longer (∼ 5 m) due to the position of the strips inside the module.
At present the exact position of this electronics on
the Barrel surface is not yet fixed. It will be defined
as a result of a compromise accounting for the space
requirements of other subsystems.
The detecting layers composed of MDTs and strip
boards attached to each other (∼ 15 mm thick) are
positioned inside the slots of 30 mm. The strip
board of a detector layer is made by a fiberglass laminate board with copper metallization on one side
where straight strips (width 10 mm) are scratched.

The innermost layer connected to the module from
the side of the solenoid plays a special role since the
requirements are to have practically full detection
efficiency (∼ 100%) and three coordinate readout
scheme (for multi-particle events recognition). It
is composed of two layers of MDTs shifted by half
a wire pitch (5 mm) and one common strip board
in between. This special layer is called “zero” bilayer. The longitudinal wires give one coordinate
and crossed strips give two others (U and V). TechFigure 3.11: Longitudinal cross section of a typical nically we plan to make and study two options for
Barrel module.
the U,V coordinates: so-called “chess board” and
standard board formed by two independent boards
Fig.3.11 shows the cross section of one typical Bar- attached to their respective MDT layers and having
rel module with detecting layers and electronic different strip orientation with respect to the wires
cards. Each layer is composed of MDTs (their and to each other.
number depends on the particular slot width) ar- These options will be studied in beam tests of a
ranged along the module and fiber glass strip boards Range System Prototype (see section 8.2).
(with 1 cm wide strips running orthogonal to the
wire direction). The amplified signals from wires A double-sided board laminated with copper film is
2
and strips are fed into the 64-channel discriminator organized as a “chess board” with 20 x 20 mm large
boards (DB-64) by twisted pair cables. The wires squares. On both sides of the board these squares
are read out by HVS/A-8 cards which also serve are connected diagonally thus forming perpendicfor HV distribution, the strips are read out by dou- ular diagonal “strips” (U, V - coordinate grids on
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both sides of the board, see Fig.3.12). Such a con- 3900 mm. There are detectors with smaller size, esstruction of the ”zero” bi-layer allows to increase pecially in up and down modules accommodating
the signal-to-noise ratio (signals on each side of the cryogenic insertions for the solenoid and target.
board are induced by both MDT layers simultaneously) and also increases detection efficiency. Such
a design was first proposed for the multi-hit resolution achievable with planar readout electrodes for
silicon detectors [19]. Later it was also used for application with GEM detectors, see for example [20].
Thus, the ”zero” bi-layer is a multi-coordinate system designed to receive starting coordinates of particle tracks in front of each subsystem of the Muon
System and behind the calorimeters - Barrel, End
Cap and Forward Range System - with full efficiency and capabilities for multi-track resolution.
Figure 3.14: The lateral cross section of the typical
Barrel Module.

The lateral cross section of the typical Barrel Module is given in Fig.3.14. The detecting layers of
MDTs with strips are shifted left and right in sequence of slots of the module thus minimizing the
influence of mechanical dead zones on both sides of
the module on tracking efficiency. The length of
strips varies from 1190 mm to 1700 mm depending
on the slot size. The lateral size of the “zero” bilayer is equal to 1110 mm. This figure also gives the
schematic view of signal cables coming out of the
module channels and directed to the digital cards.

Figure 3.12: Schematic view of the “chess” strip board
for the “zero” bi-layer with U,V coordinates and MDTs
superimposed on it.

Figure 3.15: General view of the End Cap and Muon
Filter with front-end electronics (a)) and enlarged corner fragment (b)).

The view of the End Cap and Muon Filter connected together is presented on Fig.3.15 a) as seen
Figure 3.13: One of the detecting layers of a Bar- looking toward the target from outside of the Target
rel module positioned on the steel plate (strips running Spectrometer. As the edges of the setup are available for service the electronics is spread over the
perpendicularly to MDTs are not shown).
perimeter of TS EC and MF. The ADB-32 cards
The example of placement of MDT detectors and are connected to the MDTs through the slots by
amplifier cards (HVS/A-8) onto one of the steel short cables as in D0 and COMPASS setups. The
plates of the Barrel module is given in Fig.3.13. The strips are read out through A-32 preamplifier cards
maximum length of MDT detectors in Barrel equals (not shown on this picture) positioned onto the strip

FAIR/PANDA/Technical Design Report - Muon System

43

boards inside the slots also close to the ADB-32
cards. Fig.3.15 b) shows the fragment of setup with
MDTs running horizontally and the strips running
vertically. The outer layer of MDTs is removed to
view the strips board.
The enforcement steel ribs (with the size of 3 x 3
cm2 x proper length) are welded to each 6 cm steel
plate of End Cap and Muon Filter. So, after assembling the layers into modules they form rigid structures which withstand the magnetic forces pulling
them (especially the TS EC) inside the volume of
TS.
The TS EC and MF have two practically equal
halves which may move out of the beam line, thus
giving an access to the tracker detectors and the
vacuum equipment. The shape of the detecting
layers is decided according to the space available Figure 3.16: 3D view of the ”zero” bi-layers for the
between the enforcement ribs (see Fig.3.15). The Barrel and End Cap
MDT and strip length may vary from 1200 mm to
2440 mm and from 85 mm to 1105 mm, respectively,
depending on the particular shape of detector module. The number of regular detector modules in the
TS EC and MF is 40 and 32, respectively.
The “zero” MDT bi-layer positioned in front of
the first End Cap layer has quasi-octagonal shape
(to fit the accessible surface of the electromagnetic
calorimeter, see Fig.3.16 ), which permits to organize an access to the calorimeter exterior by opening the ”doors” formed by two halves of End Cap.
As it has a small weight (about 200 kg) we suppose to hang it on the frame of the electromagnetic
calorimeter. The thickness of this object (along the
beam direction) does not exceed 50 mm. So, it is
fully embedded into the volume of End Cap, which Figure 3.17: General view of Forward Range System
permits independent lateral move of the TS EC (FRS) with the electronic cards and beam pipe in the
central hole.
halves.
detector layers (also 16). Each detector layer consists of 32 MDTs (28 MDTs with active ends on one
side and 4 MDTs with active ends on the opposite
side) mechanically connected to the strip boards
The general view (3D model) of the FRS is pre- which also carry front-end electronics for strip readsented in Fig.3.17. The FRS assembly is designed out (preamplifiers A-32). The regular detector layas a serial combination of Fe absorber and detector ers as well as the “zero” bi-layer are arranged the
layers exposed perpendicular to the beam. The ab- same way as it is done in the Target Spectrometer.
sorber consists of 16 Fe plates (3800x2565x60 mm3 The “zero” bi-layer is also positioned right before
each) located at a distance of 30 mm from one to the first Fe plate. MDT wires have a horizontal orianother (4 modules; each module consists of 4 Fe entation, as the strips are located vertically (perplates and 4 detector layers). The full weight of the pendicular to the MDT wires) forming together an
FRS is about 77 tons = 74 tons of Fe plates + 2 X, Y-coordinate grid of the FRS. As the beam hole
tons of detectors (MDTs +strip boards) + 1 ton of in the FRS steel plates has a small lateral shift to
supporting frame (weight of electronics and cables accommodate the bent beam, the MDTs of the FRS
is not included).
have three different lengths - 3694, 1850 and 1520
The 30 mm gaps between Fe plates are occupied by mm. The strips have two lengths - 2380 mm and

3.2.4

3D Model of the Forward Range
System
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1020 mm. The shorter MDTs and strips fill the both - wire and strip readout systems of the FRS.
space from the beam hole in the ’center’ of FRS to The front-end electronics for strip readout is based
the corresponding edge of the module.
on the preamplifier A-32 followed by ADB-32. All
Each layer (absorber and detector) of the FRS has ADB-32 cards are located on the external surface of
a hole in the center (space for the beam pipe) with the FRS and all A-32 cards are mounted on the strip
dimensions 300x300 mm for Fe plates and 340x340 boards as shown in Fig.3.20. All electronic cards
(except for A-32) are mounted on special support
mm for detector layers, respectively.
frames attached to Fe plates (Fig.3.20).
All four FRS modules are absolutely identical, but
in the assembly process each next module is 14.4
mm shifted along “X” (lateral) direction to the previous one (see Fig.3.18). The accepted FRS position
along the “Z” direction is 4200 mm from the center
of the dipole (Fig.3.19) and the accepted deflection
of the beam is 0.04 rad.

Figure 3.20: Left: Fragment A - strip board and A32 preamplifier cards; first Fe plate and “zero” bi-layer
are cut. Right: Position of FRS on the beam with
mounted ADB-32 cards for wires and strips readout.

3.2.5

Assembly

Detector Layer Assembly
Two types of detector layers are used in the PANDA
Muon System design: regular detector layer and
”zero” bi-layer. Though they have some distincFigure 3.18: Superposition of FRS with inclined beam tive construction differences both of them pass the
pipe: 4 modules (of 4 plates each) with individual lateral same stages of the assembly process presented in
shift of 14.4 mm; beam pipe hole is 300x300 mm (top
this subsection. Each type of detector layer conview).
sists of MDTs (one or two planes respectively to
the type) and strip board (distinctive for each type)
which also acts as a support frame for the MDTs
mounting.

Figure 3.19: FRS position on the beam line (top
view).

ADB-32 cards are used as front-end electronics for

Assembly of each detector layer starts with mounting of A-32 preamplifier cards on the surface of the
strip board. Preamplifier cards are mounted using mechanical fastening (screw bolt and nut) on
the special narrow copper area of the strip board,
separated from strips, which is used as a common
ground bus. A-32 cards are grounded to this area
through the fastening (A-32 mounting holes have
metal coils connected to the card ground polygon);
also the provided ground pad of A-32 is connected
to the ground bus with a wire by soldering. At the
next step the A-32 inputs are connected to the corresponding strips with wires (also soldered both to
the strip surfaces and A-32 input pads).
Assembly of MDT plane (planes) is the following
stage. For the mounting of MDTs special support
“blades” are attached to the strip board surface by
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riveting. After that the MDTs are installed and
HVS-8 (or HVS/A-8) cards are plugged into MDT
end-plugs (see Fig.3.21). At the next step all local
ground, gas, high voltage and low voltage connections and buses are made.
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regular detector layer packages separately before
the Barrel assembly, starting from the bottom module. The installation of detector layers takes place
when the module is in horizontal position (placed
on concrete platform/blocks) as shown in Fig.3.22
(assembly of irregular module is presented). Before
the detector layer installation all outgoing cables
(signal, low and high voltage, etc.) are stretched
to the corners of the layer, properly stacked (to receive the minimal space occupied by cables when in
gap) and fixed by glue and adhesive tape on the top
surface of the layer.

In case of regular modules we have a single detector layer package per each particular gap absolutely
identical for all regular modules. For irregular ones
(Fig.3.22) each detector layer consists of 2 packages (shapes and sizes are specific to the respective
module gap) which are installed in the gap from
the opposite sides. The larger part (generally U
or L-shaped) is installed from the upstream side of
the module (corresponding to the beam direction)
Figure 3.21: Mounting of MDTs on the strip board. and the smaller part (square) is installed from the
downstream side. After the detector layer installation all outgoing cables and pipes are stretched to
At the final assembly stage the output cables are
the corresponding module cable channels.
soldered to the output pads of the A-32 cards and
the combined detector layer is fully covered by aluminum foil which is also connected to the local
ground (generally by copper adhesive tape). This is
the primary electromagnetic shielding. When it is
finished the received detector layer package is ready
to be installed into the corresponding gap of the
Muon System module.
Some of the Muon system modules (Barrel top and
bottom modules, End Cap and Forward Range System modules) are not solid and have special instrumental holes (for beam pipe, target pipes, etc.). For
these cases detector layer is also not solid and generally consists of two (or more) separate parts of
different shapes and sizes to match the area (or onepiece but also with instrumental holes). For composite detector layers each part is assembled in a
manner described above then all of the complimentary parts (packages) are installed into the module
gap from different sides. Details are described in
the following subsections.

Figure 3.22: Assembly of irregular Barrel module (installation of detector layer consisting of 2 packages is
shown).

When the module is totally filled with regular detector layers all outgoing cables (combined in cords)
are temporary fixed on the top surface of the module for convenience of further manipulations with
the module during the Barrel assembly (areas of the
module top surface used for fastening of the modAssembly of Target Spectrometer Barrel
ules during the Barrel assembly will remain accesThe Target Spectrometer Barrel consists of 6 reg- sible). After that the module is pulled from its poular modules and 2 irregular (top, bottom - have sition by the crane and rotated (except the bottom
instrumental holes). Assembly of Barrel modules module) using the special rotation tool then moved
happens inseparably from the assembly of the Bar- to the Barrel assembly position (see Fig.3.23) where
rel setup (though several module assembly stages it is mounted on the Barrel support structure. Afcan be done beforehand). Each module is filled with ter the Barrel is mounted all the cords are removed
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The Forward End Cap “zero” bi-layer is mounted on
the backward side of the calorimeter after the whole
Barrel is assembled. For mounting it is also placed
in a support frame. After the “zero” bi-layer is
attached to its place all outgoing cables (previously
fixed on the layer surface) are combined in cords
and led out through the 2 bottom cable channels.
At the final stage we make secondary electromagnetic shielding: open ends of module gaps are covered by aluminum cover sheets screwed to the Fe
plates.

Figure 3.23: Assembled Barrel module (without
”zero” bi-layer) ready for the Barrel assembly process.

End Cap and Muon Filter Assembly

The Barrel Forward End Cap consists of two similar modules (half-doors). The installation of detecfrom the modules’ top surfaces and placed into tor layers into the EC module gaps happens (as for
the corresponding cable channels and combined in all other module types) when the module is placed
horizontally on the concrete platform (see Fig.3.25).
cords.
Due to the End Cap size and construction each detector layer consists of 4 packages for each module
(half-door)-8 packages for the whole EC plane. Installing each package we fix the outgoing cables on
the edges of absorber plates with wire. After the
modules are filled-in with detector layers they are
rotated to the vertical position by crane (using special rotation tool) and moved to the force structure
of the Barrel for mounting. When both EC halves
are on their position the mounting of FEE takes
place. The EC and MF FEE as well as the FEE
mounting process are similar to the ones for the
FRS (described below).

Figure 3.24: Mounting of Barrel module ”zero” bilayer.

Mounting of the “zero” bi-layer takes place after the
barrel is assembled. That is because top and bottom surfaces of the module need to be accessible
during the Barrel assembly (for mechanical fastening of the modules to each other). As we don’t need
to install “zero” bi-layer into the gap but just put it
on the module surface (see Fig.3.24) all “zero” bilayer packages are one-piece (not composite) even
for irregular modules (just have holes of the necessary size). To arrange the mounting of the “zero”
bi-layer it is first mechanically attached to the support frame which also acts as the layer protection
cover, then this construction is placed on its position and the frame is mechanically fastened to the
module.

Figure 3.25: End Cap module assembly
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As the Muon Filter construction generally repeats
the Forward End Cap one the process of its assembly is also the same.
Forward Range System Assembly
The full FRS setup is combined of 4 modules; each
module consists of 4 Fe plates and 4 detector layers (Fig.3.26, 3.27 ). Assembling of the Fe plates
in a module is executed with the help of mechanical fastening and further welding in park position.
During this process the Fe plates are placed horizontally. Prepared detector layers are inserted into
the gaps between the Fe plates of the module, all
cables are fixed on the edges of the Fe plates (fastened with wire). For detector layer installation the
modules remain placed horizontally. Though the
Forward Range System modules have holes for the
beam pipe here we use single detector layer package
(also with a hole) for each gap because the beam
pipe is installed after the Forward Range System
assembly.

Figure 3.27: Single FRS module in the process of assembly to final setup (at park position of support platform; not shown).

the external surface of FRS and all A-32 cards are
mounted on the strip boards as shown on Fig.3.20.
All electronic cards (except for A-32) are mounted
on special support frames attached to Fe plates.
The entire cabling (signal, HV, LV and gas manifolds) is also made at the park position. Finally, a
mobile platform with fully assembled and equipped
FRS moves to work position.
As there are no other users of FRS surface, aside
from the Muon System itself, the placement of electronic cards with corresponding infrastructure as
well as mounting scenario described above may be
fixed at a very early stage.
Finally, a mobile platform with fully assembled and
equipped FRS can be moved to work position.

3.2.6

Cabling

The cabling for the Muon System is quite different
for the different parts of it. The simplest one is
expected for the Forward Range System. It may
be done the same way as it was done in already
Combining the modules to the final setup is made existing experiments - D0 at FNAL and COMPASS
only with mechanical fastening. When the assembly at CERN. The feature is that all signal cables (for
of each module is completed in horizontal position, both, wire and strip readout) may be short enough
modules should be rotated to vertical position by (from 30 cm to 50 cm) and easily serviced due to
crane and then mounted on 2 base support cross- the simple access.
beams (Fig.3.27). The base support cross-beams The intermediate situation happens for the Muon
Filter and the End Cap. The wire cables are also
are located on a mobile platform.
All four modules are absolutely identical, but in short there but strip cables vary from 30 cm up
the assembly process each next module is 14.4 mm to 2 m. The service of electronic cards (except for
shifted along “X” (lateral) direction w.r.t. the pre- preamplifiers of strip signals) is as simple as for the
vious one (see Fig.3.18, Fig.3.19). When the mod- FRS.
Figure 3.26: Single FRS module: assembly in horizontal position, then rotation in vertical position for
mounting on the mobile platform.

ules are assembled and mounted on the mobile sup- The worst case (most difficult for service) happens
port platform mounting of front-end electronics can for the Barrel, especially for the strip cables. They
start (Fig.3.20). All ADB-32 cards are located on should be pulled over from the interior part of the
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Barrel modules and may reach in some cases more upstream side of the module as they should be near
than 5 meters in length. This situation requires spe- the active ends of MDTs. They occupy very small
cial attention and should be resolved with specific space in the cable channel.
R&D.
Fig.3.28 shows a single steel plate of the Barrel module with four cuts at the corners which form radial
cable channels after assembly (welding) of all the
plates in the module.

Figure 3.29: Cross section for different cables and
manifolds of the Barrel module.

Fig.3.29 demonstrates the distribution of cables,
buses and manifolds over the four cable channels of
the module. The different objects are presented by
different colors. Their particular shape (in cross section) and position at the corners is just preliminary.
In total the whole cabling of the Barrel module occupies about 700 cm2 . All possible measures will
be undertaken to minimize this cross section. As
the most space is occupied by strip cables (twisted
pairs) we’ll try to find and use the cables with as
minimal cross section as technically viable.
Figure 3.28: Channels for cabling in the Barrel module.

The wire signal readout cables of the Barrel are
all taken from the upstream edge of the modules
where the active ends of MDTs are directed to. The
cables are equally shared between two radial cable
channels of the modules.
The strip signals readout cables run in both directions along the module starting from its center. It
is done to minimize the maximal cable length. The
cables are equally spread over the four channels.
Low voltage power supply cables for both wire and
strip amplifiers are spread over the four channels
more or less equally.
We have three gas manifolds for each Barrel module. One for gas inlet is positioned in one of the
channels at the upstream side of the module, two
others are placed on the opposite side and used as
gas outlets for different MDT planes - with odd and
even number of detectors.
The high voltage bus and cables are placed on the

Figure 3.30: 3D view of the Barrel module with modified cable channels.

The different types of cables will be tested with
the Range System Prototype during beam tests at
CERN.
There is a possible technical solution for the accommodation of a big volume of the Barrel cables. It

FAIR/PANDA/Technical Design Report - Muon System
consists in consecutively increasing the size of the
corners A, B, C and D forming the cable channels
(see Fig.3.28). Fig.3.30 demonstrates an example
of such a module where the corners are increased
starting from the fourth plate on the equal value
adequate to fit the cables coming out from the module’s slots. This solution permits to deploy most of
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the cables of End Cap ”zero” bi-layer.
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4

Performance Figures

The performance of the PANDA Muon System was
initially evaluated with the help of simple Monte
Carlo simulations of the single small structures (MC
“prototypes” with volumes ∼ 1 m3 ) typical for the
subsystems like Target and Forward Spectrometers
(Barrel, End Cap and FRS). This work permitted to
evaluate the basic characteristics of the corresponding modules and take final decisions on the Muon
System design being based on the Range System
technique. It was performed with a variety of particles (muons, pions, kaons and protons) at different energies. It is worth mentioning that it helped
also to formulate the R&D program to be conducted
with the big prototypes for direct calibration of the
Muon System structures with test beams (see section 7).

Figure 4.1: The RS test setup for MC: a) RS alone; b)
combined setup; RS with additional “layers” of material - PANDA electromagnetic calorimeter (EMC) and
solenoid (Coil); the diameter of the incident beam (spot)
is 85 mm.

As extended option for MC simulations, Fig.4.1b
demonstrates the more realistic geometry of the RS
After creating the description of the Muon System in the Target Spectrometer, which reflects the fact
in the PandaRoot package [1] based on engineering of additional material (∼ 1.5λI ) because of elecdrawings, the full simulation of the setup became tromagnetic calorimeter (EMC) and solenoid (Coil)
possible. The preliminary positive results are given placed in front of the magnet yoke. The goal is to to
simulate a more realistic RS response to incoming
in sections below.
particles.
The full simulation of the Range System setup (RS)
was performed by using test setup modules (or In a similar way the MC simulation was also done
“prototypes”) and the Geant4 simulation toolkit for a “prototype” of the Forward Range System
[2, 3, 4]. Two releases of Geant4 were used in the (FRS). This setup consists of 16 layers of absimulations: Geant4.9.1 and 4.9.2. Two different sorber plates (60 mm thickness, 30 mm gap between plates) interleaved with layers of MDTs (12
physics lists were used in the simulations:
per each layer). The amount of material is ∼ 5.7λI .
As additional option, we used an extended geomet1) LEP/HEP (LHEP) physics list which is based
rical setup with the layers of equivalent thickness of
on the parameterized model for hadronic interthe PANDA Forward Electromagnetic calorimeter
actions of particles;
in front of the FRS, which consists of 380 alternating layers of lead (0.3 mm thickness) and scintillator
2) QGSP BERT physics list which comprises the plates (1.5 mm thickness). In MC simulations the
quark gluon string model (QGSP) for high en- readout threshold (formation of a hit) of 0.2 keV in
ergy interactions for hadrons and Bertini cas- MDT gas cell (1x1 cm2 ) was used.
cade model for energies below ∼ 10 GeV.
On the MC side, for energies corresponding to the
Target Spectrometer acceptance (< 2GeV), these
physics lists show similar results.
Fig.4.1a demonstrates the schematic view of the RS
“prototype” of the Target Spectrometer having the
same structure and thickness. The prototype consists of 13 iron plates (1x1 m2 , 30 mm thickness with
30 mm gap between the plates) interleaved with layers of MDT (12 tubes per each layer). The total RS
prototype volume is ∼ 1 m3 . The detailed geometry of MDT which was used in MC simulation is
presented in section 3.2.1.

4.1

π/µ Rejection

For demonstration of particle patterns in the RS,
the simulated 20 events both for muons and pions with an initial kinetic energy of 500 MeV are
shown in Fig.4.2. Muons and pions traversing the
RS behave differently due to their difference in interaction with matter. The muons traversing the
iron absorber are only subject of ionization energy
losses until they are stopped. For pions the situation is quite different. A pion passing through an
absorber undergoes the competing processes of ion-
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RS while pions give more energetic showers which
results in an increasing separation efficiency.
There is an additional recipe to suppress the background from “fake muons”. Depending on how
much loss of muon efficiency one can tolerate, a
range cut reduces the pion misidentification probability to few percent.
Figure 4.2: RS response to muons (left) and pions
(right) with initial kinetic energy of 500 MeV; MC sample for 20 events is shown for demonstration.

ization energy loss and showering due to the strong
interaction in the absorber. At such small energies
a pion could have a “muon-like” pattern (for a certain percentage) because of two processes: 1) the
pion could passes through the RS due to the ionization loss process only, giving the same RS depth as
a muon; 2) a muon from pion decay may get almost
the same layer of RS absorber.
Fig.4.3 shows the distribution of the number of iron
layers traversed in case of incident muons and pions
with equal initial kinetic energies. The mean ranges
of muons in the RS are about 3 and 11 layers for
200 MeV and 500 MeV respectively, with a spread
of the range across 1-2 layers for both energies (see
Fig.4.3). For pion (Fig.4.3, dashed area) case there
is a broad distribution due to different interaction
processes in the absorber. It is seen that the straggling peak of real muons has some admixture of
“fake muons”. This overlap depends on the initial
beam energy. So, the most important feature of the
RS structure is that muons can be distinguished
from pions by their range in the RS.
Fig.4.4 demonstrates the response of the combined
setup (EMC+Coil+RS) to muons and pions at different initial kinetic energies. The passive material
of EMC and Coil serves as additional “muon filter”; in comparison to the setup with the RS alone,
a large fraction of primary pions and secondaries
are stopped before the RS. Fig.4.5 (left) shows the
superposition of “fake muons” over the real one in
the number of RS layers reached by corresponding
tracks with equal initial energy (500, 700 and 900
MeV). Fig.4.5 (right) shows the same distributions
but with selection of primary particles only. The
µ/π separation efficiency, i.e. the overlapping ratio
in the muon straggling peak, as a function of initial
beam energy is presented in Fig.4.6. It is seen that
the separation efficiency for all particles for a pion
beam is rising from ∼ 85% at 400 MeV to ∼ 97% at
900 MeV which corresponds to the case when muons
are reaching the last layer of the RS (maximum RS
depth). For higher energies they traverse the whole

4.2

Suppression of Fake Muons
from π → µν Decay

In case of a pion decay occurring in the vicinity of
the target, the decay muon moves close to the initial
pion direction and would certainly be identified as
muon from the process of interest. Such a case is
presented on Fig.4.7. Such decay (fake) muons may
not be separated from the primary ones.
If the decay happens in the inner volume of the
tracker then such a separation may be done with
some probability. Again the muon stops in the RS
while the neutrino leaves the volume. Such a background muon may be distinguished from the primary one by detecting the “kink” in the track appearing at the point where the decay occurs. Figure
4.8 shows the main kinematical parameters for decay muons from π → µν decay at kinematics of
800 MeV pions in the lab frame. The distribution
of kink angles is peaking at angles which one can
hope to observe. For pions at 800 MeV an average
angle is around 2◦ . We could assume that a kink
angle of 2◦ can be detected by the PANDA tracker
with some probability. A strong “angle-energy” correlation could allow to distinguish primary muons
from those from pion decays. Thus, “fake muons”
could be suppressed by measuring a kink angle between the trajectories of the primary pion and its
decay muon in correlation with the kinetic energy
of the muon estimated by the RS (by depth of penetration). Detailed MC studies with full simulation
of the RS and tracker in PandaRoot are needed to
evaluate a possibility of using this correlation for
suppression of muons from π → µν decay.

4.3

Range System as Linear
’Calorimeter’ for Muons

Muons lose energy in matter via ionization with
practically constant rate of about 2 MeV/g. Therefore, a Range System may be regarded as a linear
calorimeter for muons stopped by its structure. The
FRS “prototype” (see above) was used to demon-
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Figure 4.3: Distributions of particle range in RS for muon and pion beams (dashed area) with initial kinetic
beam energy of 200 MeV (a) and 500 MeV (b).

Figure 4.4: Response of combined (EMC+Coil+RS) setup to muon and pion particle beams with kinetic energy
of 500 and 800 MeV.

strate this by MC simulation. Fig.4.9 demonstrates
the linear relation between muon range and total
number of hits in RS and its initial kinetic energy.
The last point at 700 MeV corresponds to the case
when all muons are passing through the RS. Such
a “muonic linear digital calorimeter” has constant
resolution (∼ 1-2 layers, see for example Fig.4.5)
due to the muon straggling in iron. It is seen from
bottom part of Fig.4.9 that average number of hits
per MDT layer is ∼ 1 (as we have 16 layers in MC
“prototype”). In case of the combined setup (when
the EMC is added) the maximal detectable energy
of muon extends to ∼ 900 MeV. Above this energy
muons will escape the system.

4.4

Range System as Hadron
Calorimeter

In case of the PANDA Forward Spectrometer the
situation with separation of a muon from a hadron
with high probability looks much better. It is based
on the fact that at energies ∼ 3-15 GeV hadrons
mostly produce a shower, while muons in comparision mostly undergo multiple scattering processes.
MC data was generated for pions, protons and antiprotons in energy range from 1 GeV to 16 GeV.
Typical events for muons and pions with an initial energy of 5 GeV are shown in Fig.4.10 for
the combined setup of EMC (shashlik, indicated
as black block) and FRS. It is clear that the For-
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Figure 4.5: 1-3: Distributions of particle ranges (in number of layers) for muons and pions (dashed) at initial
beam energies of 500, 700 and 900 MeV (for all particles); 4-6: for those events in which only primary muons and
pions are passing through the Barrel of Target Spectrometer structure (combined MC setup).

Figure 4.6: Efficiency of π/µ separation by range in
RS: primary particles - for those events in which only
primary muons and pions passing through RS are taken
into account; all - all particles, no event selection.

Figure 4.7: Demonstration of π → µν decay in the Inner detector of PANDA setup: decay muon (red) stops
in the RS while neutrino (green) leaves the volume.

range, thus reducing the cost of readout electronics compared to an analog calorimeter of the same
granularity.

ward Range System is capable to discriminate pions
against muons according to their track pattern, as Fig.4.11 shows the results for analog (fluctuation of
the effect of a hadronic shower.
total deposited energy (in MeV) in gas gaps) and
An important feature of the RS due to its lami- digital (fluctuation of total number of counted hits
nated structure is the possibility to be used also as in MDT’s cells) readout, respectively. It demona sampling hadron calorimeter. A digital calorime- strates the energy resolution of the FRS (in “standter measures the energy deposition by hit count- alone” mode) as a function of energy for the differing. Such counting requires only binary informa- ent particles. The resolution is defined as the ratio
tion (YES/NO of a wire signal) with little dynamic of r.m.s. over the mean value for corresponding sig-
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Figure 4.8: The kinetic energy spectrum, kink angle
distribution, and the kinetic energy versus angle correlation plot for muons produced in π (800 MeV) → µν
decay.

Figure 4.11: RS energy resolution for hadrons in different readout modes.

4.5

Geometry Model for
PandaRoot Framework

The detailed geometry model and material description of the Muon System has been fully implemented within the PandaRoot framework. This
model was done in full accordance with the technical drawings of the Target Spectrometer magnet
yoke, Muon Filter and Forward Range System (see
section 3.2.2). Fig.4.12 demonstrates the layout of
MDT detectors. This geometry model comprises
the four subsystems: Barrel, End Cap, Muon Filter
and Forward Range System.
As it was described above, the MDT layers of the
Target Spectrometer are inserted in between the
steel plates of the magnetic flux return. The steel
Barrel of the flux return is divided into 13 layers and
a total of 12 layers of MDTs are installed. Four layers of MDTs are installed in the gaps between the
five layers of steel plates in the End Cap. An additional layer of MDTs is mounted on the fifth steel
plate outside the End Cap. In order to decrease
the low cutoff momentum for detecting muons and
to associate hits in MDT layers with a track reconstructed by the Inner tracker with high efficiency
Figure 4.10: Response of FRS to muon (a) and pion
the “zero” bi-layer of MDTs was inserted before the
(b) at 5 GeV.
first steel plates of the Barrel and End Cap modules of the magnet yoke. The MDT layout in the
Target Spectrometer is shown in Fig.4.12 for the
nals (analog or digital). The data show much bet- Barrel part (up) and the whole Target Spectrometer resolution in the “digital” mode in comparison ter (down).
to the “analog” one.
The Muon Filter (see Fig.4.12 bottom) has practiFigure 4.9: Muon range in number of layers (top) and
the average number of hits (bottom) in RS as a function
of initial kinetic energy.
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4.6

Geometrical Acceptance of
Muon System with and
without “Zero” Bi-layers

Due to the wide angular coverage it is mandatory
to know the geometrical acceptance of the PANDA
Muon System. The geometrical acceptance studies were based on PandaRoot simulations and an
“off-line” reconstruction program. In the simulation we used the full PANDA setup with magnetic
field and the MDT detectors as sensitive elements
for hit production. For primary muons (emitted
from the interaction point) we used the flat random generator in momentum range 1 ÷ 12 GeV/c
with 1 GeV/c steps which was uniformly distributed
over polar and azimuthal angles (ϑ = 0◦ ÷ 140◦ , ϕ
= 0◦ ÷ 360◦ ). The calculations were performed
with magnetic field (in Solenoid and Dipole) and
Figure 4.12: MDTs layout in PANDA Muon System
with/without “zero” bi-layers in the whole Muon
as seen with PandaRoot.
System (Barrel, End Cap and Forward Spectrometer).
First we consider the simulations with primary µ−
at 12 GeV/c with magnetic fields in Solenoid and
Dipole of Target and Forward Spectrometers correspondingly. Fig.4.13 shows the distributions of
“missing” events for two configurations: (1) and (2)
The Forward Range System consists of 16 rectan- without “zero” and (3) and (4) with “zero” bi-layers
gular layers of absorber plates (60 mm thick) in- in Target and Forward Spectrometers (see section
terleaved with MDT layers located in 30 mm gaps 3.2.3).
between the plates. The “zero” bi-layer before the
first steel plate is also included (see section 3.2.2). Fig.4.13 (1) shows the distribution of“missing”
events (divided by 400K generated events) inteAs it was mentioned above, a reliable detection of grated over ϕ as a function of ϑ with magnetic
a second coordinate from the MDT is needed to field and with/without ”zero” bi-layers. Fig.4.13
reconstruct a muon track path through an iron ab- (2) presents the corresponding distribution in ϑ-ϕ
sorber. The strip boards positioned on top of MDTs plane. The “black holes” on the scattering plots
are used for this purpose. The geometry description represent lost events. For this preliminary accepof strips was done for all parts of the Muon System. tance study an event (muon track) was defined by
The strip layout is described in section 3.2. The the very soft criterion to have at least one hit on
G10 strip board has a thickness of 2.5 mm. The a track in the Muon System.
From this figure
copper foil strip has a thickness of 25 µm and a we may clearly see: 1) “dead space” caused by the
pitch of 1 cm. The generation of a signal induced junctions between barrel octants, 2) recesses in the
on the strips (digitization) is also implemented into target and cryostat chimney and for target bump in
the PandaRoot software.
the upper and lower barrel octants, 3) slits in the
This geometry model is used as a source of geome- upstream and downstream ends of the Barrel. The
try information (four geometrical independent sub- area within 10◦ ≤ ϑ ≤ 34◦ corresponds to 1) “dead”
systems of the Muon System) for the simulation, space between downstream doors in End Cap (verdigitization and reconstruction. This model was tical bars at 10◦ ≤ ϑ ≤ 34◦ and ϕ ≈ 270◦ ) and
optimized for the minimum memory consumption 2) the case when muons are passing through the
in MC simulation. The geometry model is gener- downstream End Cap hole (the size of the End Cap
ally completed. Small changes are foreseen in order hole is smaller than the “detector hole” because of
to account for possible future modifications in the construction features of the MDT) and getting outtechnical drawing of the Muon System and for the side of the angular acceptance of the Forward Range
full integration with the surrounding infrastructure. System. The region at small angles corresponds to
cally the same structure as the End Cap (except for
a bigger central opening for housing the modules of
the forward tracker) and consists of four steel plates
interleaved with layers of MDTs.
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Figure 4.13: Missing events without/with “zero” bi-layers (geometrical inefficiency or “holes” in system acceptance) as a function of polar angle for generated µ− at 12 GeV/c (1 and 3 - integrated over the whole azimuthal
angle) and corresponding scattered plots (2 and 4); 400K generated events; with magnetic fields in Solenoid and
Dipole.

Figure 4.14: Missing events without/with “zero” bi-layers (geometrical inefficiency or “holes” in system acceptance) as a function of polar angle for generated µ− at 2 GeV/c (1 and 3 - integrated over the whole azimuthal
angle divided by 400K generated events) and corresponding scattered plots (2 and 4); 400K generated events;
with magnetic fields in Solenoid and Dipole.

the deflection of primary muons due to the Dipole
field into the hole in the FRS.

is seen in Fig.4.13 (3) and Fig.4.13 (4). The “zero”
bi-layers drastically diminishes the “dead” zone in
Barrel and End Cap.

The situation becomes much better when we take
into consideration “zero” bi-layers in TS and FS. It Fig.4.14 demonstrates the results for the case of µ−
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Figure 4.15: Missing events without/with “zero” bi-layers (geometrical inefficiency or “holes” in system acceptance) as a function of polar angle for generated µ− at 1 GeV/c (1 and 3 - integrated over the whole azimuthal
angle) and corresponding scattered plots (2 and 4); 400K generated events; with magnetic fields in Solenoid and
Dipole.

Figure 4.16: Schematic view of PANDA detector with
MC sample of µ− at 1 GeV/c

.
at 2 GeV/c. At such energy the multiple scattering
process and magnetic field causes deviation in track
trajectories. It is seen in Fig.4.14 (2). There is a
large fraction of events in which muons are passing
through the downstream End Cap hole and do not
enter the angular acceptance of the Dipole (± 10◦
and ± 5◦ in the horizontal and the vertical direction
respectively). In this case the muons are lost when:
1) the deflection angles in the Dipole material are
bigger than the angular acceptance the of FRS or
2) the muons stop in the Dipole yoke.

the large fraction of missing events is corresponding to this case. At ϑ > 30◦ and ϑ < 50◦ muons
loose their energy passing through EMC and Coil
material and thus have a big probability to be absorbed by the first 6 cm layer of iron plate of Magnet
Yoke. This effect is increased due to the magnetic
field which extends the muon path in the absorber
material. The area at ϑ > 125◦ remains insensitive for the cases of presence or absence of “zero”
bi-layer. This happens because at such low initial
momentum multiple scattering (in the EMC) and
the magnetic field cause the deviation of a track
trajectory to smaller polar angles.
Fig.4.17 and Fig.4.18 present results of geometrical
acceptance studies for primary µ− at 1 and 2 GeV/c
without magnetic fields in Solenoid and Dipole. Results for µ− at 12 GeV/c were not presented because
at such an energy muons are not ”sensitive” to the
magnetic field (but included in total geometrical efficiency - Fig.4.19).
The geometrical acceptance of the Muon System
as a function of the initial momentum of primary
generated muons is presented in Fig.4.19 with (top)
and without (bottom) magnetic fields in Solenoid
and Dipole.

The results for generated µ− at a soft momentum
of 1 GeV/c are presented in Fig.4.15. In this case,
muons which are passing through the End Cap hole,
have small probability to reach the Forward Range From Fig.4.19 (top) it is seen that a muon accepSystem (to produce hits) because of a large deflec- tance of 95.3% is achieved with “zero” bi-layers (red
tion angles in the Dipole. It is shown in Fig.4.16. So color) for muons with momentum of 2 GeV/c in-

FAIR/PANDA/Technical Design Report - Muon System

59

Figure 4.17: Missing events without/with “zero” bi-layers (geometrical inefficiency or “holes” in system acceptance) as a function of polar angle for generated µ− at 2 GeV/c (1 and 3 - integrated over the whole azimuthal
angle) and corresponding scattered plots (2 and 4); 400K generated events; without magnetic fields in Solenoid
and Dipole.

Figure 4.18: Missing events without/with “zero” bi-layers (geometrical inefficiency or “holes” in system acceptance) as a function of polar angle for generated µ− at 1 GeV/c (1 and 3 - integrated over the whole azimuthal
angle) and corresponding scattered plots (2 and 4); 400K generated events; without magnetic fields in Solenoid
and Dipole.

creasing up to 97% at 12 GeV/c. The muon acceptance varies significantly at 1 GeV/c - 87.4%.
A muon acceptance of 90.4% is achieved without
”zero” bi-layers at 2 GeV/c with acceptance increase up to 91.6% at 12 GeV/c. At 1 GeV/c

the efficiency is 81.1%. Fig.4.19 (bottom) demonstrates the results on geometrical acceptance of the
Muon System without magnetic field in Solenoid
and Dipole. At 1 GeV/c the efficiency is 94.9% and
88.8% with and without ”zero” bi-layers correpond-
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ingly. From 2 GeV/c to 12 GeV/c the efficiency is The occupancy of the MDT layer 0 in the Target
approximately constant 97% and 91.7% with and Spectrometer has been evaluated by using Pythia 8
without ”zero” bi-layers correspondingly.
for 15 GeV/c antiproton beam on a proton target.
5
It is clearly seen that the presence of the “zero” Simulation of 10 Hard QCD background events
has been performed within the geometry of the full
bi-layers in the Muon System is mandatory.
spectrometer setup. Hits from all the charged particles releasing energy in single MDT cell above the
detection threshold of 0.2 keV were recorded.

Figure 4.19: Geometrical efficiency (acceptance) of
PANDA Muon System as a function of initial (generated) single muon momentum. Red: with “zero” bilayers and Blue: without “zero” bi-layers. (top) with
magnetic fields in Solenoid and Dipole (bottom) without magnetic fields in Solenoid and Dipole.

4.7

Figure 4.20: Simulated hit position of the background
events on the Barrel MDT layer 0 integrated over 8
sectors.

Occupancy Estimate

The high flux of hadrons produced in the pp̄ interactions and the boost of the particles in the forward direction can produce an occupancy of the
tracking detectors that could affect the efficiency
of the pattern recognition algorithms and of the
track reconstruction increasing the fake rate. As
far as the muon detectors are concerned, the hits
registered at the inner MDT “layer 0” (called also
as “zero” bi-layer due to its design features) are
critical for the matching with primary tracks extrapolated from the inner tracking system. To improve the matching efficiency, a double MDT layer
0 equipped with crossed strips for multiple coordinate readout has been adopted (see section 3.2.2).
This solution reduces to a negligible level the inefficiency in track detection and helps in rejecting
the mirror hits. Algorithms attempting to recognize track segments within the Muon System are
strongly dependent not only on the isolation of the
hits in the other layers but also on the rate of spurious hits in the inner layer 0.

Figure 4.21: Simulated hit position of the background
events on the End Cap MDT layer 0.

The hit distribution for 1x1 cm2 cells, integrated
over the Barrel super-modules is presented in
Fig.4.20. The forward distribution of the primary
and secondary particles produced in the interaction
vertex reflects in the higher occupancy of the detectors in the forward region. Since the MDT tubes
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will be arranged along the beam direction, an over- interaction at the highest beam energy. In this apall average hit rate of 3 kHz can be expected at the
Barrel
0.64
maximum rate of 2·107 pp̄ interactions per second
End
Cap
12
for a single MDT tube including all the possible
physics processes. A 20 kHz maximum rate can be
Muon Filter
0.74
estimated for single strip in the most forward side
Forward Range System
17
of the MDT layers.
The hit distribution for 1x1 cm2 cells integrated in
the MDT layer 0 of the End Cap is presented in
Fig.4.21. The distribution shows two different regions, due to the combined effect of the track kinematics and of the spectrometer setup. The spatial distribution of tracks shows the maximum track
density in the forward region before reaching the inner layer of the End Cap.

Table 4.1: Hit multiplicity in the mu-det regions for
each p̄p interaction.

proach, a hit means a single crossing of a detecting
layer by a charged particle which leads to formation
of an avalanche followed by wire and strip signals.
The possibility of multiple hits in the same event
was also considered. If different tracks enter the
The hit rate was evaluated taking into account that same sensitive cell, only one hit will be recorded and
MDTs could be arranged along the vertical direc- the pattern recognition algorithms would attribute
tion and assembled in four super-modules as shown the same hit to different track candidates. For this
in Fig.4.22. For single drift tubes closer to the cen- reason, in these calculations, the multiple hits on a
tral hole a rate of 5·105 hits per second was eval- same wire are considered as a single hit. One may
uated, whereas a maximum of 105 hits per second see that due to the kinematics we have the biggest
was calculated for single strip in the central region. rates in the forward direction, both for the End Cap
and the Forward Range System. Whereas the Barrel and the Muon Filter have the smallest rates, but
for different reasons. The Barrel is profiting from
the kinematics (big angles for the projectiles) and
it is also partially screened by the electromagnetic
calorimeter; the rate in the Muon Filter is reduced
mostly due to geometrical acceptance and partly by
a screening due to the electromagnetic calorimeter
and to the End Cap material.
In Fig.4.23 the multiplicity distribution for End Cap
MDT is presented. For the central region of the
detector, where the maximum track density is expected, 20% of double hits per single MDT cell in
the End Cap layer 0 were obtained. A comparable
percentage can be estimated for single strips in the
same critical region.
The maximum hit rates (0.1 - 0.5 MHz) for single wires of MDTs and strips, obtained under the
hypothesis of 20 MHz interaction rate at the target, must be compared with the sustainable averFigure 4.22: Simulated hit position of the background age rate of 5 MHz for one MDT detector unit (8
events on the End Cap MDT layer 0. The full MDT area channels). These hit rates appear to be sustainable
is divided into 4 different regions, in order to highlight without problems even in presence of non-constant
the position of the tubes along the y coordinate.
beam intensity, as expected at the beginning of the
data taking.
To evaluate the relative rates in the different parts
of the Muon System, a MC generation was performed using the Pythia8 generator with SoftQCD
and HardQCD processes both on. Considering a
sample of 104 generated events and a detection
threshold of 0.2 keV, the hit multiplicity results are
presented in Tab. 4.1 for the number of hits per p̄p

The electromagnetic showers give the main contribution to the occupancy of the MDT layer 0 in the
Target Spectrometer. A 65% of electron hits was
calculated on average, taking into account also particles produced in backward direction by interactions in the Muon System. In Fig.4.24 the position of the interaction vertex where primary tracks
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Only from these combined measurements it will be
possible to isolate muon signatures from the large
pion background.

Different reconstruction algorithms were implemented in the PandaRoot framework [1] and validated. Considering the preliminary stage of the
software for the conversion of the simulated information into digital signals, we have simplified the
case smearing the position of each MDT hit by 3
mm,√corresponding to the cell size (1 cm) divided
by 12. The magnetic field implemented in the
software corresponds to TOSCA calculations, with
a grid size small enough to well describe the field
in the segmented iron yoke. The following sections
Figure 4.23: Background events: simulated hit posi- will describe the implemented algorithms and the
tion multiplicity for the scenario corresponding to align- obtained results focusing on the Target Spectrometer, considering that at present the tracking system
ment along y direction (see Fig.4.22).
in the Forward Spectrometer is in a very preliminary stage.
start an electromagnetic shower producing an electron hit in MDT layer 0 is presented. The most of
the electron showers are started within the MVD 4.8.1 Pattern Recognition
and the EMC detectors.
The first step in reconstruction is the association of
hits produced by the same particle. Two separate
approaches can be followed and were implemented
in the software.
A first algorithm is based on a global tracking assumption, and consists in extrapolating the charged
track reconstructed in the central tracker to the different muon layers, and to associate MDT hits close
to the extrapolated points within a correlation window. This algorithm depends on the tracking detectors and their reconstruction capability, and it
is quite slow in case the MDT pattern recognition
would be required online for a fast hardware trigger. For these reasons the code was implemented
but it will not be discussed here.
Figure 4.24: Starting position of electromagnetic
showers for electrons reaching the MDT layer 0. The
lines correspond to the position of the inner MDT layers.

The effectively used algorithm consists in a standalone track following, starting from the inner layers
to the outers. This allows to reconstruct quickly
tracklets also when the tracking is absent, i.e. for
cosmic events. Starting from each hit into the layer
0, hits are searched in the next layer and associated
within a search cone; if more than one hit is present
4.8 Reconstruction
inside the search cone, the closest to the previous
hit is considered as the correlated one. This proFor what concerns the Muon System, the recon- cedure is followed up to the last layer, or until the
struction chain consists in associating the hits com- next layer does not contain any hit. At forward aning from different MDT planes into “tracklets”, sep- gles the Muon Filter layers are considered together
arating the signals coming from different particles, with the End Cap ones; for the Barrel, after the
and correlating these tracklets with the charged last hit layer is found, the algorithm searches for
tracks reconstructed in the central tracker, to ob- eventual close hits in the End Cap, in the region
tain the particle momentum and the PID informa- where Barrel and End Cap do overlap (between 30◦
tion from the inner particle identification detectors. and 40◦ of polar angle) (see Fig.4.25). In this way,
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for each tracklet the information of the number of
fired layers in the search cone, hit multiplicity per
layer and amount of crossed iron by the particle is
calculated and stored, for the muon identification
in the latter analysis.
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to see that muons are crossing all the muon layers,
mainly inducing one or two hits per layer in the
Muon Tracker. Pions can undergo strong interaction and stop before reaching the last MDT layers;
moreover, the layer hit multiplicity is much broader
due to the secondary particles produced in the interaction of the pion with the iron, letting us deduce
that this observable can be used to further separate
muons from pions.

Figure 4.25: Demonstration of Hybrid Pattern Recognition algorithm.

4.8.2

Correlation with Central Tracker

The magnetic field inside the Muon Detector is reduced in the Barrel part and almost negligible in the
End Cap, thus momentum calculation cannot be
performed with the MDT alone and the correlation
with tracks found in the central tracker is mandatory. We have used global tracks from the “Light
HElix” tracking package [1], using the combined
measurements of hits in the Micro Vertex Detector
(MVD), in the Time Projection Chamber (TPC)
and in the Gas Electron Multiplier (GEM) stations;
tracks were first found in the central tracker using
a conformal mapping algorithm and afterwards fitted by a Kalman Filter using the muon hypothesis. After the global tracking was performed, central tracks were extrapolated from the last track hit
up to the first plane of the Muon Detector, namely
the layer 0; tracks were then correlated to the MDT
tracklet with the layer 0 hit closest to the extrapolated point, within a correlation window. The
GEANE [5] package was used to perform the extrapolation, which considers energy loss in the different materials and the effects of not homogeneous
magnetic field.

4.8.3

Figure 4.26: Multiplicity of MDT hits per layer in
separated module of the Muon Tracker, for 3 GeV/c
muons (upper plots) and pions (lower plots).

Traveling from the last central tracker hit up to the
MDT layer 0 the particles cross different materials
and lose part of their energy not uniformly. Fig.4.27
shows the muon momentum loss from the production vertex up to the layer 0 of the Muon Tracker,
as a function of the polar angle. In the forward region, below 22◦ , particles are mainly losing energy
inside the Forward End Cap of the Electromagnetic
Calorimeter, an almost uniform value of around 250
MeV/c. At backward angles, higher than 35◦ , en-

Results from Reconstruction

Fig.4.26 shows the hit multiplicity in the search
cone layer by layer after reconstruction for the different parts of the muon trackers (Barrel, End Cap
+ Muon Filter, Barrel + End Cap), separately for
3 GeV/c muons and pions simulated with a flat distribution in polar and azimuth angle. It is possible

Figure 4.27: Momentum loss for reconstructed muons
from the production vertex up to the MDT layer 0, as
a function of the polar angle.

ergy loss occurs not only in the EMC but also in the
structure of the superconducting coils and the cryostat, which are almost equivalent to an iron cylin-
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der of 5 cm thickness; in this case, corresponding to host the proton target structure, thus also the
to the Barrel MDT, the lost energy is higher and it correlation efficiency drops there.
is slowly increasing at forward angles (∼ 400 - 500
MeV/c). In between these regions (20◦ < ϑ < 35◦ )
the edges of the forward EMC, of the Cherenkov
detectors and of the magnet are present, inducing
a not uniform energy loss.
The effect of the dead materials is also visible checking the residual distributions of extrapolated tracks
with the MDT hit position in the layer 0, as shown
in Fig.4.28 for the Barrel. Looking at the figure,
we can see how the muon distribution at 3 GeV/c
is much narrower than for pions at the same momentum, due to the possibility of hadronic interactions in the latter case which strongly deviate
from the pion trajectories. Going at lower energies,
where multiple scattering becomes more important,
the muon distribution at 1 GeV/c shows a broader
structure as expected. From this plot we can see
that also the tracking correlation can be an important observable for the muon identification. The
End Cap distribution is similar but narrower, because of the lower energy loss than in the Barrel.

Figure 4.29: Correlation efficiency between extrapolated track and MDT hit at layer 0 for muons, as a
function of polar angle and particle momentum.

Fig.4.30 shows the distribution of the number of
fired MDT layers as a function of the momentum of
the correlated track, for reconstructed muon events
at 3 GeV/c and 1 GeV/c. Looking at the plots, we
can see that at the higher momenta the muons cross
all the MDT layers. The polar angle region below
15◦ is covered only by the End Cap, while the Muon
Filter is not present to leave the space hosting the
first planes of the forward tracker; therefore, only
5 planes can be hit there but we hope to use the
forward MDT to improve the identification in that
part of the phase space. The sparse region below
the maximum number of layers is due to secondary
particles produced in muon events, reconstructed by
the central tracker and stopping at the first MDT
layers. At lower momenta not all the muons have
enough energy to cross the whole iron yoke; in particular in the End Cap + Muon Filter the maximum
number of fired layers is 9, where all the 1 GeV/c
Figure 4.28: Distance between the track extrapolation muons are stopped, decreasing at larger angles up
point and the reconstructed hit in the MDT layer 0, for to around 45◦ and going up again due to the fact
the MDT Barrel.
that the iron planes are vertical in the End Cap
and horizontal in the Barrel part. By this analyBy applying a selection window (in our case dis- sis we can understand that the number of crossed
tance < 15 cm), we are able to correlate central MDT layers by the particle depends not only on the
tracks to the MDT information. The correlation ef- momentum at the vertex but also on the polar anficiency as a function of momentum and polar angle gle, due to the different energy loss values before the
is shown in Fig.4.29. We can see it is over 90% for MDT and also due to the incident angle of the track
momentum values higher than 1 GeV, going down with respect to the orientation of the iron plane.
in the low momentum region because of the multi- In order to decrease the number of correlated variple scattering; the drop at around 30◦ is connected ables playing a role for the muon identification, we
to the dead space between MDT Barrel and End can analyze the amount of crossed iron instead of
Cap, while at polar angles higher than 70◦ the MDT the number of layers, and the momentum at the
does not supply a full coverage because of the hole MDT layer 0 instead of the momentum at vertex.
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The present software allows to identify muon candidate for the analysis of physics benchmark channels, such as the charmonium decays. However, to
reduce more the contamination from the hadronic
background, a more refined identification based on
a Multi-Variable Analysis is needed, using not only
the crossed iron thickness but also the number of
hits around the main trajectory (searching for deFigure 4.30: Number of fired MDT layers as a function cay or showers), correlation residuals, quality of the
of the polar angle, for muons at 3 GeV/c (left) and 1
tracking fit adding also the MDT hits, and eventuGeV/c (right).
ally also the information coming from the other PID
detectors. Studies on this topic are in progress.
The amount of energy lost in dead materials between the central tracker and the MDT layer 0
can be computed in the extrapolation process by
GEANE itself, while the amount of crossed iron
can be calculated from simple geometry considerations. The plots in Fig.4.31 were made reconstructing 10000 single muon events and 10000 single pion
events generated with the box generator, with a
flat distribution in polar angle (5◦ , 80◦ ), azimuth
angle (0◦ , 360◦ ) and momentum (0.5 GeV/c, 4.0
GeV/c). The plots show the crossed iron thickness
as a function of the momentum calculated at MDT
layer 0, separately for different parts of the muon
detection system. We can see how muons interact only electromagnetically and are reconstructed
until they lose all their energy (low momenta) or
cross the whole yoke (higher momenta); in comparison, pions are in general stopped before due to
the concurring strong interaction, but there are still
very few pions able to cross all the MDT layers that
could be misidentified as muons. The most critical
parts for muon identification are the region of polar
angles below 15◦ , where we have already said that
the Muon Filter is not present and we will need the
correlated information from the forward spectrometer, and the lower momentum values where muon
and pion signals are very similar.

Figure 4.31: Amount of crossed iron as a function of
track momentum calculated al MDT layer 0, for muons
(upper) and pions (lower).
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5

R&D Studies

The R&D works conducted so far were devoted to
both, the hardware studies of MDT detectors suitable for double coordinate readout of the wires and
the orthogonal strips, and the development of the
corresponding electronics.

of 40 cm long MDTs with only 8 cm long strips (1
cm wide). This ’desk top’ experiment has demonstrated two important things: first, the principal
feasibility to read out a second coordinate from
MDTs and secondly, the possibility to use our stanThe MDT test stand which exists at JINR/LNP dard amplifier Ampl-8.3 in a double cascade cirwas used for these purposes. In addition, this cuitry without oscillations (see section 6 and ref.
test stand continues to be used for mass testing of [1] there).
MDTs with front-end electronics for the larger ’Full The coordinate accuracy for the strip readout
Scale Prototype’ (FSP) and ’Range System Proto- achieved with this technique and in the small test
type’ (RSP). Both devices will be studied further setup equals ∼ 0.4 mm r.m.s. Though such an acat CERN (see section 7 for details). Fig. 5.1 shows curacy is not needed for the PANDA Muon System
this test stand during tuning and debugging works as was demonstrated by MC studies (10 mm are
performed with one plane of MDTs equipped with good enough), the result as such speaks in favor of
a 1m x 1m strip board including the corresponding the MDT detector as well as the analog electronics
electronic cards (see section 6 for details).
to be used for a double coordinate readout.
The detailed description of the measurements and
results is given below.

5.1

Figure 5.1: MDT test stand tuning/debugging of one
1m x 1m detecting plane of Range System prototype.

The MDT detectors and the front-end electronics (ADB-32) has proven to be a reliable solution
for large muon systems (D0, COMPASS). It was
concluded that it should be the proper choice for
the PANDA Muon System as well. However, for
PANDA a reliable measurement of the second coordinate from the MDTs is needed to reconstruct
a muon track passing through the iron absorber.
In previous systems this option was not required.
R&D work conducted at the test stand has demonstrated the possibility to read out the second coordinate through the registration of the small (smaller
than typical cathode pulses) induced pulse on external pickup strips perpendicular to the MDT wires.
In this first study the setup consisted of 4 planes

Comparative Study on
Performance Characteristics
of the MDT

The standard MDT of ’closed geometry’ (with covered profile) is selected for the test as a reference
tube, Fig5.2a. Positive high voltage is applied to
the anode wires, and the signals of each individual
wire are read out. The same tube, but without the
cathode lid (the ’open geometry’) was used to investigate the MDTs with the strip readout of the
second coordinate. The cross sectional view of such
an MDT is shown in Fig.5.2b. A strip plane was
installed outside the MDT on the open side of the
aluminum profile, so that its strips were perpendicular to the anode wire direction. This plane was
produced from a 2 mm thick double-sided copperlaminated fiberglass board with 1 cm wide strips
cut on it. The strip length was ∼ 10 cm. The fiberglass board was placed on the plastic box so that its
surface with the strips was laying on the box, and
its back (external) surface was grounded.
Though the geometries of these MDTs seem to be
similar, they have distinctions. The MDT with the
closed cathode geometry has symmetric cells and
symmetric electric field. In the MDT with the open
cathode geometry, three sides of a cell are formed
by the aluminum profile, and the fourth side is
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Figure 5.2: Cross sectional view of the MDT of traditional design (a) with the cathode formed by the aluminum profile and the steel lid (’closed cathode’ geometry; only two wire supports out of eight are shown) and
(b) with the cathode formed by the aluminum profile
only (’open cathode’ geometry) and the external electrode made from a double-sided copper-laminated fiberglass board with strips.
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Figure 5.3: Block diagram of the test measurements:
(HV S) high-voltage source, (Sp) splitter, (LST ) logical
signal translator, (LSA) logical signal adder, (CC) coincidence circuit, (S) scintillation counter, (P S) pulse
shaper, (EC) external control, (DAC) digital-to-analog
converter, (T DC) time-to-digital converter, and (ADC)
charge-to-digital converter.

The scintillation counters S1 and S2 with dimensions of 60 x 300 mm2 are located above and below
the MDT, forming a telescope for cosmic rays. The
formed by the plastic box. In contrast to the closed- counters are fixed in place symmetrically relative to
geometry MDT, this cell is no longer symmetric: the central axis of the MDT; in this case, particles
the electric field is distorted by positive ions de- passing through both counters also cross the MDT
posited on the inside of the box [1, 2]. As a result, at active volume. The signals from counters S and S
1
2
equal applied voltages, this detector has lower field pass through pulse shapers P S and P S and are
1
2
strength and, hence, a lower gas gain relative to the fed into the coincidence circuit CC . The output
1
MDT with the closed geometry. Being a dielectric, signal Start from the CC arrives at control inputs
1
the wall of the plastic box is transparent to electric of the ADC and T DC, as well as at counter 3 of
pulses, which provides a means for reading out the the KC014 module and at the input of the coincisignals induced on the strips by avalanches devel- dence circuit CC . The output signal from CC is
2
2
oped on the wires and for determining the avalanche supplied to counter 2 of the KC014 module.
coordinate along the wire with a high degree of acThe end of conversion of pulses in the ADC and
curacy.
TDC initiate the readout of an event into a comA gas mixture of 70% Ar + 30% CO2 at atmo- puter via a KK012 CAMAC crate controller [3]. At
spheric pressure was used in all measurements.
the end of a preset exposure time, the program inThe layout of measurements is shown in Fig.5.3. terrupts data taking and reads out the counts acThe anode voltage +U from the high-voltage source quired over this period by counters 1-3 of the KC014
HVS is supplied via the splitter Sp to the MDT module. In this case, counter 1 records the MDT
anode wires. The voltage level +U of the HVS is counting rate at a predetermined amplitude threshset by an external control signal EC from a KA009 old and anode voltage, whereas the counting ratio
digital-to-analog converter DAC [3].
of counters 2 and 3 corresponds to the detection
The signals from the anode wires are fed through efficiency under these experimental conditions.
high-voltage capacitors (C = 1000 pF) to the ADB16 amplifier-discriminator board [4]. The ADB16 board amplifies the input signals and transmits
them to a LeCroy 2249A charge-to-digital converter
ADC [5]. It also produces logical signals for anode
pulses exceeding the threshold set by the T hreshold
signal from the DAC. The logical signals from the
ADB-16 board are applied via a logical signal translator LST to a LeCroy 2228A time-to-digital converter T DC [5] and, via a logical signal adder LSA,
to counter 1 of the KC014 module [3], as well as to
the input of the coincidence circuit CC2 .

Fig.5.4 presents the counting rate curves (Fig.5.4a)
and the efficiency curves (Fig.5.4b) for cosmic rays,
measured for the MDTs with the closed and open
cathode geometries at an MDT amplitude threshold
of 2.0 µA. The plateaus in the counting rate curves
of both MDTs have approximately equal lengths of
120 -140 V. Incidentally, the counting rate curve of
the open geometry MDT reaches its plateau at an
anode voltage of ∼ 80 V higher relative to the MDT
with the closed cathode geometry. The efficiency
curves for the MDTs with the open and closed cathode geometries reach plateaus of 98 -100% with ap-
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proximately the same shift.

Figure 5.5: Counting-rate curves of the MDT with the
open cathode geometry for the 60 Co source at thresholds
(1) of 1.0, (2) 1.5, and (3) 2.0 µA.

Figure 5.4: Counting rate (a) and efficiency (b) curves
of the MDTs with the open and closed cathode geometries for cosmic rays at a threshold of 2.0 µA.

age of 2300 V. If a particle does not cross this MDT
cell (this is specified by the selection criterion for
appropriate events), the ADC pedestal smeared by
the ADB-16 noise is read out for this wire. These
events form a large peak at the beginning of the
amplitude spectrum. The width of this peak provides information on the typical values of the ADC
pedestal and the ADB-16 noise level. The r.m.s.
width of the noise peak of ADB-16 channels is 0.12
µA, which is much smaller than the measurable values.

Comparing the time spectra (drift times) of the detectors with the closed and open geometries (after
The counting rate curves of the MDTs with the adding the compensating voltage of +100 V for the
open cathode geometry under exposure to γ rays open geometry MDT), one can see that they are
from a 60 Co source at MDT amplitude thresholds almost identical. The drift time spectrum for the
of 1.0, 1.5, and 2.0 µA are shown for comparison in MDT with the open cathode geometry is shown in
Fig.5.5. It is apparent that the curves for the 60 Co Fig.5.7 as an example.
source and the cosmic rays almost coincide at equal To determine the gas gain of the MDTs with the
thresholds (2.0 µA), which is evidence of identical open and closed cathode geometries, the X-ray
ionization in the MDT sensitive volume. In the fu- spectra of a 55 Fe source were measured at differture, the 60 Co source can be used to monitor the ent anode voltages corresponding to the plateau on
MDT performance characteristics both during as- the MDT counting rate curves. Radiation of the
sembling and in the finished muon system of the 55 Fe source was collimated by a 1 mm diameter
PANDA experiment.
hole drilled in the plastic box and in the base of
Fig.5.6 presents the amplitude spectrum from cos- the aluminum profile at the center of the cell.
mic rays for an individual anode wire of the MDT The measured spectra of signals from the MDT with
with the open cathode geometry at an MDT volt- the closed cathode geometry at an anode voltage U

70

PANDA - Strong interaction studies with antiprotons
55

Fe isotope is clearly discernible in the high energy
part of these spectra. The presence of a high lowenergy background can be attributed to the fact
that ∼ 70% of 5.9 keV X-rays that are incident on
the surfaces of the collimator, the aluminum profile,
the box, or the stainless steel lid produce low energy
radiation.

Figure 5.6: Amplitude spectrum from one of the wires
in the open geometry of the MDT under exposure to
cosmic rays. The sharp peak provides information on
the noise in the measuring channel (amplifier noise +
external noise), while the wide distribution on the right
corresponds to the signals from the anode wire.

Figure 5.8: Amplitude spectrum of signals from the
MDTs (a)with the closed and (b) open cathode geometries under exposure to the 55 Fe source.
Figure 5.7: Drift time spectrum for the open geometry
MDT; the T DC time channel is 0.5 ns.

The mean avalanche charge on the anode wire was
calculated from the position of the full absorption
peak using the ADC calibration curves. The ratio of
= 2200 V and from the open geometry MDT at U the avalanche charge on the wire, determined from
= 2300 V are shown in Fig.5.8. Both of these points the full absorption peak, to the initial charge of ionare located near the end of the plateau on the MDT ization electrons produced in the gas mixture upon
counting rate curves. An intense full absorption absorption of 5.9 keV energy yields the value of the
peak corresponding to the energy of 5.9 keV of the MDT’s gas gain. The results of measurements of
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the gas amplification factor are shown in Fig.5.9 for
both MDT types. It is apparent that, for the identical gas gain to be obtained, the voltage applied to
the MDT with the open cathode geometry must be
∼ 100 V higher than for the MDT with the closed
cathode geometry, as is the case with the counting
rate and efficiency curves.

Figure 5.10: Oscillograms of single signals: from the
anode wire (1) and the strip (2). The conversion factors
are 60 and 480 mV/µA, respectively.

is similar in characteristics to the MDT with the
closed cathode geometry and allows small amplitude signals induced on the strips to be reliably detected using an additional stage of the anode signal
Figure 5.9: Gas gain of the MDTs with the open and amplifiers.
closed cathode vs the supply voltage.

The value of signals induced on the strips accounts
for only a few percent of the anode signal; therefore, for these signals to be distinguished against
background noise, the amplification of the induced
signals must be increased considerably. The strip
signals were amplified using two serially connected
Ampl-8.3 amplifiers. The oscillograms of both signals from the wire and from the strip upon passage
of cosmic rays approximately through the strip center are presented in Fig.5.10. Trace 1 corresponds
to the negative anode signal; in this case, the gain is
60 mV/µA (we use only one arm of the differential
amplifier producing an output signal of 60 mV at
an input current of 1 µA). The positive signal from
the strip is fed to the other input (trace 2); in this
case, the total gain of the double Ampl-8.3 stage is
480 mV/µA (the signal is inverted). The time shift
of the strip signal is explained by the delay in the
auxiliary amplifier stage and in the cable. The ratio
of the signals as estimated by using the conversion
factors shows that, in this case, the signal from the
∼ 1 cm wide strip is only ∼ 10% of that from the
anode wire.

5.2

Coordinate Accuracy of
MDT in the Detection of
an Induced Signal

The block diagram of the test facility is shown in
Fig.5.11. An array of four MDTs (MDT1 to MDT4)
located one above the other was used in the measurements. Each MDT was 60 cm in length. The
strips were ∼ 10 cm long and 1 cm wide. Data
were read out from four strips on each MDT. The
surface of the fiberglass board with the strips was
in direct contact with the plastic box, and the external back-surface was grounded. All MDTs were
placed such that the wires were located one above
the other. The strips were also located strictly one
above the other. The anode wires in Fig.5.11 are
parallel to the plane of the figure, and the strips
are perpendicular to it.

The high voltage was applied to the wires, and the
measurements were taken at 2300 V. At this voltage, the MDTs operated in the limited proportionality mode on the full efficiency plateau. For the
Therefore, the experimental results demonstrate anode signal detection the threshold was set to 1
that the MDT with the open cathode geometry µA).
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Figure 5.12: Spectra of signals from cosmic particles,
readout of the four strips of one of the MDTs. Particles
that passed through one of the two central strips were
selected.

lation between the anode signals and the signals
induced on the strips (the signals are referred to
as the input currents of the amplifiers) is shown in
Figure 5.11: Block diagram of the test facility: (S1 ,
S2 ) scintillation counters, (M DT1 -M DT4 ) Mini-Drift Fig.5.14 for one of the test MDTs. The results of
Tubes; (CDL) cable delay lines,(D) discriminators, fitting of this curve in the linearity region of the
Ampl-8.3 amplifier (up to 20 µA) are also shown in
(DL) delay lines, and (CC) coincidence circuit.
Fig.5.14. The data were fitted by a linear function
Is = P2 *Ia + P1 , where Is is the current induced
All eight wires of each MDT were joined together, on the strips, Ia is the anode current, and fitting
and the total signals from each detector were parameter P2 shows the relationship between the
passed through the ADB-16 amplifier / discrimi- signals on the strips and the anode. From the fitnator board [4] and fed into the LeCroy 2249A 12 ting results, it follows that the mean value of the
input analog-to-digital converter (ADC) [5]. The sum signal induced on the four strips is 21.6 ± 1.0%
signals from each of the four strips of each MDT of the anode signal.
were amplified by two stages of the Ampl-8.3 amplifier and were also fed in to the ADC (in total
two ADCs were used in the measurements). Cable delay lines (CDL) were used to synchronize the
measured signals with the start of their integration
in the ADCs. Two scintillation counters S1 and
S2 with dimensions of 100x20x100 mm3 were symmetrically located above and below the second and
third strips of the detector array. After passing
through discriminators D and delay lines DL, the
signals from the counters arrived at the coincidence
circuit CC, which produced the ADC start signal
with a duration of 1 µs in case of their coincidence.
The ADC start signal specified the beginning and
duration of the integration process in the ADC.
Charged cosmic particles passing through the MDT
array ionize the working gas in the cells crossed by
the particles. The charge produced by gas amplification near a wire induces the signals on the external strips.
The typical spectra of the signals from each of the
four strips in one of the MDTs are presented in
Fig.5.12. The scintillation counters select particles
passing either through the second or third strip;
therefore, it is in these strips that the signals are
mainly induced.

Figure 5.13: Spectrum of the sum signal from the four
strips for one of the MDTs.

The coordinate of the avalanche along the wire was
determined by the signals induced on the strips
The spectrum of the sum signal from the four strips of each MDT during particle track reconstruction.
of the same MDT is shown in Fig.5.13. The corre- The position of the center of gravity of the signals
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Figure 5.14: Correlation of the anode and strip (the
sum of the four strips) signals from one of the MDTs
of the array. The signals were referred to the input
currents of the amplifiers. The mean value of the signal
induced on the four strips is 21.6 ± 1.0% of the anode
signal.

induced on the strips Xcg was calculated for each
event on each plane. In this case three strips were
selected: the strip with the maximum signal and
two adjacent strips. The induced signals determining the centers of gravity of the charges are shown
as an example in Fig.5.15 for one event (one track).
In Fig.5.15 the coordinates of the strips along the
wire (the strip width is 1 cm) are plotted on the
abscissa axis, and the signals induced on the strips
are plotted on the ordinate axis. The other coordinate of each point on the track was determined by
the positions of the anode wires in space.
The coordinates obtained thereby for the particle’s
positions of incidence on the MDT planes yield four
points on the particle track. The tracks were fitted
by a straight line using the least squares method.
The deviation ∆X = Xcg - XF of the coordinate
of the induced signal’s center of gravity Xcg from
the coordinate of the fitting curve XF was determined for each MDT. The typical distribution of
deviations ∆X for one of the MDTs is presented
in Fig.5.16. Fitting the obtained distribution by a
Gaussian function, we estimate the coordinate accuracy of the MDTs in detecting the signals induced
on the strips. The coordinate accuracy σ ≈ 0.4 mm
was obtained for this distribution.
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Figure 5.15: Measured charges on the strips for an
individual event (track), which determine the centers of
gravity of induced charges. The centers of gravity of
charges in each MDT (Xcg ) are expressed in terms of
the strip coordinates.

5.3

Studies of Long Strip Signal
Readout

The experimental results described in subsection 5.1
demonstrate that the MDT with the open cathode
geometry is similar in characteristics to the MDT
with the closed cathode geometry. It allows small
amplitude signals induced on the strips to be reliably detected using an additional stage of amplification. However, these results were received using
an experimental setup with short strips (1x8 cm),
which means that several other parameters connected to the strip geometry like capacitance and
wave impedance were neglected. In addition, the
detector part of the set up was fully shielded from
the electromagnetic environment by a metal box.
Therefore we continued our research work to investigate whether these neglected factors can become
limiting for the long strip signal readout in the real
experimental assemblies (FSP, RSP, PANDA Muon
System) where we use strips up to 4 m length.
An experimental setup imitating the RSP detecting
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laminate board (imitation of absorber plate). Assuming 500 pF to be the worst possible case for a
1x100 cm2 strip and the strip capacitance depending linearly on its area we can predict the maximum
capacitance for different strip dimensions. In this
case of a 2 m long strip of 1cm width the capacitance is not higher than 1000 pF.
To check the influence of high strip capacitance on
the noise level and the output signal shape of the
strip front-end electronics simple tests were made
using the A2DB-32 card in double amplification
mode.

Figure 5.16: Distribution of deviations ∆X of the
track coordinates determined by the centers of gravity
of charges induced on the strips from the fitting curve
for one of the MDTs in the array.

layer in an absorber gap was made as well (Fig.5.24)
in order to get a proper understanding of the necessary requirements for a robust long strip signal
readout such as shielding, grounding, positioning of
the detecting layer in the absorber gap, etc. All results of these test measurements with oscillograms
of the real 1 m long strip signals (from 60 Co source
and cosmic) are demonstrated in the next subsection.

5.3.1

Several capacitors with the values equivalent to the
strip capacitances were added to the input of one
of the A2DB-32 channels (amplification factor, Ka
≈ 390 mV/µA), and the voltage noise level (r.m.s)
on the channel analog output was measured with
the oscilloscope. Using the amplification coefficient
the equivalent input current was calculated. Oscillograms of A2DB-32 analog output waveforms for
different input capacitance load (C= 0, 500, 1000
pF) are shown in Fig.5.17, 5.18, 5.19. As we may
see, the r.m.s. noise levels for the input load capacitances C=500 pF and C=1000 pF (1 m and 2
m strips) are close to each other and not higher
than 60 nA. Thus increasing the noise level caused
by high capacitance load cannot become a limiting
factor for long strip signal detection. Even 10000 pF
capacitance input load causes the r.m.s noise level
to increase not higher than 70 nA (average strip
output signal ∼ 700 nA).

Long Strip Capacitance and
Wave Impedance

The measurements described below were made at
different strip configurations with two variable parameters: the strip width (1÷8 cm) and the gap
between the strip board and the Fe absorber plate
(0÷15 mm). The first parameter, strip width, was
used to receive general information about our strip
signal readout method in terms of limitations and
requirements connected to the strip dimensions.
The second parameter, the gap, is due to the 15 mm
free space remaining between the absorber plates af- Figure 5.17: A2DB-32 analog output waveform for an
ter the insertion of the detecting layer. It can be input capacitance C = 0 pF (self-noise of the amplifyused for the adjustment of the strip board position. cation channel); Vr.m.s ≈ 13.5 mV (∼ 35 nA).
The capacitance of a 1x100 cm2 strip measured in
our experimental set up as described in subsection To see the strip FEE response to the input signal
5.3.2 varies between ∼ 350÷450 pF depending on with high input capacitance load the same capacthe gap between the strip board and the fiber glass itors and the same A2DB-32 channel were used.
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Figure 5.18: A2DB-32 analog output waveform for
input capacitance C = 500pF (1x100 cm2 strip capacitance); Vr.m.s ≈ 20 mV (∼ 50nA).

Figure 5.20: A2DB-32 analog output waveform for
1 µA input signal; input capacitive load C = 500 pF
(1x100 cm2 strip capacitance).

Figure 5.19: A2DB-32 analog output waveform for
input capacitance C = 1000 pF (1x200 cm2 strip capacitance); Vr.m.s ≈ 22 mV (∼ 56 nA).

Figure 5.21: A2DB-32 analog output waveform for 1
µA input signal; input capacitive load C = 1000 pF
(1x100 cm2 strip capacitance).

The waveforms shown in Fig.5.20, 5.21 visuaiize the
A2DB-32 analog output signal responding to a 1 µA
generator pulse (pulse width - 100 ns, rise/fall time
- 5 ns) with capacitive loads of 500 pF and 1000 pF
respectively.

according to the results of these tests we may easily detect signals from strips with a length up to 4
m, which can be checked during the tests with the
FS prototype at CERN. We will not use strips with
a length above 2 m in the PANDA Muon System
As we may see from the oscillograms, the influence design.
of the high input capacitance is already noticeable As the strip wave impedance mismatch to the infor both 500 pF (1m strip) and 1000 pF (2 m strip). put impedance of FEE can become noticeable with
However, the low current signals still remain de- 2 m long strips, we also made measurements of thetectable. For the much longer strips the influence of wave impedance for different geometrical configuhigh capacitance on the signal shape becomes a lim- rations of the strip wave guide. All results of these
iting factor for the signal readout. One of the worst measurements are presented in Fig.5.23: each curve
checked cases is presented in Fig.5.22 (10 µA input shows the dependence of the strip wave impedance
current pulse, 10000 pF capacitive load) where a (Z0 , Ohm) on the strip width for a fixed gap be10µA input signal is fully integrated, and a 1 µA tween the strip board and the absorber plate (d =
input signal is absolutely undetectable. However, 0÷15 mm, as parameter).
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5.3.2

Figure 5.22: A2DB-32 analog output waveform for 10
µA input signal; input capacitive load C = 10000 pF (for
instance, 10x200 cm2 or 2x1000 cm2 strip capacitance).

Test Stand for Modeling a Single
Layer RS Prototype with Long
Strips

A special test stand representing a model of the
Range System Prototype with one detecting layer
in the Fe absorber gap was assembled in Dubna
(Fig.5.24). The general task of this model was to
determine all the provisions (shielding, grounding,
strip board position, etc.) which are necessary for
a stable and robust operation of a RSP detecting
layer of the assembly to be prepared for the tests at
CERN. The model can also be used to demonstrate
realistic signals of 1 m long strips in conditions similar to the ones of the later experiments. In this
subsection, some signals of the 1m long strips using
a 60 Co source as well as cosmics are demonstrated.

Figure 5.24: Model of the Range System prototype
detecting layer in the Fe absorber gap assembled for
demonstration of a real 1 m long strip signal in Dubna.

Figure 5.23: Dependence of the strip wave impedance
(Z0 , Ohm) from the strip width (cm) for a fixed gap
between the strip board and the absorber plate (d =
0÷15 mm).

The detecting layer of the model fully reproduces
the one of the RSP (see subsection 8.2) consisting
of a 1x1 m12 strip board (96 strips, 1 cm wide) with
12 MDTs (also 96 wires) attached to its surface. All
96 wires are supplied with high voltage distributed
by the HVS cards. Thea all can be used for wire
signal readout. Only 32 strips of the strip board are
operational and connected to the inputs of an A-32
preamplifier card, the other strips are terminated by
50 Ω. The detecting layer is placed between 2 fiber
glass laminate boards which have the same ground
with MDTs, thus imitating the Fe plates of the RSP
absorber structure. Small plastic supports are used
to establish the gap between the strip board and the
absorber plate imitation further in the text called
”absorber plates”.

The FEE input impedance is ∼ 46 Ω. As we may
see from the plot we have an absolute impedance
match using strips of 1cm width and a gap of 15
mm. The configuration of 1 cm width and 5 mm gap
is also appropriate (42 Ω) - this is a situation which
we receive when placing the strip board side of the
detecting layer to the absorber plate (a gap of 5 mm
appears because of the rivets used for fastening the
MDT layer on the strip board surface).
The configuration of the RSP model shown in
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Fig.5.24 was assembled especially for the demonstration of 1 m long strip signals. It differs from the
one previously used for adjustment and debugging
work. First of all it is connected to the FEE used in
the set up. All the adjustment work was made using
electronics intended for the RSP tests. In the shown
configuration for the wire readout we use the same
FEE. The A2DB-32 card is used in single amplification mode to receive the single wire signal waveform
or it is supplemented with an ASum-96 card when
we need the sum of 8 wire signals. For the strip signal readout an A-32 card is used and the next stage
of amplification is made by the A2DB-32 in single
amplification mode instead of ADB-32. Generally,
this strip FEE configuration repeats all the characteristics of the RSP strip FEE with one convenient
addition of an analog output buffer of the A2DB-32
which is used for demonstration of the strip signal
waveform. All other unnecessary electronics is removed.

inate board (top “absorber plate”) does not cover
the whole area of the detecting layer and no additional shielding (aluminum foil) is applied. It
was done to demonstrate that in this configuration the detector system does not depend on the
absorber structure and shielding, though shielding
still remains advisable. However, the top “absorber
plate” in the demonstration model set up is used
as shielding for the preamplifier A-32 card and as
the closest place for grounding of the A-32 output
cables shielding (grounding through the A-32 card
appeared to be not enough).

strip board of the detecting layer is pressed to the
“absorber plate” (rivets attaching MDTs to strip
board act as 5 mm supports) the system becomes
more stable and the shielding requires considerably
less efforts. All these details need further research
which will be done during cosmic RSP tests at
CERN (where the shielding covers can be properly
fastened to the absorber structure) to find the optimal configuration. For demonstration of the strip
signals we assembled the most stable configuration
(5 mm gap) and even moved further by placing copper foil on the strip board to cover all the operational strips. The copper foil is grounded to the
same point with MDTs and the ”absorber plates”.
This configuration resembles the the strip board
made of double side fiber glass laminate where one
side is used for strips, the other remains solid and is
connected to ground (strip wave impedance 26 Ω).

As the MDT response to γ rays from a 60 Co source
and to cosmics is almost identical (see subsection
5.1) we started measurements with strip signals for
60
Co events since they are much more frequent than
cosmic events.

The described configuration of the test set up was
used for demonstration of the 1 m long strip signal.
It is stable enough for robust strip signal readout,
although it has noticeable strip wave impedance
mismatch with the FEE (26 Ω to 46 Ω - see subsection 5.3.1).

To observe strip signals and start signal accumulations with a 60 Co source the wire signal was used
Another difference is related to the configuration for triggering. For the accumulation of strip signals
of the detecting layer in the “absorber gap”. Dur- from cosmic rays triggering was made by the output
ing the adjustment work a 15 mm gap between the signal of a coincidence circuit based on a telescopes
strip board and the “absorber plate” was estab- of two scintillation counters with a scintillator dilished (maximum for the RSP, optimal strip wave mension of 10x10x2.5 cm3 , covering an area 2.5x10
impedance 46 Ω). In this configuration a proper cm2 along the chosen strip.
shielding at the edges of the set up was needed to
arrange good strip signal readout. Otherwise all For all oscillograms shown in this subsection chanpick-ups made the the strip signal undetectable and nel 1 (upper trace) is the wire signal (or the sum
occasionally caused self-extinction in the FEE. For from 8 wire signals with halved amplitude) and
this purpose an aluminum foil was used. This vari- channel 2 (lower trace) is the strip signal. In case
ant of shielding was not stable enough to receive a of the 8 wires sum signal the amplitude is halved
robust strip signal readout and continuous adjust- because ASum-96 card is designed to bisect each
ments were needed. With the minimal gap of 5 mm input signal preventing overload of any following
(wave impedance 42 Ω) which appears when the electronics.

As one may see in Fig.5.24 the top fiber glass lam-

The oscillograms presented in Figs.5.25, 5.26, 5.27
show single wire signals and the corresponding strip
signals for 60 Co γ rays at 2.4 kV high voltage on
the MDT wires. The 60 Co source was placed on
the crossing points of the chosen strip and the wire
at different places along the strip. This observation
was done to find out whether there exists any dependence of the strip signal shape on the distance
from the strip FEE to the area where the signal is
induced. The waveforms in Fig.5.25 correspond to
the most distant position of the 60 Co source (1 m),
Fig.5.26, 5.27 respectively correspond to the middle
and the closest positions. According to the observation no dependence was found on the 1 m long
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Figure 5.25: Wire (channel 1) and strip (channel 2)
signals from the 60 Co (1 m distance between FEE to
the 60 Co source position).
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Figure 5.27: Wire (channel 1) and strip (channel 2)
signals from the 60 Co (0 cm distance between FEE to
the 60 Co source position).

may see in these oscillograms, the strip signal accumulations have fewer amounts of useful events and
also the lower limit of the strip signal is masked by
the noise in the channel because of the interference
of cosmic events and 60 Co events (due to comparable intensities of both these sources). Yet these
oscillograms remain quite informative.

Figure 5.26: Wire (channel 1) and strip (channel 2)
signals from the 60 Co (50 cm distance between FEE to
the 60 Co source position).

strip. This property will be also checked later for
the 2 m and 4 m strips during the experiments with
the FSP at CERN.
For the MDT with open cathode geometry the
plateau of the counting rate curve starts at ∼ 2.15
kV (similar to the plateau of the MDT efficiency
curve) and lasts up to ∼ 2.29 kV (see subsection
5.1). To estimate the spread of the strip signal amplitudes which correspond to the wire signals several signal accumulations were made with the 60 Co
source and with HV potentials at the MDT of 2.05
kV (below the plateau of counting rate curve); 2.15
kV, 2.25 kV (within the plateau), 2.35 kV (above
the plateau). These accumulations are shown in
Fig.5.28, 5.29, 5.30, 5.31. For these accumulations
the wire signal was also used for triggering. As one

Figure 5.28: Wire (channel 1) and strip (channel 2)
signal accumulations with 60 Co source at the MDT HV
of 2.05 kV.

As expected, the MDT HV regime of 2.05 kV and
even of 2.15 kV (lower plateau boundary) proved
to be nonoperational. The other two regimes seem
to be quite functional. As we may see in Fig.5.30
and 5.31 both, strip and wire signal accumulations,
achieve almost the same level of maximum amplitude. It means that the double cascade Ampl-8.3
amplification (Ka ≈ 400 mV/µA) that we use for

FAIR/PANDA/Technical Design Report - Muon System

Figure 5.29: Wire (channel 1) and strip (channel 2)
signal accumulations from 60 Co source (MDT HV potential = 2.15 kV.
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Figure 5.31: Wire (channel 1) and strip (channel 2)
signal accumulations from 60 Co source (MDT HV potential = 2.35 kV.

for analog calorimetry, saturation of the FEE is not
acceptable. Concluding, the MDT HV regimes from
2.2 to 2.3 kV are the most appropriate (Fig.5.30).

Figure 5.30: Wire (channel 1) and strip (channel 2)
signal accumulations from 60 Co source (MDT HV potential = 2.25 kV.

The oscillograms of the characteristic strip signals
for cosmics with the corresponding wire signals at
the MDT high voltage potentials of 2.4 kV, 2.3 kV,
2.2 kV are shown in Fig.5.32, 5.33, 5.34 respectively
(the trigger is given by the scintillator telescope).
The accumulations of both the wire and the corresponding strip signals for cosmics at the MDT HV
potential of 2.3 kV is presented in Fig.5.35. For
these oscillograms channel 1 is the summed up signal from 8 wires with halved amplitude (a high noise
level is also caused by this summation) and channel
2 is the strip signal.

the strip signal readout is enough to boost up the
strip signal to the level of the corresponding wire
signal (Ka ≈ 65 mV/µA). This can be stated at
least for the case of optimal conditions for the strip
signal induction. Hence, we expect to achieve a
strip signal detection efficiency close to the one of
the wire signal.
Both wire and strip signal accumulations in Fig.5.31
(HV = 2.35 kV) have signals saturating the FEE
electronics which also means that the amplitudes
of the lowest strip signals are boosted up causing
the increase of strip signal detection efficiency (compared to the lower HV regime below 2.3 kV). This
MDT HV regime can be applied in cases where Figure 5.32: Characteristic strip signal (channel 2)
only YES/NO detector responses are needed (vari- corresponding to the wire signal (channel 1) for cosmics
(MDT HV potential = 2.4 kV).
ant proposed for the PANDA Muon System); for the
RS prototype, where the MDT signal will be used
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Figure 5.33: Characteristic strip signal (channel 2)
corresponding to the wire signal (channel 1) for cosmics
(MDT HV potential = 2.3 kV).

PANDA - Strong interaction studies with antiprotons

Figure 5.35: Wire (channel 1) and strip (channel 2)
signal accumulations for cosmics (MDT HV potential =
2.3 kV).

different. According to the observations with the
oscilloscope the electronic component of the strip
readout noise has a level of ∼ 0.2 µA. The noise
higher than 0.2 µA is caused by electromagnetic
pick-up and may have different amplitude levels depending on the applied shielding measures and the
grounding configuration. For the RSP layer model
configuration described in subsection 5.3.2 the electromagnetic pick-ups may have an amplitude of up
to 0.5 µA. Generally, these pick-ups are not present
on the strip signal accumulations shown in subsection 5.3.1 as they are quite seldom (compared to the
signal rate) and therefore eliminated by the trigger.
(wire signal used as trigger). This noise compoFigure 5.34: Characteristic strip signal (channel 2) nent can be heavily suppressed by a complete layer
corresponding to the wire signal (channel 1) for cosmics shielding.
(MDT HV potential = 2.2 kV).

To estimate the real strip readout noise situation
and the signal to noise ratio, all measurements were
made on an RSP model fully shielded with aluThus, the described observations confirm that the
minized mylar film. For the strip signal readout a
strip signals from the 60 Co source and cosmics recombination of A-32 and ADB-32 cards were used
main reliably detectable using 1 m long strips. Cor(FEE variant for the PANDA Range System). Six
responding to the results of tests and measurements
strip readout channels were used in the measurepresented in subsection 5.3.1 (influence of strip caments. The general idea of the research work is
pacitance) we may conclude that the strip signal
based on comparing the noise counting rates meacan be detected reliably from up to 4 m long strips
sured at fixed threshold levels with the signal countin our detector design.
ing rates (cosmics and 60 Co source radiation) measured at the same thresholds for different MDT high
voltages (strip signal counting rate = total count5.3.3 Signal to Noise Ratio
ing rate - the noise rate). All the measurements
As it was shown in subsection 5.3.1 the influence were made for a 100 s time interval using a simple
of a high strip capacitance on the noise of the strip scaler. Several iterations of each measurement were
readout electronics is minimal and does not exceed performed and the averaged result was used for the
70 nA. However in the real case observed on the further calculations.
RSP layer model in Dubna, the noise situation is For the noise value we take the average count-
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ing rate measured at fixed threshold level with the
MDT high voltage off. Measurements of the noise
were made before and after the total counting rate
measurements (5 iterations) and also once after
each total counting rate measurement (for a particular MDT HV) . The average result was taken as
noise rate.
The results are presented in Table 5.1. The second column of the table contains the noise rates
per channel measured on the prototype, the third
column accounts for the whole Muon System (73000
strip channels).
Threshold,
µA
0.1
0.2
0.25
0.275
0.3
0.325
0.35

Noise rate per
channel, Hz
1200
19.8
1.2
5 ·10−2
5 ·10−3
8.3 ·10−4
≤ 10−10

Noise rate for
Muon System, Hz
∼ 109
∼ 106
∼ 104
∼ 4·103
∼ 4·102
∼ 102
≤ 10−10

Figure 5.36: Strip counting rate curves for the threshold range of 0.2 ÷ 0.5 µA

becomes induced with the signals which can be registered at the set level of threshold. Thus, on the
chosen MDT HV range of 2.19 ÷ 2.3 kV) the strips
counting rate grows constantly.

Table 5.1: Strip system noise rate

At the threshold level of 0.2 µA the noise rate has
large fluctuations which proves the results of oscilloscope observations that this level corresponds to
the strip readout system electronic noise. All the
noise rates measured at higher thresholds are generally stable. Taking this into account, the operation threshold range for the strip system should
start at 0.25 µA. At this threshold level the strip
noise rate estimated for the whole Muon System is
∼ 104 which is remarkably small. It is less than
the assumed rate of minimum bias physical events
(see estimates in section 4.7). The noise rate falls
almost to zero at thresholds of 0.3 ÷ 0.325 µA.

To estimate the strip signal counting rate at fixed
threshold for a particular MDT HV the corresponding noise rate was subtracted from the measured total counting rate (for the threshold interval of 0.2 ÷
0.325 µA). For higher thresholds (up to 0.5 µA) the
total counting rate is taken as strip signal counting rate, since the noise is cut off by the thresholds
higher than 0.325 µA. The counting rate curves for
the threshold range of 0.2 ÷ 0.5 µA are shown in
Fig.5.36

Figure 5.37: Signal to noise ratio of strip system

In the PANDA Muon System design we use only
Yes/No responses of the strip system which means
that we generally need one (maximum 3) strip signal corresponding to the MDT wire signal. In this
case we should work with a high threshold level
which may fall even higher than the minimum noise
threshold of 0.3 µA announced before. The value
of the strip system threshold level will depend on
the choice of the operation point of MDTs and will
As one may see in Fig.5.36 the counting rate curves be chosen to achieve maximum detection efficiency
of the strips do not have a plateau as the ones from with a minimal number of strips responding to each
the MDT wires. That is because of the fact that wire signal. The choice of these parameters will
with increasing MDT high voltage the MDT wire be made during the research work on the Range
signal amplitudes increase together with their in- System prototype at CERN where the strip signal
ductive abilities. So the bigger area of the strips registration efficiency will be obtained as well. To
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estimate the value of signal to noise ratio (SNR)
we take the strip signal counting rate divided by
corresponding noise rate. The SNR was counted
for the expected MDT HV operation range of (2.15
÷ 2.3 kV) and the threshold range of 0.25 ÷ 0.325
µA. The corresponding curves are shown in Fig.5.37
(SNR in logarithmic scale).
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6

Front-end Electronics

The front-end electronics of the PANDA Muon System is based on the ASICs amplifier Ampl-8.3 [1]
and discriminator Disc-8.3 [2], specially designed for
Mini Drift Tubes (MDT) read-out. The ASICs have
been designed by the Institute of Nuclear Problems
of the Belarusian State University (Minsk, Belarus)
in tight contact with the MDT designers from the
Joint Institute of Nuclear Research (Dubna, Russia) and manufactured by the Design and Technology Institute “Belmicrosystems” of the Research
& Production Corporation “Integral” (Minsk, Belarus). Both ASICs have been implemented using
the BJT-JFET technology [3] which makes them
neutron radiation hard. The read-out system is designed in different ways: one for the Forward Range
System (FRS), the Muon Filter (MF) and the Target Spectrometer End Cap (TS EC) and another
for the Target Spectrometer (TS) Barrel.
In the first case (FRS, MF, TS EC), the 32-channel
Amplifier-Discriminator Board ADB-32 [4] will be
used for wire read-out, while the strip signal will be
read using the combination of preamplifier board
A-32 (also based on the ASIC Ampl-8.3) followed
by the ADB-32 board.

scribed above. In the TS Barrel, amplification and
discrimination stages of strip and wire signals are
implemented on different boards (see subsections
6.6, 6.7). Wire readout is organized by the connection of HVS/A-8 board (amplifier part, plugged
directly into the MDTs output connector) and DB64 board (64-channel discriminator part, mounted
on the Barrel surface) through cable. Strip signal
amplification is performed by an A2-32 board which
is like the A-32 board with the only difference that it
carries two stages of amplification (cascaded Ampl8.3). The discrimination stage for Barrel strip readout is the same as for wires and performed by the
DB-64 board.

6.1

The Trans-Resistance
Amplifier ASIC Ampl-8.3

The eight-channel ASIC low-noise bipolar transresistance amplifier (TRA) Ampl-8.3 has been designed on the basis of BJT-JFET technology for
gaseous wire detectors. It has been designed in tandem with the comparator Disc-8.3 but as a separate
The ADB-32 board has been designed for MDTs chip to minimize possible cross-talks and unwanted
of the DØ Forward Angle Muon System (Fermi- oscillations caused by output-to-input feedback.
lab) upgrade [5] where about 50000 channels of this
The amplifier chip design was carried out according
electronics were installed. Long-term performance
to the following performance requirements:
of the ADB-32 during DØ Run II as well as at
the COMPASS experiment (CERN) demonstrated
1. the amplifier should have a high amplification
high reliability, tolerance to self-excitation, input
factor;
overload, and - very important - to HV breakdown
of MDTs and it has also proved good matching to
2. an input stage should be made as a n-p-n
functional requirements of Muon System setups, rocommon-base to provide low input resistance;
bust operation and simplicity in assembling, debugging and maintenance.
3. amplifier inputs should be protected by diodes
against HV pulses (both negative and positive);
The A-32 board has been designed as preamplification stage for ADB-32, needed for strip signal
4. amplifying stages should be differential to minreadout. A-32 is going to be used for boosting (inimize cross-talks;
duced) strip signals to the level of wire signals and
inverting them from positive to negative polarity to
5. the amplifier should be of trans-resistance type,
match the ADB-32 input signal requirements. The
it should not have a common feedback between
application of ADB-32 for strip read-out provides
input and output to exclude the possibility of
the uniformity of front-end electronics for this part
parasitic generation by excluding stray capaciof the PANDA Muon System which simplifies its
tances and resistors of the feedback integrated
maintenance.
capacitors and resistors;
Because of some peculiarities (see subsections 6.6,
6.7) the FE electronics implementation for the Barrel wire and strip readout differs from the one de-

6. maximum layout symmetry to minimize DC
voltage shift at amplifier’s differential outputs
at a quiescent mode;
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Figure 6.1: Single-channel schematic circuit diagram of Ampl-8.3.

7. an additional reference common base stage
similar to the one at the input should be inserted into any amplifier channel to diminish
common mode interference and to set the DC
quiescent mode operation point for the second
amplifying stage;

made completely identical to the input one, including the test input resistor and overvoltage protection diodes to match the input conditions including
leakage currents.
Two differential stages (Q6, Q7, R35, R36, R4,
R5, C1A, C1B, Q8,R8 and Q20, Q21, R37, R38,
R23, R24, C4FA, C4FB, Q22, R25) provide the re8. a trade-off between speed and noise against dis- quired voltage gain. They are separated by emitter
sipated power in multichannel implementation. followers with shifting diodes Q23÷Q26, R26 and
Q27÷Q30, R27 for matching DC levels. The outThe schematic circuit diagram of one channel put emitter followers Q13, Q9, R9 and Q14, Q10,
of the 8-channel TRA Ampl-8.3 is presented in R10 can drive 1 kΩ load.
Fig.6.1. The input stage is formed by a common
The circuit Q11, Q12, R11, R12 sets currents in
base/common collector configuration (Q1, R28,
the multistage current mirror providing operation
Q2÷Q5, R7) with positive/negative input overvoltpoints for all the amplifier stages.
age protection diodes Q31÷Q33 and a test input
resistor R39. The common base stage converts in- To increase the signal-to-noise ratio, the input tranput current pulses into voltage on the resistor R28. sistor has been optimized by embedding shaping
The input transistor Q1 is a low-noise n-p-n with RC circuits. There are two stages of integration
Rbb0 ≤ 40 Ω, fT > 3 GHz. It operates at 0.7 mA col- carried out by differential-stage collector-load relector current, the common-base configuration pro- sistors R35, R36 and R37, R38, collector-base and
vides about 50 Ω input impedance in a wide fre- collector-substrate capacitances, CCB and CCS of
quency band. There is a reference stage Q15, R15, the transistors Q6, Q7 and Q20, Q21, respectively,
Q16÷Q19, R17, Q34÷Q36, which serves for stabi- input capacitances, CIN of the emitter followers
lization of the amplifier quiescent operation mode Q23 and Q27 as well as resistor stray capacitances.
and provides similar conditions for common mode Differentiation is carried out by emitter resistors
rejection at the first differential stage to minimize R4, R5 and R23, R24 and capacitors C1A, C1B and
cross-talks. For this purpose the reference stage is
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C4FA, C4FB, which increase the gain at the high
frequency limit of the amplifier’s bandwidth. As a
result the amplifier has 35 nA r.m.s. input noise at
zero detector capacitance (CD = 0 pF) and 60 nA
r.m.s. at CD = 60 pF.
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input current pulse of 150 ns duration, 15 ns and
20 ns leading and trailing edges, respectively, was
used as an input signal because this pulse shape is
closer to that of the real signals.

In order to prevent unwanted generation of parasitic oscillations, we removed the common feedback
from the output to the input. To minimize DC offset voltage between positive and negative outputs
special measures have been undertaken to match elements in both arms of the differential stages and
in the input and reference common base/common
collector stages. As for the layout, the geometric
symmetry problem was considered to be the primary one: the large-area input transistors Q1 and
Q15 have been placed adjacently in close proximity to decrease their base-emitter voltage difference,
∆UBE , and to improve temperature matching in a
wide temperature range. The resistors R28, R15,
R6, and R16 were located in the same manner because their value dispersion affects essentially the
output DC voltage offset. The measures undertaken
resulted in a DC output voltage offset no greater
than 1.5 V.
An example of the Ampl-8.3 output signals is presented in Fig.6.2. The input signal was a rectangular negative polarity 10 µA current pulse of 150 ns
duration and leading and trailing edges of about 2
ns. Small overshoots at leading and trailing edges
are due to noise filtering carried out by the emitter
capacitors, C1 and C2, of the differential stages (see
Fig.6.1).
Figure 6.3: Output voltage at positive (B) and negative (C) arms and differential output (D) versus negative
(a)) and positive (b)) input currents. Amplifier’s positive and negative arm outputs at the quiescent state are
-0.27 V and -0.14 V, respectively.

The amplifier’s positive and negative arm outputs
were loaded by a 1 kΩ resistor connected through
a 1 nF capacitor. Measurements were carried out
at the middle of the flat top part of pulses at the
positive (B) and negative (C) output stage arms
and at the differential output (D).

Figure 6.2: The amplifier input and positive/negative
output signals at the input negative polarity 10 µA current rectangular pulse of 150 ns duration and leading
and trailing edges about 2 ns.

The output signal linearity and dynamic range are
illustrated by curves on Fig.6.3 for both negative
(a) and positive (b) input currents. A trapezoidal

For both signal polarities the linear current-tovoltage conversion is observed up to 35.6 µA. This
corresponds to the dynamic region of 55 dB relatively to the largest noise level of 60 nA r.m.s
observed at Cd = 60 pF. It should be noted that
the curves of Fig.6.3 correspond to the chip with
a rather small DC output voltage offset of 0.13 V.
Chips with a greater voltage offset, coinciding by
sign with the output signal polarity at this arm,
have a smaller dynamic range because the output
signal is restricted at less input current, whereas
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in the case of the opposite offset sign the dynamic
range is greater. The mean value of the dynamic
range for both negative and positive input currents
is approximately 52 dB.
Another important feature of the described transresistance amplifier is its high radiation hardness.
This is the result of the specific properties of the
BJT-JFET technology and of the Ampl-8.3 circuitry. Investigations of radiation hardness of the
BJT-JFET technology IC elements showed that at
a neutron dose up to 9·1012 n/cm2 values of integral resistors were not changed; the transistor current gain was reduced by 39% for large area input
n-p-n transistors, by 18% for basic minimal size np-n transistors, and by 35% for p-n-p transistors.
The PSpice simulation of Ampl-8.3 based on above
parameters has shown that the degradation of the
amplifier gain and noise did not exceed 10% in the
worst case.
Parameters of Ampl-8.3 are presented in Table 6.1.

6.2

The Comparator ASIC
Disc-8.3

Three objectives were pursued during the design of
the Disc-8.3 ASIC:
1) minimum dissipated power to embody eight
channels in a single chip while providing high
speed;
2) versatility of possible applications which permits to operate with different input signal sources and output loads, including long
twisted pair or flat ribbon cables;

Parameters
Gain mV/µA
Channel number
Input signal polarity
Input impedance Ω
Inoise for detector
capacitance:
CD = 0 r.m.s. nA
CD = 60 pF r.m.s. nA
Output signal
leading/trailing edge
(0.1÷0.9) ns
Propagation delay ns
DC output offset voltage V
Dynamic range for signals
of both polarities dB
Input ± overvoltage
protection
Breakdown current at
pulse duration 1 µs
with rate 10 Hz with
breakdown probability 20%:
Positive polarity A
Negative polarity A
Differential output
Output load Ω
Channel-to-channel
cross-talk at MDT
type signals dB
Voltage supply V
Dissipated power at ±3...5 V
supply W/chip

Value at
±5 V supply
130 (65 per arm)
8
±
≈ 50
35
60

7
6
≤ 1.5
52
Yes

3
10
Yes
≥ 1000
-54
±3 ..... ±5
0.16...0.64

Table 6.1: Ampl-8.3 specification.

3) low cost.
The resulting eight-channel comparator IC appears load. The comparator has a differential input and
to satisfy the requirements mentioned above.
a current output.
The IC consists of eight parallel channels having
a common voltage supply bus and maximum out- The first differential stage Q1, Q2 is loaded by the
put load current control. To extend the compara- common base stages Q4, Q5 to decrease Miller’s eftor’s application capabilities built-in threshold con- fect and input capacitance. The second differential
trol was not implemented into the IC. Application stage has a similar construction. The oppositely
of open collector output stages makes it possible connected diodes Q19, Q20 limit maximum voltage
to obtain various output signal amplitudes in the amplitude between the collectors of Q9, Q10 to inrange from 0 V to 5 V (MOS, TTL).
crease speed. The emitter followers Q6, Q7, Q12,
The comparator circuit is shown in Fig.6.4. The
comparator has three differential stages, the first
and the second ones (with resistor loads) provide
required voltage amplification, the third one (with
open collector) is intended to drive an external

and Q13 with Zener diodes D1-D4 match constant
voltage levels between the differential stages. The
second differential stage has the frequency dependent feedbacks coming through the resistors R23 =
R24 = 1.2 kΩ, R25 = R26 = 7 kΩ, C1 = C2 =
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Figure 6.4: Single-channel schematic circuit diagram of Disc-8.3.

2.1 pF, which form 60 ns pulses at the comparator output. This feature is very useful for practical
applications because it makes it possible to provide
following signal processing reliably even when the
input signal exceeds the threshold for a short time.
The resistor R8 leads of all the channels are combined together and are connected to the separate
ground pin VGND, permitting to control the output current by changing the potential at this pin.

Parameters
Supply voltage V
Supply current I+ , I− ,
mA/channel
Channel number
Offset mV
Output current mA
Input offset current µA
Input current µA
Propagation delay at 10mV/60mV
overdrives ns
Output signal edge 01/10 ns
Maximum propagation delay
difference ns
Maximum output signal
duration ns

Value
+5, -5
≤ 8.2,
≤ 8.6
8
≤5
≤4
≤ 0.01
≤1
36÷14
(11÷7)∗
2.2/1.8
≤4
(< 1)∗
60

To test the chip a special probe card was designed
with an eight-channel constant threshold discriminator. The measured comparator parameters are
presented in Table 6.2. The chip has good speed:
the 1/0 and 0/1 edges are 1.8 ns and 2.2 ns when
operating on a matched 110 Ω load (twisted pair
wire). Difference in propagation delay from channel
to channel is less than 4 ns in the worst case of small
overdrive. The output was designed to provide operation on the differential line driver DS90C031 ter- Table 6.2: Specifications of the eight-channel comparaminating a flat ribbon cable or twisted pair line of tor IC. (∗ After layout correction.)
30 m length at quite moderate dissipated power (84
mW/channel).
The dependence of propagation delay on overdrive
is shown in Fig.6.5. The growth of the delay at
small overdrives shown by both simulations (curve
1) and measurements (curve 3) proves to be caused
by stray capacitances accompanying the feedback
capacitors C1 and C2 of Fig.6.4. To decrease this

dependence to the levels of curve 2, a small correction of two metal layers was found to be enough.
This correction was made before mass production
of ICs for the DØ experiment.
The comparator operation in constant threshold
configuration is illustrated by Fig.6.6, 6.7, 6.8 for
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Figure 6.5: Delay versus overdrive curves.
1-PSpice simulation results for the fabricated circuit;
2-PSpise simulation results for the circuit corrected;
3-Measurement results for the fabricated circuit.

the case of double pulse resolution estimation in the Figure 6.7: Differential output signal of the comparacondition of quite obvious pileup. The double pulse tor loaded by a 10 m flat ribbon cable.
from a pulse generator (top waveforms at Fig.6.6,
6.7, 6.8) passed through an RC-circuit to form a
signal simulating a gas drift tube output and after appropriate amplification (the bottom waveform
at Fig.6.6) was applied to the discriminator input
through a separating capacitor.

Figure 6.8: Signal at the end of the 10 m flat ribbon
cable.

Figure 6.6: A double pulse signal at the Disc-8 input
(bottom waveform) and a reference signal from a pulse
generator (top waveform).

The discriminator output was loaded by a 10 m flat
ribbon cable terminated by a differential line receiver (DS90C031). (The discriminator was found
to be operable at cable lengths up to 30 m). A double pulse signal (pulse duration 50 ns, 30 ns interval
between the pulses at 0.5 level) was provided by a
pulse generator with 1 MHz repetition rate. Its amplitude exceeded twice the discriminator threshold.

The corresponding comparator differential output
signal is shown in Fig.6.7. Both leading and trailing edges are less than 2 ns. Small pulses reflected
from the cable end were observed after the output
pulses. The signal at the end of the 10 m cable
is shown in Fig.6.8. The double pulse resolution
proves to be quite satisfactory.

6.3

The Amplifier-Discriminator
Board ADB-32

The ADB block-diagram is shown in Fig.6.9. The
signal channels are made on the basis of four eight-
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Figure 6.9: The ADB-32 block-diagram.

channel ASICs Ampl-8.3 and Disc-8.3 encapsulated
into quadrilateral 48 pin 1.0 mm pitch plastic packages. The MDT outputs are connected to amplifier
inputs through 27 Ω resistors, being a part of the
matching resistors, whereas another part, 240 Ω resistors, is embedded inside MDTs. Together with
an Ampl-8.3 impedance of 50 Ω it matches the MDT
wave impedance.

1 of the amplifier chips. The amplitude and duration of the test pulses are determined by differential
signals TP, TP’ and TPL, TPL’. The test pulse is
used for testing all the ADB channels simultaneously. Transistors T1, T2 generate a voltage supply
failure signal.

The ADBs have been assembled on an eight layer
172.6 mm x 82.5 mm x 1.6 mm PCB using SMD
Differential outputs of the amplifiers are connected technology. Top and bottom views are presented in
to differential inputs of discriminators through 1 Fig.6.10.
nF capacitors. This value of capacitance provides The discriminator outputs of ADB-32 are connected
minimal base-line shift at the discriminator in- to the following electronics by a flat ribbon cable
put impedance of about 1 kΩ. A regulated volt- having 80 wires with 80-pin high density connecage source DA4B (Op279) sets the threshold level tors. In addition to 64 discriminator output signal
through 1% resistor dividers 7.5 kΩ/1.0 kΩ by the wires, this cable provides four wires for differential
differential signal ThL, ThL’. The reference voltage test pulses and setting its amplitude, two wires for
for the OP 279 is generated by DA2 (TL317). Open the discriminator threshold level signal as well as
collector outputs of the discriminators are loaded one wire for the ADB-32 power supply failure sigby 1.0 kΩ connected to the voltage regulator DA3 nal. The other wires are used for ground connec(LM317).
tion. Two voltage supply levels with power supply
The Test Pulse Generator DA1, DD1A, DD1B, ground are connected by a 3 wire cable to the low
DA4A (Max903, SN7438, OP279, respectively) gen- voltage bus through a 4 pin connector.
erates current test pulses applied to the inputs Test Performance of the ADB-32 has been investigated
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at large input signal overdrives. Even when an input signal exceeds substantially the top boundary
of the Ampl-8.3 dynamic range and the amplifier
drops into deep saturation, the discriminator fires
properly. Fig.6.11 illustrates signal channel performance at 14% excess above the top boundary of the
Ampl-8.3 dynamic range, being equal to 35 µA. In
spite of amplifier output signal distortion compared
with operation in the dynamic range the ADB output signal is increased only by 20 ns. At deeper
saturation of the amplifier (Iin = 200 µA, Fig.6.12)
the increase is only 80.8 ns. When the amplifier is in
deep saturation, the positive 4 V output pulse has
strongly extended edges, whereas the negative output pulse is completely degraded, its shape is disFigure 6.10: 32-channel amplifier-discriminator board torted, the amplitude is less than 2 V at the greatest
part of the pulse due to restriction of current proADB-32.
vided by the current mirror of the output stage Q9
(see Fig.6.1). Nevertheless, the discriminator outat test benches, detector prototypes and real exput signals in Fig.6.11 look quite good, the small
perimental setups (DØ, COMPASS). The input
oscillations observed at the trailing edge of the negADB-32 parameters are determined by Ampl-8.3
ative output pulse do not present at the end of 30 m
and 27 Ω input resistors, the output ones by Disclong flat ribbon cable. The ADB channel is opera8.3. The summary characteristics of the amplifierble even at 1 mA input current (29 times overdrive),
discriminator channel, not presented in Table 6.1
the pulse expanding value does not exceed 200 ns.
and 6.2, are shown in Table 6.3.
Parameters

Number of input channels
Input signal operational range
Input signal polarity
Input impedance
Channel-to-channel input
current threshold spread
Board-to-board mean input
current threshold spread
Propagation delay at 2.24 µA
input current (Ithr = 1.12 µA)
Output signal jitter
Output signal time walk
for 2Ithr ÷ 10Ithr
interval at Ithr = 1.12 µA
Channel-to-channel cross-talk at
Ithr = 0.2 µA
Input ± overvoltage protection:
3.5 nF
capacitor charged up to ± 3.5 kV
discharges to the ADB input
through 240 Ω
at 10 Hz rate during 10 min.

Value
32
60 dB
negative
≈ 77 Ω
< ±10 %
< ±10 %
33 ns
0.8 ns
3.6 ns
-57 dB

No
Ampl-8.3
breakdown
was
observed

Table 6.3: ADB-32 specification.

One of the advantages of the ADB is operability

Figure 6.11: Negative (a) and positive (b) discriminator output signals at Iin = 39.9 µA (14% excess over the
35 µA top boundary of the amplifier dynamic range).

It is important that these overdrives do not practically cause false discriminator firing in adjacent
channels. To describe this effect we have introduced
cross-talk for the ADB through channel (analogue
input/digital output) as -20lg(Iin /Ithr ), where Iin
is the ADB input current which corresponds to the
beginning of false firing of discriminators in adjacent channels. Such false firing has been observed
only at thresholds below 0.2 µA. The cross-talk was
measured to be -57 dB. It should be noted that
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due to much smaller capacitance (just about 40 pF
for the longest 4 metre detector) - as high voltage
is applied to anode wires, and smaller high voltage
(about 2.2 kV).

6.4

HVS board: MDT’s Power
Supply and Signal
Connection

There are several differences between MDTs used in
the experimental setups mentioned before (DØ and
COMPASS) and those proposed for the PANDA
Muon System. Mainly, this is related to the fact
Figure 6.12: Negative (a) and positive (b) discriminathat each MDT layer of the proposed Muon System
tor output signals at Iin = 200 µA (5.7 times greater
is complemented by a strip board, and the strip outthan the top boundary of the amplifier dynamic range).
put signals are the ones induced by the MDT’s wire
signals. To permit this induction the MDTs’ steel
cover is removed and wires (not cathode profiles)
this parameter differs from the cross-talk generated are supplied with positive HV potential.
by an active analogue amplifier channel in adjacent
analogue channels inside the amplifier chip. Cross- The mentioned changes in the detector design imply
talk at ADB analogue channels is greater, -47 dB, the necessity of a new MDT HV power supply and
due to influence of parasitic capacitances and in- a signal connection variant (wires are connected to
ductances of the ADB wiring layout. Nevertheless, both HV source and the readout electronics). To
this value seems to be extremely good for practical provide the MDT HV and signal connection to the
ADB-32 input, a special cable with the HVS board
purposes.
has been designed (Fig.6.13). The HVS is a twoThe ability of ADB-32 to withstand HV pulses layer board with connection pins; a HV distribution
which sometimes occur at the MDT outputs was bus is connected to the pins by 1 MΩ resistors on the
also tested. It may happen either due to a wire top side and the signal chains with ground on the
break or to a spark discharge caused by improper bottom side. The signal chain is a serial connection
gas mixture in the MDT volume. The test was of a 1 nF blocking capacitor (separates ADB-32 inconducted for the worst case of ’DØ type MDT’ put from HV) and a 240 Ω resistor (matching wire
having high voltage on a cathode. In such a de- wave impedance and Ampl-8.3 input impedance).
vice a big capacitor between the MDT’s cathode Connection of HVS to the ADB-32 input is made
and ground charged to the HV potential begins to by micro-coaxial cables soldered to the pads at the
discharge through the ADB input and the short- end of signal chains (cables shielding is soldered to
ened anode/cathode gap maintaining spark plasma GND pad), as shown in Fig.6.14. The MDT conin the conductive state until the capacitor cath- nector previously used for HV power supply is now
ode/ground will be discharged until the voltage is applied for ground connection.
insufficient to maintain this discharge. The cathode/ground capacitance value changes from 500 pF Fig.6.14 also shows another change implemented to
for the shortest MDTs (0.8 m long) to 3.5 nF for the the PANDA MDTs. The HVS board is connected to
longest ones (5.8 m long), so the ADBs have been the previous variant of MDT with 240 Ω matching
tested by discharging of a 3.5 nF capacitor charged resistors located inside the detector. In the version
to ±3.5 kV to the ground through the 240 Ω resis- proposed for PANDA Muon System, matching retor connected to the input of the ADB. The test sistors are placed on the HVS board to eliminate
continued for 20 minutes with a 10 Hz repetition possibility of wire channel malfunction in case of a
rate of the HV discharge. No signs of breakdown matching resistor breakdown (resistors on the HVS
in all the ADB inputs tested for both positive and board can be easily replaced).
negative polarities were noticed. However, the 27 Ω The HVS board is completed with the top cover
input SMD resistors at the ADB have been burnt, for safety purposes (it isolates HV side of the
i.e. they operated like fuses. The situation with board). To exclude the possibility of glow disdischarges is much better for the PANDA MDTs charges, the top side and area of signal chain con-

PANDA - Strong interaction studies with antiprotons

92

tronics uniformity (mass-production, testing, debugging, maintenance, etc.).
Here are the general reasons:
1) The cascaded Ampl-8.3 IC connected by a series R/C chain operates reliably without selfexcitation, provides amplification up to 1000
mV/µA with comparatively low noise. The
amplification level is set by the connecting resistor (for the strip readout task it is set to ≈
500 mV/µA);

Figure 6.13: High voltage distribution and wire readout cable for MDT (top - HV side, bottom - signal side
and top cover).

2) The wave impedance of a 10 mm strip in the
PANDA Muon System setup is ≈ 47 Ω which
matches the Ampl-8.3 input impedance ≈ 50
Ω;
3) The Ampl-8.3 has a high radiation hardness
and reliability, proved by tests and long-term
application in experimental setups;1
4) The Ampl-8.3 has an input ± overvoltage protection (high voltage overshot which may occur in MDTs will also be induced on the strip
board);
Statements 3, 4 are of great importance concerning the fact that athe front-end electronics for strip
signal readout has to be located inside the Muon
System setup on the strip board surface (to prevent
external noise and the loss of low signal events in
case of signal drop on long cables), which means
the absence of any maintenance through the whole
PANDA experiment running.

Figure 6.14: High voltage/signal cable connected to
MDT.

nection to the HV on the bottom side are covered
with polyurethane lacquer.

6.5

The Preamplifier Board
A-32

The A-32 board (Fig.6.15) has been designed with
minimal vertical dimensions (to be freely located
in the gap between detector layer and Fe absorber)
and maximal simplicity of its circuitry (to increase
reliability).
All the components are placed on the top side of the
board. The Ampl-8.3 inputs are directly connected
to the strips as their input impedance matches
the strip wave impedance. The Ampl-8.3 inverting arm (negative output pulse) through the series
R=10kΩ/C=10nF chain is connected to the board
output, another arm is grounded through the same
R/C chain.

The 32-channel preamplifier board A-32 has been
designed to perform initial amplification (up to the
level of MDT’s wire signal) and inversion of the (inWire Readout for the Barrel
duced) strip signal, making it suitable for read-out 6.6
by ADB-32 board. The preamplifier board is also
As already mentioned, the structure of the FEE for
based on the Ampl-8.3 IC.
The decision to use Ampl-8.3 for strip readout was the Barrel wire readout is different from the one
based on peculiarities of the IC matching the task of
strip readout and the convenience of front-end elec-

1. See Ampl-8.3 description, subsection 6.1.
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input through a high voltage 1 nF blocking capacitor and a 220 Ω resistor. The total value of the
220 Ω plus input resistance of the amplifier is equal
to the wave impedance of the detector. The 110
Ω resistors serve to terminate a cable. The LVDS
output signals from the discriminator part (DB-64)
are transmitted to further FE digital electronics for
data acquisition.

Figure 6.15: 32-channel preamplifier board A-32.

Fig.6.17 presents the ’detector-like’ signal waveforms in different points of the described scheme: a)
amplifier input signal (negative polarity 10 µA current triangle pulse with 150 ns duration and leading
edge of 18 ns); b), c) -negative/positive amplifier
outputs; d) differential discriminator input signal.
We can see that the discriminator differential input signal due to the termination has no reflected
voltage peaks.

accepted for the other parts of the Muon System
(TS EC, MF, FRS) and ADB-32 cards cannot be
used here. The space is too confined to safely insert the ADB-32 cards into the connectors of the
MDT modules inside the barrel layers and extract
them again in case of need. For this reason the
discriminator cards have to be placed outside the
barrel slots. But then there is a potential problem with the MDT’s signal transmission through
the long cables (up to several meters).
Amplifier and discriminator parts of the Barrel wire
readout system are therefore implemented on separate boards. The amplifier boards (HVS/A-8) are
plugged directly into the MDTs’ output connectors
and are placed in the 3 cm gap between Fe absorber
plates. The discriminator boards (DB-64) are located on the surface of the Barrel. Both boards are
connected by twisted pair cables of several metres
length. This layout is illustrated in Fig.6.16.

Figure 6.17: The Barrel wire FEE signals (scheme
with terminating resistors): a) input signal; b), c) negative/positive amplifier outputs; d) differential signal on
discriminator input.

We also consider the possibility of using this scheme
without terminating 110 Ω resistors (Fig.6.18).
Since the output resistance of each arm of the
amplifier (∼ 100 Ω) is quite close to the wave
impedance of the twisted pair, it can be appropriate
for cable termination. We are going to check such a
possibility during R&D work with the Range System prototype at CERN; in such a case, we will have
twice bigger signals on the discriminator input.
Fig.6.19 shows the signal waveforms in different points of the FEE scheme without terminating resistors: a) amplifier input signal is negaFigure 6.16: The block-diagram of the single channel tive polarity 10µA current triangle pulse; b), c)of FEE for the Barrel wire readout system with cable negative/positive amplifier outputs; d) discriminaterminating resistors.
tor differential input signal. The differential input
signal of the discriminator has a small reflected voltThe MDT’s wire is connected to the HV distribu- age peaks. This is a result of incomplete matching
tion bus through 1 MΩ resistor and to the amplifier with cable wave impedance and further termination
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HVS board amended with amplification scheme
based on the IC Ampl-8.3 (Fig.6.20).
Thus, it fulfills all HVS functions and also amplifies
the MDT output signal. To check the operability
of the FEE, the board is completed with a test
signal circuit which provides a fixed current pulse
(∼ 2 µA). The test signal is fired by the external
logic signal coming from the output connector. The
schematic circuit diagram of HVS/A-8 unit is shown
in Fig.6.21.

Figure 6.18: The block-diagram of the single channel
of FEE for the Barrel wire readout system without cable
terminating resistors.

of the reflected signal on the amplifier output.

DB-64 is a 64-channel discriminator board based
on IC Disc-8.4. In general it repeats the circuitry
of the ADB-32 discriminating part.
The PCB design of both HVS/A-8 and DB-64
boards is in progress and will be tested with the
RS prototype.

6.7

Strip Readout for the Barrel

The output strip signal is approximately a factor
10 less than the wire signal. This greatly complicates the transmission of strip signals through long
cable (several metres). Therefore, for strips we assume to accommodate the amplifying part, like for
the Barrel MDTs, close to the detector’s edge and
use double cascade amplifier board based on the IC
Ampl-8.3. General view of the double cascade amplifier card (A2-32) is shown in Fig.6.22. This apFigure 6.19: The Barrel wire FEE signals for non- proach (double cascade amplifier) was preliminary
terminated scheme: a) input signal; b), c) nega- tested during the works on the MDT’s test stand
tive/positive amplifier outputs; d) differential signal on (see section 6.2).
discriminator input.

The digital part (DB-64) remains the same, both
for wire and strip readout.

6.8

Digital FE Electronics

As the development of the PANDA DAQ system
is in process and we have only general ideas of its
structure the design of the Muon System digital
front-end electronics has not started yet. It is also
supposed now that analog data from the Muon System is not required. The complete understanding
of this issue will result from R&D works with the
Range System prototype at CERN.
To process logic signals from analog electronics we
need the relatively simple digital unit which operates as an input register (so called ’latch mode’) to
Figure 6.20: HVS/A-8 board (top and bottom view). record the hits from wires and strips. The digital
board (Fig.6.23) accepts logic (LVDS) signals generIn general, the HVS/A-8 board is a variation of ated by the amplifier-discriminator card, produces
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Figure 6.21: Schematic circuit diagram of HVS/A-8 (8-channel HV distributor and amplifier for wire signals).

erate inside the amplifier-discriminator boards the
test current pulses with an amplitude comparable
with the average signals from detectors, about 5 10 µA for wires and 0.5 - 1 µA for strips. The design of this unit could be implemented on the basis
of FPGA architectures, which is the most-effective
solution for these tasks.

Figure 6.22: A2-32 board (top and bottom view).
Figure 6.23: Block diagram of the data stream.

the channel number, adds the time stamp and stores
this information in the buffer memory like FIFO.
The formatted data from its memory are transferred
to the DAQ via optical link. The time stamp is
used to tag the data of the individual sub-events
belonging to the same event for further processing.
The multiplexer is expected to decrease the number of optical lines to the DAQ system. The digital
card provides amplifier-discriminator cards with the
discriminator threshold and test pulses. Threshold
values are loaded into the digital card during the
initialization phase. The logical test pulses gen-

To evaluate (estimate) the expected data rate for
Muon System it is necessary to know the number
of binary bits to encode any triggered wire/strip,
the number of bits for the time stamp as well as
the average hit rate. The total number of wires
and strips in all 16 modules of the Muon System (8
barrel modules + 2 halves of End Cap + 2 halves
of Muon Filter + 4 sub-modules of Forward Range
System), according to Table 3.1 is 102839, which
corresponds to 17 binary bits. As the MDT detector
has modest time resolution ∼ (100 - 200 ns) we may
also have a modest resolution for the event time

96
stamp of about 12.5 - 25 ns. For this purpose a
reference clock of 40 - 80 MHz is enough. It means
that 7 bits will be enough for the time stamp across
a 2 µs HESR burst, the smallest unit for consistent
event buiding.
Summing up the space bits (17) and time bits (2x7)
for two projections we arrive to 31 bits needed for
a single hit. So, we may roughly estimate the average bit rate as - 31 [bits per hit] x [number of hits
per interaction] x [interaction rate] MHz. Taking
into account that the average hit rate from Muon
System is about 30 hits/interaction x 20 MHz (see
section 4.7) it amounts to 19 Gbit per second
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7

Infrastructure

The Muon System does not imply serious requirements on the experiment infrastructure. Despite
the big number of its readout channels (more than
100000) this system is composed of rather simple
individual elements - detectors, electronics and gas
supply. So, as a consequence, the high and low voltage power supplies, gas system and Detector Control System (DCS) are also simple.

7.1

HV and LV Supply Systems

ward Range System. Within the modules/sections
the passive HV distributors will be used to power
the individual planes. Each plane is composed of
7 to 20 MDTs. The distributors should allow fast
manual disconnection of planes with problems in
the HV power line. Usually it happens when a wire
in some MDT of the plane is broken. The broken
wire in MDT may be found and disconnected manually during an access to the setup. It may be done
quickly for the whole Muon System except for the
Barrel where opening of the corresponding End Cap
is needed to provide an access to the MDTs.

The engineering schemes of HV distribution over
the detector will be optimized during the R&D
The operating voltages at the plateau region of full phase being conducted with prototypes at CERN.
MDT efficiency are rather small, from 2.1 to 2.3 kV.
The HV currents are in a normal range, we estimate
7.1.2 Low Voltage
that in the most loaded forward region they should
stay below 1 mA per module/section. As a conseLV power supplies of just two voltages (+5V/-5V)
quence, we may use simple technical solutions for
are used to feed low noise analog electronics of the
the HV distribution across the Muon System. We
Muon System - amplifier cards (A-32), two stage
plan to use those which were approved by experiamplifier cards (A2-32), amplifier cards (HVS/A-8),
ence of running the big systems in D0/FNAL and
amplifier-discriminator boards (ADB-32), as well
COMPASS/CERN experiments.
as digital boards (DB-64) (see Fig.7.1). This elecThe MDT detectors require a positive high voltage tronics does not require forced air cooling, natural
(HV) applied to the anode wires and cathode to be air convection is enough. LV power supply crates
grounded at the nearest point (at present the steel should be placed in free and accessible locations
absorber is assumed for that). The distribution of outside the detector. Due to the large number of
the HV over the MDT wires is done by two cards, readout channels (∼30000 wires and ∼73000 strips)
HVS/A-8 (for the Barrel; with one stage signal am- the total power dissipation is about 26 kW (see Taplification) and HVS-8 (for the rest the of setup), ble 7.1.
see sections 3.2.3 and 6.4 for details. Each wire is
supplied with HV through a 1 MΩ resistor. The
signal is fed to the amplifier input through a 1 nF
capacitor. All MDTs in one detecting layer are connected to one HV line in parallel. The stability of
MDT performance permits to use just one common
HV value for the whole Muon System.

7.1.1

High Voltage

The HV supply units should be controlled and monitored both locally (manually) and remotely (by
DCS). The CAEN SY4527 is a possible good example of such a unit [1]. Nevertheless, it is assumed
now that HV power supply units will mostly be selected by the Lab to provide a uniformity of the system. The distribution of HV over the Muon System
will be done using Reynolds high voltage cables [2].
16 main channels will be powered by the controllable outputs of power supplies, these are: 8 octant
modules of the Barrel, 2 halves of the End Cap, 2
halves of the Muon Filter and 4 sections of the For-

Figure 7.1: Power consumption of wire and strip electronics; the width of red arrows is proportional to the
consumption of each subsystem.

The distribution of the LV power over the Muon
System will be done/optimized in such a way that
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Barrel (*)
End Cap
Muon Filter
Forward Range System
Subtotal
DB-64 units(*)
Located outside the
Target Spectrometer
Total

Subsystem (kW)
10.96
3.44
2.58
2.87
19.85
6.3

Wires (kW)
1.6
0.93
0.64
0.87
4.04
1.6

Strips (kW)
9.36
2.51
1.94
2
15.81
4.7

26.15

5.64

20.51

Table 7.1: Low voltage power dissipation by front-end electronics.

each individual channel has to provide the output
current on the level of 20 A. This current value
was selected on the basis of a rather moderate total number of channels in the LV system and the
requirement of relatively small cable cross-section
which is important when cabling is carried out in
limited spaces. This is particularly important for
the Barrel where the cables are routed through the
special cable channels. Thus, the total number of
LV power supply units is around 250 (125 units for
-5V and 125 units for +5V).
Due to the quite long distance between LV power
supplies and electronics (as assumed now) it is necessary to compensate the voltage drop over the
connection cables by power supplies adjustment.
Safety features of LV units should include short circuit protection and enabling/disabling of channels
provided by DCS. The low voltage system also has
to provide the possibility to control and monitor its
parameters locally as well as remotely (DCS).

7.2

Gas System

The Muon System will use a quite simple gas system. It should prepare and distribute over the
whole detector volume the non-flammable, nonexplosive and cheap gas mixture of argon and carbon dioxide: Ar:CO2 =70:30. Such a mixture being
cheap does not require a closed circuit for recuperation of the outgoing gas flow. This mixture is successfully used for years in the operation of the Muon
Wall 1 and Rich Wall subsystems of the COMPASS
experiment at CERN, which have practically the
same MDT detectors.
It is supposed now that the mixture composition
will be prepared by mass flow-meters. The required
accuracy is about 1% (relative value with respect
to the smaller component, so CO2 ), and purity is

Figure 7.2: Schematic diagram of the gas system.

of the standard technical value . The main components - Ar and CO2 - should be centrally supplied
by a standard gas distribution system to the input of mass flow-meters. The two outputs of mass
flow-meters feed a mixer volume. From this volume
the mixture is distributed over the Muon System
channels. The distribution is done in a simple way
by using the mechanical flow-meters (rotameters).
Presently we assume to have 16 main channels for
the control of the incoming gas flow (rotameters)
and their outlets (simple bubblers). The volumes
of these channels are approximately equal to each
other, so the fluxes should also be roughly equal.
These 16 channels are comprised of the following
parts: 8 octant modules of the Barrel, 2 halves of
the End Cap, 2 halves of the Muon Filter and 4 sections of the Forward Range System. The schematics
of the gas system is given on Fig.7.2. Technical details which reflect the features of the gas system are
the following:
• the total volume of the Muon System is about
12 cubic metres.
• the gas exchange rate, which defines the flow, is
about (1/2 ÷ 1)·V0 /day, where V0 is the nomi-
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nal system volume (∼12 m3 ). This corresponds
to total fluxes in the range of 250-500 liters per
hour. For the normal system operation (long
term running) the flux of 250 l/h is assumed.
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stored in a data base as a function of time for their
visualization.
The basic parameters for the control and monitoring of the Muon System are listed in Table 7.2 below.

• for fast gas exchange the flushing mode should
provide for 2 V0 /day, which corresponds to
1000 l/h. This large value occurs in very rare References
occasions and should not be taken into consideration in the overall total gas balance of the [1] CAEN. http://www.caen.it.
PANDA setup.
[2] Reynolds INC. http://www.teledynereynolds.com.
[3] B. et. al. Halgren. The embedded local monitor
board (ELMB) in the LHC front-end I/O control system. Proc. 7th Workshop on Electronics for the LHC Experiments, Stockholm, page
The task of the DCS is to set and monitor the de325, 10-14 September, 2001, CERN 2001-005,
tector subsystems’ key parameters which determine
CERN/LHCC/2001-034, 2001.
the quality of its work during the period of operation. In the Muon System the tasks of DCS are
relatively simple - the subsystems for monitoring
are: LV power supplies of the front-end electronics,
HV system and gas system.

7.3

Detector Control System

For the LV power supply system the control and
monitoring of output voltages and currents are implemented. As example, the LV system of the detector in the COMPASS experiment (CERN) is connected to the DCS using a multi-purpose I/O system, the Embedded Local Monitor Board (ELMB)
[3], developed at CERN for the ATLAS experiment.
The distribution of the ELMBs over the experimental hall should be optimized to have the shortest
connection to monitoring points.
The parameters to be controlled in the HV system
are voltages and currents, maximum voltage safety
limit, ramp up/ramp down rate, trip current limit,
trip time. The monitored parameters are voltages,
currents and status on/off. The modern HV systems usually have different kinds of remote control
interfaces that simplify their integration in the general DCS.
In the gas system the mixture composition and gas
fluxes in different channels are controlled by mass
flow meters to ensure constant and correct gas flow
and mixture.
The DCS also has to provide early warnings in the
cases of violations of the normal detector operation
by issuing alarm signals and switching off some subsystems to protect the detector and electronics from
serious damages. The alarm system must be activated if parameters of the subsystems go out of the
given range of values. The warning signal of the
alarm system can be acoustic and/or visual. Besides, the behavior of relevant parameters must be
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Parameters

Monitoring

Control

Low Voltage

Yes

Yes

+5 V
-5 V
I(+5V); Imax = 20 A
I(-5V); Imax = 20 A
High Voltage

Status(on/off) and voltage value
Status(on/off) and voltage value
accuracy = 1%
accuracy = 1%
Yes

switch on/off
switch on/off

Vmax = +3 kV

accuracy = 0.1% of full scale

Imax = 1 mA/channel

accuracy = 0.1% of full scale

Gas system

Yes

accuracy = 0.1% of full scale,
ramp up/ramp down,
switch on/off
set Imax for trip down,
trip time
Yes

Gas mixture composition
Input gas flow rate(distribution)
(15-60 litre/hour/channel)
Output gas flow rate

accuracy = 1%
accuracy = 10%

accuracy = 1%
switch on/off, accuracy = 10%

visual(bubbler)

no

Yes

Table 7.2: Basic parameters for the Muon System DCS.
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8

Prototyping

The R&D activities conducted so far at the MDT
test stand were devoted to the study of key issues
like feasibility of the ’open geometry’ for MDT operation, second coordinate readout and performance
of cascaded amplifiers. These activities were successfully performed with the small test setup (see
section 5). Extrapolation of performance from the
small size MDTs (∼ 40 cm) and strips (∼ 10 cm)
to the scale of the full PANDA Muon System (∼ 4
m for MDTs and ∼ 2 m for strips) requires the construction and studies with bigger prototypes. Moreover, the good performance figures obtained for the
Range System with Monte Carlo simulations also
demand experimental confirmation with the test
beams.

by ADB-32 cards and the strips are read out in two
ways - first, by A-32 preamplifier cards followed by
ADB-32 cards (this chain of cards is supposed to
be used for readout in the final PANDA setup and
gives only the hits YES/NO at the output); and
second, by A2DB-32 cards. These A2DB-32 cards
were specially designed and manufactured for the
prototypes’ tests. They allow to read out the analog
signals of both polarities (negative for wires and
positive for strips) and their hits (in LVDS logical
levels) simultaneously. So, we may have and study
analog information from long strips at this stage
of R&D. The maximal length of the strips in the
Muon System is about 2 metres. The prototype
is equipped with strips of ∼ 2 m and ∼ 4 m. So,
So, it was decided to construct two big size proto- with this prototype we shall check the stability of
types to test and optimize different aspects of the the strip signals (absence of oscillations) for strips
Range System performance based on MDTs with about twice as long. With the FSP device we also
two-coordinate readout. The Full Scale prototype plan to study, tune and compare different schemes
(FSP) having dimensions of about 2 m × 4 m is de- of the strip signal readout.
voted to studying the performance of MDTs with
long strips readout (from 2 m to 4 m) in the real
experimental environment. The Range System prototype (RS) will be used for direct calibration of
the Muon System under test beam. Besides, these
prototypes will also be used as the test benches for
optimizing the different engineering aspects of the
Muon System set-up like cabling, gas distribution,
HV/LV power distribution etc.
It is planned that the FSP and RS prototypes will
initially be installed and run at CERN beam lines.

8.1

Full Scale Prototype

This prototype was constructed and then transported to CERN. The package consists of a single
big aluminum frame (3912 × 2116 × 32 mm3 ) of
the type used in the COMPASS experiment, 24 long
(vertical) and 44 short (horizontal) MDTs attached
to the frame on both sides and two double-sided
strip boards (with active areas 102 × 374 cm2 and
204 × 102 cm2 ) with 1 cm strips scratched on the
active side connected to the MDT layers from outside. The external surfaces of the strip boards are
grounded. The crossed wires and strips form two
X,Y grids.
Fig.8.1 shows the skeleton view of the FSP package
taken from its 3D model. The wires are read out

Figure 8.1: Skeleton view of the Full Scale prototype
package with crossed MDTs and strips with corresponding readout electronic cards.

The FSP is now mounted in its work position in the
experimental hall of the COMPASS experiment at
CERN (Fig.8.2). It is positioned at the very end
of the experimental setup behind a lot of absorbing
material, so to deal with the muon beam halo. The

PANDA - Strong interaction studies with antiprotons

102
prototype is fully supplied with electronics to study
the analog and digital signals and we started its operation in parallel with the COMPASS run in 2011
(in ’stand-alone’ mode without using main DAQ).

Figure 8.2: FSP position in the COMPASS experimental area; the prototype is marked with white dashed
rectangle.

8.2

Range System Prototype

Figure 8.3: (a) RS ’3 in 1’ prototype: 30 mm and
60 mm absorber plates (pink color) reproduce different
parts of the Muon System; detecting layers of MDTs
and strips are positioned in between the plates; two
types of “zero” bi-layers are put outside the absorber;
(b) schematic view of the RS prototype.

(perpendicular to MDTs). The ”zero” bi-layers are
attached to the external absorber plates from outThe RS prototype consists of the following main side. They have different designs. On one side of
components: the steel absorber structure (total the prototype, the bi-layer has crossed strips of the
weight of about 8 ton), MDT detectors (288 units ∼ ”chess board” type. On the other one, it has stan1 m long), strip boards (22 units with ∼ 1 m × 1 m dard crossed strips (10 mm wide) oriented at 60 desize) and corresponding front-end electronics (2304 grees to each other and to the wires. During the test
channels for wire readout and the equal amount for beam studies with the RS prototype, it is planned
strip readout). It is designed as ’3 in 1’ device: the to investigate pros and cons of these two solutions.
structure of absorber plates reproduces the differ- Fig.8.4 shows a detail of the RS prototype crossent subsystems of the Muon System - TS, MF and section: the first 60 mm steel plate and surroundFRS - depending on the particular direction of the ing detectors. Two MDT layers of ”zero” bi-layer
test beam (see Fig.8.3a).
(standard design) may be seen as well as a single
A schematic view of the prototype is shown in layer of MDTs (one 8-cell detector is visible) and
Fig.8.3b. In the working position the MDTs (un- the strip board (10 mm strips) attached to the 30
der a test beam) are placed horizontally and the mm steel plate.
strips of regular detecting layers (positioned inside The RS prototype will have two kinds of readout,
the slots of the absorber) have vertical direction digital and analog. The digital one is supposed to
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Figure 8.4: A detail of RS prototype cross-section for
TS Barrel part.

be the main one, according to the MC simulations.
It includes the wire and strip readout data streams.
This is due to the multiple scattering limitation we do not need the coordinate accuracies around a
fraction of millimeter, so we do not need to read
out drift times from wires and amplitudes of induced charges from strips. But this is undoubtedly
true for the coordinate information. In the PANDA
Muon System we also plan to use the Range System
structure for hadron calorimetry. Though according
to the preliminary MC results, digital calorimetry
is better suited, it is generally regarded necessary to
directly compare the different types of calorimetry
- digital (when the energy is measured via the total
number of hits in event) versus analog (when this
value is measured by the total collected charge). It
was decided to use the readout of wires for such a
comparison because in this channel the influence of
noise (of any kind - electronic or external) is minimal as a wire signal is much higher than that of a
strip. Fig.8.5 shows a general artistic view of the
RS prototype with two kinds of readout streams digital (for wires and strips) and analog (for wires
only).
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cated inside the slots of absorber) and ADB-32
- are mounted on the top surface of the prototype. They provide information about the strip
pattern in digital form - YES/NO hits. The information from wires is being taken in two forms digital and analog. This is provided by the universal
card A2DB-32 especially designed for this purpose.
These cards are mounted near the active ends of
MDTs (equipped with HV and signal connectors)
on a side surface of the prototype. The cards have
two outputs. Digital output (in LVDS levels) is
transmitted to the VME digital units (MWDB) and
analog one goes through analog summation (performed on ASum-96 cards) to a charge-to-time converter (QTC-16 units, also designed especially for
the prototype tests) and further to RW-TDC cards
for the final conversion of time to digital data acceptable by the COMPASS DAQ system. So, the
wire pattern in addition to the same digital form YES/NO hits - as for the strips, will measure the
total charge in the same event (including its distribution along the absorber). Each ASum-96 card
collects the charge of one MDT plane and sends it
to one of the inputs of the QTC-16 card for further transformation to data. So, in total we have
a 24-channel analyzer for studying the development
of hadronic showers along the Range System prototype.

The detailed diagram of digital readout for wires
and strips is shown in Fig.8.6. The diagram for analog readout of wires is presented in Fig.8.7. Both
data streams, digital and analog, go to the COMPASS DAQ system, initially to MWDB units located in two VME 6U crates and finally they are
received by two CATCH units. In this RS prototype we have 4608 digital readout channels (2304 for the wires and 2304 - for the strips) and 24 analog
It is worth mentioning here that the muon group has readout channels - to study calorimetric response of
decided to use the trigger and DAQ schemes of the the RS structure. So, the DAQ system comprises
COMPASS experiment at this initial stage of beam 4632 channels in total.
tests. It is well proved and familiar to the members
The electronics which was (or will be) produced for
of the muon group. We may partially use the existthe prototype may be divided in two categories: the
ing hardware of the COMPASS experiment. Some
first is represented by HVS/A-8, A-32, ADB-32 and
electronic units to be used in the beam tests of
DB-64 cards which are supposed to be also used in
the RS prototype are also of the same type used
the final setup, and the second consists of A2DB-32,
in COMPASS. On a later stage, when the PANDA
ASum-96, QTC-16 and MWDB units which are speDAQ / trigger scheme will be finally fixed and corcially intended just for the beam tests (calorimetric
responding hardware will be available, we plan to
studies). Presently all analog FE electronics (about
switch over to the final PANDA DAQ system. The
300 cards of different types with spares) are manmain front-end analog electronics of the prototype
ufactured. These cards are based on the ASIC F1
will stay unchanged - just the digital VME cards
chips which we have in the necessary amount. Few
will be replaced with the new ones.
cards (RW-TDC, CATCH or equivalent modules)
The RS prototype is shown in Fig.8.5 in horizontal are supposed to be borrowed from the COMPASS
position for the beam test. The FE cards read- experiment.
ing out the strip signals - preamplifier A-32 (lo-

PANDA - Strong interaction studies with antiprotons

104

Figure 8.5: RS prototype equipped with FE analog and digital elecronics.

Figure 8.6: Block diagram of RS digital readout for
wires and strips.

The MDT detectors (312 units with spares) are produced and tested as well as fiberglass strip boards
(24 units). All cables (4632) needed to connect the
wires and strips to FE electronics are ready and
tested. The RS absorber structure is also manufac-

Figure 8.7: Block diagram of RS analog readout for
wires - to be used for calorimetry.

tured. Fig.8.8 demonstrates the RS absorber structure (assembled in the JINR/LNP workshop) in two
positions: vertical (a) is supposed for assembly of
the RS with detecting planes and FE electronics,
and horizontal (b) position will mostly be used for
the test beam studies. The debugging of the setup
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and initial tests will be conducted with cosmics and
COMPASS DAQ system starting from September
2012. Then the RS prototype will be moved to the
PS beam lines for conducting the test and calibration program.
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full energy range of PANDA. The hit patterns
obtained during this calibration will be used
for development of particle identification algorithms.

2) An important task is the comparison of different readout modes (digital versus analog) for
using the RS as a hadron calorimeter.
3) The RS prototype should also be used as part
of the PANDA ’detector string test’, in particular together with both types of electromagnetic calorimeters ’crystal’ and ’shashlik’. It
will provide information for direct calibration
of the combined calorimetry.
4) An interesting possibility for research is presented by the usage of the RS structure for
suppression of fake muons from π → µν decay.
This process also imposes certain requirements
to the tracking detector technology.
5) And finally, technical tasks: tests of FE readout electronic cards to be used by Muon System, optimization of wiring/cabling around
RS, tests of final PANDA DAQ system.

Figure 8.8: (a) Range System prototype (Fe absorber
and support structure) in Dubna in vertical position (for
further tests with cosmics at CERN); (b) RS prototype
in Dubna in horizontal (beam test) position.

This program is assumed to last for several years,
initially with the COMPASS DAQ and then with a
final PANDA DAQ system. In the case of the RS
prototype the tests should be performed at the PS
accelerator at CERN, the only machine having all
types of beams (electron, muon, pion, and proton)
of both signs and in the desired energy interval.
The tasks of this R&D stage may be rated as follows:
1) The main physical task of the beam tests is
the direct calibration of the different RS structures (Target Spectrometer, Muon Filter and
Forward Spectrometer), in other words - study
their response to all types of particles in the
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9

Organization

The Muon System will be built and put in operaapproval, we have time to optimize a design
tion by two groups, one from the research institute
and identify a producer. The financial responJINR (Dubna) and the other from INFN (Torino),
sibility is taken by JINR, Dubna.
with assistance of GSI/FAIR (Darmstadt). It is assumed now that the digital front end electronics will Transportation, installation, commissioning
of the whole Muon System will be done in
be designed and produced closer to the commissionsteps at various places. Much will be pering phase of PANDA. Most of the hardware will
formed at Dubna. Pre-assembly and tests
be designed and manufactured by JINR, Dubna.
together with the magnet yoke is foreseen
Software tools will jointly be developed by JINR
at FZ Jülich and final commissioning takes
(Dubna), INFN (Torino) and GSI/FAIR (Darmplace at HESR/FAIR, Darmstadt. The overall
stadt). Both GSI/FAIR and FZ Jülich will also
responsibility is taken by JINR, Dubna with
provide the organizational and technical support
support from FZ Jülich and GSI/FAIR,
mainly during the last stage of Muon System asDarmstadt as sites of the various assembly
sembly and commissioning at the HESR.
steps.
Software packages like simulation, track reconstruction, online muon selection, calibration
and others are under responsibility of the University and INFN Torino with support from
The following distinct primary work packages have
JINR Dubna and GSI/FAIR. Software implebeen identified:
mentation and physics cases will be jointly developed by JINR (Dubna), and INFN (Torino).
Preparatory work before detector construction
consists in an upgrade of the MDT production workshop with startup of production in
9.2 Quality Management
the Laboratory of Nuclear Problems, JINR.

9.1

Work Packages

Detector production includes the design and
construction of the Mini Drift Tube detectors
as well as cabling and HV supply units. The
overall responsibility is taken by JINR, Dubna.
Frame production involves the design and construction of the mechanical structures which
comprise the absorbers of both, the Muon Filter and the Forward Range System, as well as
all infrastructure elements for mounting MDTs
and electronics. The overall responsibility is
taken by JINR, Dubna.

The control of quality of the basic components of
the Muon System will be performed at two main
stages - during their production and at the assembly phase of the PANDA setup at FAIR. The production phase involves the following items: MDTs,
strip boards, two types of ASIC chips (amplifier
and discriminator), front end analog cards, front
end digital cards and mechanical structures of the
Muon Filter and the Forward Range System. The
assembly at FAIR involves: fabrication of detecting
planes of MDTs and strip boards with analog FE
cards (including all internal cabling), insertion of
these planes into the slots of the mechanical modules and structures of the Barrel, End Cap, Muon
Filter and Forward Range System, cabling with digital FE, commissioning with DAQ using cosmics.

Construction of electronics regards the design
and production of the analog front end cards
which should convert the analog wire and strip
signals into LVDS logical signals. The overall
responsibility is taken by JINR, Dubna.
The quality control for the detector components at
Digital front end electronics will be designed the production sites includes the following measures
outside Dubna. The responsible team should (these tasks including the intermediate storage of
be identified during the phase of construction items arrived has to be performed at or at least
of MDTs and their analog FE. As the digi- close to FAIR in a dedicated laboratory space):
tal FE depends strongly on the final version
of the PANDA DAQ and should use the most
advanced technical solutions to the date of its

1. After their assembly at JINR (Dubna) workshop
the MDT detectors will be tested for gas tightness,
wire tension, high voltage stability and, finally, for
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the homogeneity of wire signal response over the
whole detector surface with an X-ray source (see
[14, 15] for chapter 3).
2. The strip boards will be tested for short circuits
of neighbouring strips.
3. The ASIC chips (Ampl-8.3 and Disc-8.3) will be
tested at the production factory (Integral) at Minsk
for compliance with the required characteristics accompanied by due documentation of all tests.
4. The performance of FE cards will be tested
and documented at the assembly factories with test
pulses and final PANDA DAQ hardware.
5. The mechanical structures will be tested with
a mockup of a detecting layer (including the strip
readout cards) for the real slot sizes to move the
layers easily and reliably inside.
After the corresponding item gets successfully
through the acceptance tests it will be transported
to the next point for further assembly actions (for
example, the chips will be shipped from Minsk to
Russia for manufacturing the FE analog cards).
The final assembly of the Muon System will take
place at FAIR. As experience shows, the separate transportation of detector components (MDTs,
electronic cards etc) to the place of final assembly
is not a dangerous/challenging task. But all measures will be undertaken to minimize the distances
from production to delivery points and number of
loading/unloading procedures.
At FZ Jülich and at the FAIR Lab we intend to
organize the following test procedures. These tasks
including the intermediate storage of items have to
be performed in a dedicated laboratory space:
1. Incoming quality tests of MDTs for the gas tightness, wire tension and high voltage stability will be
done.
2. The assembled detecting planes, comprising the
MDTs attached to the strip boards with analog
FE cards, will be tested with a radioactive 60 Cosource for the proper wires and strips response signal prior to their final insertion into the slots of
modules/sections.
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subsystems of the Muon System (Barrel, End Cap,
Muon Filter and Forward Range System) will be
commissioned with the final PANDA DAQ one by
one according to the degree of readiness for each of
them.

9.3

Safety

The design details and construction of the Muon
System including the infrastructure for operation
will be done according to the safety requirements of
FAIR and the European and German safety regulations. All electrical equipment will comply with the
legally required safety code and concur to standards
for large scientific installations following guidelines
worked out at CERN to ensure the protection of
all personnel working at or close to the components of the PANDA Muon System setup. Power
supplies will be mounted safely and independently
from large mechanical loads. Hazardous voltage
supplies and lines will be marked visibly and protected from damage by any equipment which may
cause forces to act on them. All supplies will be
protected against over-current and over-voltage and
have appropriate safety circuits and fuses against
short cuts. All cabling and connections will use
non-flammable halogen-free materials according to
up-to-date standards and will be dimensioned with
proper safety margins to prevent overheating. A
safe grounding scheme will be employed throughout
all electrical installations of the setup. The more
specific safety considerations are discussed in the
respective sections throughout the document.

9.4

Time Lines

The schedule for the Muon System construction is
presented in the Fig. 9.1 below. Two moments
are important. First, the time lines are generally
based on the previous experience of the JINR group
in constructing big muon systems with a size comparable to PANDA, such as D0/FNAL and COM3. The modules/sections fully equipped with de- PASS/CERN experiments. Secondly, there are no
tecting planes will be finally cabled and connected visible critical items which could endanger the conone by one to a stand alone PANDA DAQ setup for struction of the system within the expected six
tests with cosmics.
years. For example, in case of the D0 muon system
After this final test each module/section goes to the the full cycle from the beginning of R&D work till
experimental hall for integration into the PANDA the end of the muon system commissioning, includsetup. This comprises the full mechanical assembly, ing both detectors and electronics, took about five
cabling (LV, HV, signal), connection to the Lab gas years. That is why the beginning of mass produclines and DCS and DAQ systems. The integrated tion for all main components of the Muon System
is scheduled for the year 2012.
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Figure 9.1: Timelines for the Muon System realization (∗) - R&D and beam tests of prototypes are supposed
to be conducted at JINR (test stand) and on the beam lines at CERN and then at FAIR.

It is necessary to mention that the envisaged results
of R&D works are not expected to have critical influence on the system design but they rather provide the experimental data for direct calibration of
the system as well as the detailed knowledge about
different engineering peculiarities like, for example,
optimal cabling etc. And that is also the reason
for their continuation until 2016. The main mechanical components of MDT detectors used for the
project like aluminum profiles, wire, plastic sleeves,
etc. will stay unchanged. ASIC amplifiers and discriminators may be slightly modified as a result of
R&D work as well as the new front-end electronic
cards.

Dics-8.3.

Transportation to Jülich is shifted to the very
end of production cycle in Dubna to let infrastructure there be fully prepared for accepting the big
mechanical modules of the Target Spectrometer and
the Muon Filter (12 units), as well as the MDT detectors, FEE cards, strip boards etc. in 2015. Assembly of MDTs with strip boards and FEE cards
into the detecting planes, their cabling and tests, insertion into the slots of absorber modules will take
about one year and should finish in 2016. The modules of the Target Spectrometer should participate
in the pre-assembly of the solenoid magnet system.
Mapping of the magnetic field is performed subThe equipment and test stands item includes sequently being equipped with detectors. These
mainly the purchase and manufacturing of neces- equipped modules may be transported to GSI afsary equipment for the MDT test stand, MDT pro- ter disassembly for the final acceptance tests and
duction workshop (including different test stands), construction of the PANDA setup.
fiberglass strip boards and FE electronics test Transportation to GSI/FAIR is assumed to
stand.
start right after finishing the production in Dubna.
Production of MDT detectors is planned for
four years. It includes all stages from the purchase of materials and the re-activation of the
MDT assembly lines until the final transportation
to GSI/FAIR.

The FRS modules (4 units), MDTs, FEE cards,
strip boards , cables and other equipment will be
shipped to Darmstadt in the beginning of the year
2016. It will give time to FAIR for preparing
the needed infrastructure. Assembly of detecting
Production of mechanical structures for the planes, their insertion into the modules, cabling and
Muon Filter, Forward Range System and miscella- pre-tests should finish by the end of 2016.
neous small frames and supports for FE cards, as Tests of MDTs and FE cards will be done in
well as the big fiberglass strip boards, are supposed two places. First, the detectors and cards will be
to be short enough in time. From 2013 on about 18 individually and thoroughly tested after assembly
months will be spent on finalizing the MF and FRS at the workshops. Then, after transportation to
designs.
FZ Jülich and FAIR, the MDTs and cards will go
Production of front-end electronics includes through additional simplified but decisive “entry”
the cards next to the MDT detectors: amplifiers tests. Only after that the final assembly into the
(single and double cascades) for wire and strip sig- detecting planes should be performed.
nals and discriminator boards of different types. Assembly at FAIR will comprise all stages: asThis goes in parallel with the production of MDTs. sembly and tests of detecting planes (layers of
We will use two basic ASIC chips - Ampl-8.3 and MDTs with attached strip boards), assembly and
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tests of individual modules (detecting layers positioned and wired into the slots of absorber modules) and final tests (commissioning) of big parts
of the Muon System like Barrel, End Cap, Muon
Filter and Forward Range System. The tests of
the detecting planes will be done with a radioactive
source and simple equipment. All further tests may
be done either in ’stand-alone’ readout mode (with
special digital equipment) or (preferably) with the
final PANDA DAQ system.
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10

Conclusion

The work conducted within the muon group in close
cooperation with the members of the PANDA Collaboration, in particular with the GSI colleagues,
has led to the issue of this Technical Design Report
for the PANDA Muon System. This document contains the basic scientific motivation for the Muon
System as well as its main engineering parameters.
The system is optimized for the detection of muons
from processes of interest indicated in the physical program of the PANDA experiment and for the
suppression of background. This system serves for
particle identification, in particular muons.
Most of the technical decisions proposed for the
present design have been proven in other large systems. The modifications needed for the PANDA
Muon System (mostly for the second coordinate
readout) are based on the positive results of the
conducted R&D work. The expected R&D results
from the beam tests of big prototypes should provide the data for the final calibration of the Muon
System.
Finally, we conclude that the presented Muon System being based on the proposed detectors and electronics is up to its tasks and may be reliably constructed within the necessary time.
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GAL Generic Access Layer
GBLD GigaBit Laser Driver
GBT GigaBit Transceiver
GBTX GigaBit Transceiver
GBTIA GigaBit TransImpedance Amplifier
GBT-SCA GigaBit Slow Control ASIC
GEM Gas Electron Multiplier
GR Guard Ring
GSI Gesellschaft für Schwerionenforschnung
GUI Graphical User Interface
H1 - SVD H1 Silicon Vertex Detector
HERA Hadron-Elektron-Ring-Anlage

FAIR/PANDA/Technical Design Report - Muon System
HERA-B OTR HERA-B Outer TRacker
HESR High Energy Storage Ring
HL High Luminosity (HESR operation mode)
HR High Resolution (HESR operation mode)
HR High Resistivity (wafers)
HV High Voltage
I2 C Inter-Integrated Circuit
INFN Istituto Nazionale di Fisica Nucleare
IP Interaction point
ITME Institute of Electronic Materials Technology, Warsaw
LD Laser Driver
LED Light Emission Diode
LENA Laboratorio Energia Nucleare Applicata
LHC Large Hadron Collider
LHCb Large Hadron Collider Beauty
LHCb VELO LHCb VErtex LOcator
LNL Laboratori Nazionali di Legnaro
LR Low Resistivity (wafers)
LVDS Low-Voltage Differential Signaling
MC Monte-Carlo
MCP PMT Multi-Channel Plate PMT
MDC Module Data Concentrator
MDT Mini Drift Tubes
MicroTCA Micro Telecommunications Computing Architecture
MIP Minimum Ionizing Particle
MMB MVD Multiplexer Board
MOS Metal Oxide Semiconductor
MPV Most Probable Value
MR Middle Resistivity (wafers)
MRF MVD Readout Framework
MVD Micro Vertex Detector
NIEL Non-Ionizing Energy Loss
OSI Open Systems Interconnection
PANDA antiProton ANnihilation at DArmstadt

115

116

PANDA - Strong interaction studies with antiprotons

PCB Printed Circuit Board
PCI Peripheral Component Interconnect
PCIe Peripheral Component Interconnect Express
p.d.f. Probability Density Function
PD Photo Diode
PDG Particle Data Group
PID Particle Identification
PLL Phase Locked Loop
PMT Photomultiplier
POCA Point of Closest Approach
PRBS Pseudo Random Bit Sequence
PVD Physical Vapour Deposition
QCD Quantum Chromo Dynamics
RF Radio Frequency
RICH Ring Imaging Cherenkov Counter
RMS Root Mean Square
SDS Silicon Detector Software
SEU Single Event Upset
SFP Small Form-factor Pluggable
SIMS Secondary Ion Mass Spectrometry
SLHC Super Large Hadron Collider
SLVS Scalable Low Voltage Signaling
SMD Surface Mount Device
SODA Synchronisation Of Data Acquisition
SP Separation Power
SR Shift Register
STI Shallow Trench Insulation
STT Straw Tube Tracker
TAL Transport Access Layer
TIA TransImpedance Amplifier
TMR Triple Modular Redundancy
TOF Time-of-Flight
ToPix TOrino PIXel
ToT Time-over-Threshold

FAIR/PANDA/Technical Design Report - Muon System
TRx Transceiver
TS Target Spectrometer
UI Unit Interval
UMC United Microelectronics Corporation
UrQMD Ultra-relativistic Quantum Molecular Dynamic
VCSEL Vertical-Cavity Surface-Emitting Laser
VHSIC Very-High-Speed Integrated Circuits
VHDL VHSIC Hardware Description Language
VL Versatile Link
VMC Virtual Monte-Carlo
VME Versa Module Eurocard
VTT VTT Technical Research Centre of Finland
WASA Wide Angle Shower Apparatus
ZEL Zentrallabor für Elektronik at FZJ

117

118

PANDA - Strong interaction studies with antiprotons

119

List of Figures
2.1

pp̄ → l+ l− + X process. . . . . . . .

2.2

Distributions of number of signal lep±
tons versus: the energy E l (plots
a) and b)); transverse momentum
±
PTl (plots c) and d)) and the polar
±
angle θl (plots e) and f )). Left column: l− , right column l+ . . . . . . .

2.3

2.4

2.5

Distributions of number of signal lep±
tons versus: the energy E l (plots
a) and b)); transverse momentum
±
PTl (plots c) and d)) and the po±
lar angle θl (plots e) and f )). Left
column: low energy “slow” leptons,
right column: high energy “fast” leptons. . . . . . . . . . . . . . . . . . .
Angle-Energy correlations. Plots a)
l
l
/Eslow
correlation for
and c) θslow
slow leptons; b) and d) θfl ast /Efl ast
correlation for fast leptons. Plots c)
and d) are the projections of the corresponding 3D plots on θl - E l plane.
. . . . . . . . . . . . . . . . . . . . .
l
Plots a) and c) Eslow
/Efl ast correl
lations; b) and d) θslow /θfl ast correlations. Plots c) and d) the projecl
tions of 3D plots on Eslow
- Efl ast and
l
θslow
- θfl ast planes, correspondingly.

3

5

6

7

7

2.6

pp̄ → J/ψ + X → l+ l− + X process.

2.7

Distributions of the leptons from
J/ψ decay into l+ l− + X: a) energy
±
E l ; b) modulus of the transverse
±
±
momentum PTl ; c) polar angle θl ;
d) cosine of the opening angle between the leptons in l+ l− pair. . . .

9

Distributions of the leptons from
±
J/ψ decay into l+ l− +X: energy E l
(a) and b)), modulus of the trans±
verse momentum PTl (c) and d)),
±
and polar angle θl (e) and f )). Left
column: low energy “slow” leptons,
right column: high energy “fast” leptons. . . . . . . . . . . . . . . . . .

9

2.8

8

2.9

“Angle-Energy” correlations. a) and
c) are θslow /Eslow correlation for
slow leptons; b) and d) θf ast /Ef ast
correlation for fast leptons; c) and
d) are the corresponding projections
of 3D plots onto θl - E l plane. . . .

10

l
Eslow
/Efl ast

2.10 Plots a) and c) are
correlations. Plots b) and d) are
l
θslow
/θfl ast correlations. Plots c)
and d) are the corresponding projecl
tions of 3D plots onto Eslow
/Efl ast
l
and θslow
/ θfl ast planes. . . . . . . .

10

2.11 Distribution of number of signal
events versus the invariant mass. a)
The invariant mass of initial-state
q q̄
quark-antiquark system (Minv
). b)
Invariant mass of final-state leptonl+ l−
). . . . . . .
antilepton pair (Minv

11

2.12 Distribution of number of signal
events versus a) the total lepton pair
+ −
energy E l l , b) the total transverse
+ −
momentum PTl l of the lepton pair.

11

2.13 x - distributions of valence a) up
quarks, b) down quarks. . . . . . .

12

2.14 Distributions of: a) parents of fake
muons; b) grandparents of fake
muons. . . . . . . . . . . . . . . . .

13

2.15 Left column - distributions of the
number of pions versus: a) the energy Eπ ; c) transverse momentum
PTπ and e) polar angle θπ of the produced pions. Right column - distributions: b) of the total number
Nπ of charged π-mesons in the signal
events; d) of the particles that give
birth to the pions (π’s parents) and
f ) of the particles which are parents
to π’s parents. . . . . . . . . . . . .

14

2.16 Left column - distributions of the
number of decay muons versus: a)
the energy Eµdec ; c) transverse moµ
mentum P Tdec
and e) polar angle
µ
θdec . Right column - distributions
of: b) the total number Nµbkg of fake
muons per the signal event; d) xcoordinate of the fake muon production vertex and f ) z-coordinate of the
fake muon production vertex. . . . .

15

PANDA - Strong interaction studies with antiprotons

120
2.17 Distributions of: a) parents of fake
e+ /e− ; b) grandparents of fake
e+ /e− . . . . . . . . . . . . . . . . .
2.18 Left column - distributions of the
number of decay electrons versus: a)
the energy Eedec ; c) transverse moe
mentum P Tdec
and e) polar angle
e
θdec . Right column - distributions
of: b) the total number Nebkg of fake
electrons per the signal event; d) xcoordinate of the fake e+ /e− production vertex; f ) z-coordinate of the
fake e+ /e− production vertex; . . .
2.19 Distributions of: a) parents of background fake µ+ /µ− ; b) grandparents
of background fake µ+ /µ− . . . . . .
2.20 Left column - distributions of the
number of background muons versus:
a) energy Eµbkg ; c) transverse moµ
µ
mentum P Tbkg
; e) polar angle θbkg
.
Right column distributions: b) of
the total amount Nµbkg of muons per
event; d) x-coordinate of the background muon production vertex and
f ) z-coordinate of the background
muon production vertex. . . . . . .
2.21 Distributions of: a) parents of background e+ /e− ; b) grandparents of
background e+ /e− . . . . . . . . . .
2.22 Left column - distributions of the
number of background muons versus:
a) energy Eebkg ; c) transverse moe
e
mentum P Tbkg
; e) polar angle θbkg
;
Right column distributions: b) of
the total amount Nebkg of muons per
event; d) x-coordinate of the background muon production vertex and
f ) z-coordinate of the background
muon production vertex. . . . . . .
2.23 Lepton isolation for electron case.
Distributions of summarized energy
Esum within the cone the radius 0.1,
0.2, 0.3, etc. a) signal events (logarithmic energy scale); b) background
events. . . . . . . . . . . . . . . . .
2.24 Lepton isolation for muon case.
Distributions of summarized energy
Esum within the cone the radius 0.1,
0.2, 0.3, etc. a) signal events (logarithmic energy scale); b) background
events. . . . . . . . . . . . . . . . .

Artistic view of the PANDA Spectrometer . . . . . . . . . . . . . . . .

32

The Micro Vertex Detector (MVD)
of the Target Spectrometer . . . . .

32

Straw Tube Tracker (STT) of the
Target Spectrometer . . . . . . . . .

33

3.4

Tracker assembly . . . . . . . . . . .

33

3.5

Double layer of straw tubes in the
tracker of the Forward Spectrometer

35

Muon momenta distributions for different processes in the polar angle
range 0◦ - 20◦ . . . . . . . . . . . . .

38

Mini Drift Tube cross-section (left)
and layout (right). . . . . . . . . . .

39

The layout of Muon System using the
technique of Range System (with the
number of MDT detectors for each
particular subsystem). . . . . . . . .

39

Target Spectrometer and Muon Filter cross section. . . . . . . . . . . .

40

3.10 General view of the Target Spectrometer and the Muon Filter with
front-end electronics. . . . . . . . . .

40

3.11 Longitudinal cross section of a typical Barrel module. . . . . . . . . . .

41

3.12 Schematic view of the “chess” strip
board for the “zero” bi-layer with
U,V coordinates and MDTs superimposed on it. . . . . . . . . . . . . . .

42

3.13 One of the detecting layers of a Barrel module positioned on the steel
plate (strips running perpendicularly
to MDTs are not shown). . . . . . .

42

3.14 The lateral cross section of the typical Barrel Module. . . . . . . . . . .

42

3.15 General view of the End Cap and
Muon Filter with front-end electronics (a)) and enlarged corner fragment
(b)). . . . . . . . . . . . . . . . . . .

42

3.16 3D view of the ”zero” bi-layers for
the Barrel and End Cap . . . . . . .

43

3.17 General view of Forward Range System (FRS) with the electronic cards
and beam pipe in the central hole. .

43

3.18 Superposition of FRS with inclined
beam pipe: 4 modules (of 4 plates
each) with individual lateral shift of
14.4 mm; beam pipe hole is 300x300
mm (top view). . . . . . . . . . . . .

44

3.1
16

3.2
3.3

3.6
17
3.7
18

3.8

3.9

19

19

20

21

21

FAIR/PANDA/Technical Design Report - Muon System
3.19 FRS position on the beam line (top
view). . . . . . . . . . . . . . . . . .
3.20 Left: Fragment A - strip board
and A-32 preamplifier cards; first Fe
plate and “zero” bi-layer are cut.
Right: Position of FRS on the
beam with mounted ADB-32 cards
for wires and strips readout. . . . . .

121

4.4
44

4.5
44

3.21 Mounting of MDTs on the strip board. 45
3.22 Assembly of irregular Barrel module
(installation of detector layer consisting of 2 packages is shown). . . . .

45

3.23 Assembled Barrel module (without
”zero” bi-layer) ready for the Barrel
assembly process. . . . . . . . . . .

46

3.24 Mounting of Barrel module ”zero”
bi-layer. . . . . . . . . . . . . . . . .

46

3.25 End Cap module assembly . . . . . .

46

3.26 Single FRS module: assembly in horizontal position, then rotation in vertical position for mounting on the
mobile platform. . . . . . . . . . . .

4.6

4.7
47

3.27 Single FRS module in the process of
assembly to final setup (at park position of support platform; not shown). 47
3.28 Channels for cabling in the Barrel
module. . . . . . . . . . . . . . . . .

48

3.29 Cross section for different cables and
manifolds of the Barrel module. . . .

48

3.30 3D view of the Barrel module with
modified cable channels. . . . . . . .

48

3.31 Cross section of the Barrel module
with muonic cables. . . . . . . . . .

49

4.1

4.2

4.3

The RS test setup for MC: a)
RS alone; b) combined setup; RS
with additional “layers” of material
- PANDA electromagnetic calorimeter (EMC) and solenoid (Coil); the
diameter of the incident beam (spot)
is 85 mm. . . . . . . . . . . . . . . .

4.8

4.9

51

RS response to muons (left) and pions (right) with initial kinetic energy
of 500 MeV; MC sample for 20 events
is shown for demonstration. . . . . .

52

Distributions of particle range in RS
for muon and pion beams (dashed
area) with initial kinetic beam energy of 200 MeV (a) and 500 MeV
(b). . . . . . . . . . . . . . . . . . .

53

Response
of
combined
(EMC+Coil+RS) setup to muon
and pion particle beams with kinetic
energy of 500 and 800 MeV. . . . . .

53

1-3: Distributions of particle ranges
(in number of layers) for muons and
pions (dashed) at initial beam energies of 500, 700 and 900 MeV (for
all particles); 4-6: for those events
in which only primary muons and pions are passing through the Barrel of
Target Spectrometer structure (combined MC setup). . . . . . . . . . . .

54

Efficiency of π/µ separation by range
in RS: primary particles - for those
events in which only primary muons
and pions passing through RS are
taken into account; all - all particles,
no event selection. . . . . . . . . . .

54

Demonstration of π → µν decay in
the Inner detector of PANDA setup:
decay muon (red) stops in the RS
while neutrino (green) leaves the volume. . . . . . . . . . . . . . . . . . .

54

The kinetic energy spectrum, kink
angle distribution, and the kinetic
energy versus angle correlation plot
for muons produced in π (800 MeV)
→ µν decay. . . . . . . . . . . . . . .

55

Muon range in number of layers (top)
and the average number of hits (bottom) in RS as a function of initial
kinetic energy. . . . . . . . . . . . . .

55

4.10 Response of FRS to muon (a) and
pion (b) at 5 GeV. . . . . . . . . . .

55

4.11 RS energy resolution for hadrons in
different readout modes. . . . . . . .

55

4.12 MDTs layout in PANDA Muon System as seen with PandaRoot. . . . .

56

4.13 Missing events without/with “zero”
bi-layers (geometrical inefficiency or
“holes” in system acceptance) as a
function of polar angle for generated
µ− at 12 GeV/c (1 and 3 - integrated
over the whole azimuthal angle) and
corresponding scattered plots (2 and
4); 400K generated events; with
magnetic fields in Solenoid and Dipole. 57

PANDA - Strong interaction studies with antiprotons

122
4.14 Missing events without/with “zero”
bi-layers (geometrical inefficiency or
“holes” in system acceptance) as a
function of polar angle for generated
µ− at 2 GeV/c (1 and 3 - integrated
over the whole azimuthal angle divided by 400K generated events)
and corresponding scattered plots (2
and 4); 400K generated events; with
magnetic fields in Solenoid and Dipole. 57

4.21 Simulated hit position of the background events on the End Cap MDT
layer 0. . . . . . . . . . . . . . . . . .

60

4.22 Simulated hit position of the background events on the End Cap MDT
layer 0. The full MDT area is divided into 4 different regions, in order to highlight the position of the
tubes along the y coordinate. . . . .

61

4.15 Missing events without/with “zero”
bi-layers (geometrical inefficiency or
“holes” in system acceptance) as a
function of polar angle for generated
µ− at 1 GeV/c (1 and 3 - integrated
over the whole azimuthal angle) and
corresponding scattered plots (2 and
4); 400K generated events; with
magnetic fields in Solenoid and Dipole. 58

4.23 Background events: simulated hit
position multiplicity for the scenario
corresponding to alignment along y
direction (see Fig.4.22). . . . . . . .

62

4.16 Schematic view of PANDA detector
with MC sample of µ− at 1 GeV/c .

4.25 Demonstration of Hybrid Pattern
Recognition algorithm. . . . . . . . .

63

4.26 Multiplicity of MDT hits per layer
in separated module of the Muon
Tracker, for 3 GeV/c muons (upper
plots) and pions (lower plots). . . . .

63

4.27 Momentum loss for reconstructed
muons from the production vertex up
to the MDT layer 0, as a function of
the polar angle. . . . . . . . . . . . .

63

4.28 Distance between the track extrapolation point and the reconstructed
hit in the MDT layer 0, for the MDT
Barrel. . . . . . . . . . . . . . . . . .

64

4.29 Correlation efficiency between extrapolated track and MDT hit at
layer 0 for muons, as a function of
polar angle and particle momentum.

64

4.30 Number of fired MDT layers as
a function of the polar angle, for
muons at 3 GeV/c (left) and 1 GeV/c
(right). . . . . . . . . . . . . . . . . .

65

4.31 Amount of crossed iron as a function of track momentum calculated
al MDT layer 0, for muons (upper)
and pions (lower). . . . . . . . . . .

65

58

4.17 Missing events without/with “zero”
bi-layers (geometrical inefficiency or
“holes” in system acceptance) as a
function of polar angle for generated
µ− at 2 GeV/c (1 and 3 - integrated
over the whole azimuthal angle) and
corresponding scattered plots (2 and
4); 400K generated events; without
magnetic fields in Solenoid and Dipole. 59
4.18 Missing events without/with “zero”
bi-layers (geometrical inefficiency or
“holes” in system acceptance) as a
function of polar angle for generated
µ− at 1 GeV/c (1 and 3 - integrated
over the whole azimuthal angle) and
corresponding scattered plots (2 and
4); 400K generated events; without
magnetic fields in Solenoid and Dipole. 59
4.19 Geometrical efficiency (acceptance)
of PANDA Muon System as a function of initial (generated) single
muon momentum. Red: with “zero”
bi-layers and Blue: without “zero”
bi-layers. (top) with magnetic fields
in Solenoid and Dipole (bottom)
without magnetic fields in Solenoid
and Dipole. . . . . . . . . . . . . . .
4.20 Simulated hit position of the background events on the Barrel MDT
layer 0 integrated over 8 sectors. . .

4.24 Starting position of electromagnetic
showers for electrons reaching the
MDT layer 0. The lines correspond
to the position of the inner MDT layers. 62

60
5.1
60

MDT test stand tuning/debugging
of one 1m x 1m detecting plane of
Range System prototype. . . . . . .

67

FAIR/PANDA/Technical Design Report - Muon System
5.2

5.3

5.4

5.5

5.6

5.7

5.8

5.9

Cross sectional view of the MDT of
traditional design (a) with the cathode formed by the aluminum profile and the steel lid (’closed cathode’ geometry; only two wire supports out of eight are shown) and (b)
with the cathode formed by the aluminum profile only (’open cathode’
geometry) and the external electrode
made from a double-sided copperlaminated fiberglass board with strips. 68
Block diagram of the test measurements: (HV S) high-voltage source,
(Sp) splitter, (LST ) logical signal translator, (LSA) logical signal adder, (CC) coincidence circuit, (S) scintillation counter, (P S)
pulse shaper, (EC) external control, (DAC) digital-to-analog converter, (T DC) time-to-digital converter, and (ADC) charge-to-digital
converter. . . . . . . . . . . . . . . .

68

Counting rate (a) and efficiency (b)
curves of the MDTs with the open
and closed cathode geometries for
cosmic rays at a threshold of 2.0 µA.

69

Counting-rate curves of the MDT
with the open cathode geometry for
the 60 Co source at thresholds (1) of
1.0, (2) 1.5, and (3) 2.0 µA. . . . . .

69

123

5.10 Oscillograms of single signals: from
the anode wire (1) and the strip (2).
The conversion factors are 60 and
480 mV/µA, respectively. . . . . . .

71

5.11 Block diagram of the test facility: (S1 , S2 ) scintillation counters,
(M DT1 -M DT4 ) Mini-Drift Tubes;
(CDL) cable delay lines,(D) discriminators, (DL) delay lines, and (CC)
coincidence circuit. . . . . . . . . . .

72

5.12 Spectra of signals from cosmic particles, readout of the four strips of one
of the MDTs. Particles that passed
through one of the two central strips
were selected. . . . . . . . . . . . . .

72

5.13 Spectrum of the sum signal from the
four strips for one of the MDTs. . .

72

5.14 Correlation of the anode and strip
(the sum of the four strips) signals
from one of the MDTs of the array.
The signals were referred to the input currents of the amplifiers. The
mean value of the signal induced on
the four strips is 21.6 ± 1.0% of the
anode signal. . . . . . . . . . . . . .

73

5.15 Measured charges on the strips for an
individual event (track), which determine the centers of gravity of induced charges. The centers of gravity of charges in each MDT (Xcg ) are
expressed in terms of the strip coordinates. . . . . . . . . . . . . . . . .

73

5.16 Distribution of deviations ∆X of the
track coordinates determined by the
centers of gravity of charges induced
on the strips from the fitting curve
for one of the MDTs in the array. . .

74

Amplitude spectrum from one of the
wires in the open geometry of the
MDT under exposure to cosmic rays.
The sharp peak provides information on the noise in the measuring
channel (amplifier noise + external
noise), while the wide distribution on
the right corresponds to the signals
from the anode wire. . . . . . . . . .

70

Drift time spectrum for the open geometry MDT; the T DC time channel
is 0.5 ns. . . . . . . . . . . . . . . . .

70

5.17 A2DB-32 analog output waveform
for an input capacitance C = 0 pF
(self-noise of the amplifycation channel); Vr.m.s ≈ 13.5 mV (∼ 35 nA). .

70

5.18 A2DB-32 analog output waveform
for input capacitance C = 500pF
(1x100 cm2 strip capacitance);
Vr.m.s ≈ 20 mV (∼ 50nA). . . . . .

Amplitude spectrum of signals from
the MDTs (a)with the closed and (b)
open cathode geometries under exposure to the 55 Fe source. . . . . . . .
Gas gain of the MDTs with the open
and closed cathode vs the supply
voltage. . . . . . . . . . . . . . . . .

71

5.19 A2DB-32 analog output waveform
for input capacitance C = 1000
pF (1x200 cm2 strip capacitance);
Vr.m.s ≈ 22 mV (∼ 56 nA). . . . . .

74

75

75

PANDA - Strong interaction studies with antiprotons

124
5.20 A2DB-32 analog output waveform
for 1 µA input signal; input capacitive load C = 500 pF (1x100 cm2
strip capacitance). . . . . . . . . . .
5.21 A2DB-32 analog output waveform
for 1 µA input signal; input capacitive load C = 1000 pF (1x100 cm2
strip capacitance). . . . . . . . . . .
5.22 A2DB-32 analog output waveform
for 10 µA input signal; input capacitive load C = 10000 pF (for instance,
10x200 cm2 or 2x1000 cm2 strip capacitance). . . . . . . . . . . . . . .
5.23 Dependence of the strip wave
impedance (Z0 , Ohm) from the strip
width (cm) for a fixed gap between
the strip board and the absorber
plate (d = 0÷15 mm). . . . . . . . .

75

5.32 Characteristic strip signal (channel
2) corresponding to the wire signal
(channel 1) for cosmics (MDT HV
potential = 2.4 kV). . . . . . . . . .

79

75

5.33 Characteristic strip signal (channel
2) corresponding to the wire signal
(channel 1) for cosmics (MDT HV
potential = 2.3 kV). . . . . . . . . .

80

5.34 Characteristic strip signal (channel
2) corresponding to the wire signal
(channel 1) for cosmics (MDT HV
potential = 2.2 kV). . . . . . . . . .

80

5.35 Wire (channel 1) and strip (channel
2) signal accumulations for cosmics
(MDT HV potential = 2.3 kV). . . .

80

76

76

5.24 Model of the Range System prototype detecting layer in the Fe absorber gap assembled for demonstration of a real 1 m long strip signal in
Dubna. . . . . . . . . . . . . . . . .

76

5.25 Wire (channel 1) and strip (channel 2) signals from the 60 Co (1 m
distance between FEE to the 60 Co
source position). . . . . . . . . . . .

78

78

5.27 Wire (channel 1) and strip (channel 2) signals from the 60 Co (0 cm
distance between FEE to the 60 Co
source position). . . . . . . . . . . .

78

5.37 Signal to noise ratio of strip system

81

6.2

6.3

5.28 Wire (channel 1) and strip (channel
2) signal accumulations with 60 Co
source at the MDT HV of 2.05 kV. .

78

5.29 Wire (channel 1) and strip (channel
2) signal accumulations from 60 Co
source (MDT HV potential = 2.15
kV. . . . . . . . . . . . . . . . . . . .

79

5.31 Wire (channel 1) and strip (channel
2) signal accumulations from 60 Co
source (MDT HV potential = 2.35
kV. . . . . . . . . . . . . . . . . . . .

81

6.1

5.26 Wire (channel 1) and strip (channel 2) signals from the 60 Co (50 cm
distance between FEE to the 60 Co
source position). . . . . . . . . . . .

5.30 Wire (channel 1) and strip (channel
2) signal accumulations from 60 Co
source (MDT HV potential = 2.25
kV. . . . . . . . . . . . . . . . . . . .

5.36 Strip counting rate curves for the
threshold range of 0.2 ÷ 0.5 µA . .

6.4
6.5

6.6
79
6.7
79

Single-channel schematic circuit diagram of Ampl-8.3. . . . . . . . . . .

84

The amplifier input and positive/negative output signals at
the input negative polarity 10 µA
current rectangular pulse of 150 ns
duration and leading and trailing
edges about 2 ns. . . . . . . . . . . .

85

Output voltage at positive (B) and
negative (C) arms and differential
output (D) versus negative (a)) and
positive (b)) input currents. Amplifier’s positive and negative arm outputs at the quiescent state are -0.27
V and -0.14 V, respectively. . . . . .

85

Single-channel schematic circuit diagram of Disc-8.3. . . . . . . . . . . .

87

Delay versus overdrive curves.
1-PSpice simulation results for the
fabricated circuit;
2-PSpise simulation results for the
circuit corrected;
3-Measurement results for the fabricated circuit. . . . . . . . . . . . . .

88

A double pulse signal at the Disc-8
input (bottom waveform) and a reference signal from a pulse generator
(top waveform). . . . . . . . . . . . .

88

Differential output signal of the comparator loaded by a 10 m flat ribbon
cable. . . . . . . . . . . . . . . . . .

88

FAIR/PANDA/Technical Design Report - Muon System
6.8

Signal at the end of the 10 m flat
ribbon cable. . . . . . . . . . . . . .

88

The ADB-32 block-diagram. . . . . .

89

6.10 32-channel amplifier-discriminator
board ADB-32. . . . . . . . . . . . .

90

6.9

6.11 Negative (a) and positive (b) discriminator output signals at Iin =
39.9 µA (14% excess over the 35 µA
top boundary of the amplifier dynamic range). . . . . . . . . . . . . .

7.1

90

6.12 Negative (a) and positive (b) discriminator output signals at Iin =
200 µA (5.7 times greater than the
top boundary of the amplifier dynamic range). . . . . . . . . . . . . .

91

6.13 High voltage distribution and wire
readout cable for MDT (top - HV
side, bottom - signal side and top
cover). . . . . . . . . . . . . . . . . .

92

6.14 High voltage/signal cable connected
to MDT. . . . . . . . . . . . . . . . .

92

6.15 32-channel preamplifier board A-32.

93

6.16 The block-diagram of the single
channel of FEE for the Barrel wire
readout system with cable terminating resistors. . . . . . . . . . . . . . .

125

93

6.18 The block-diagram of the single
channel of FEE for the Barrel wire
readout system without cable terminating resistors. . . . . . . . . . . . .

94

6.19 The Barrel wire FEE signals for nonterminated scheme: a) input signal; b), c) negative/positive amplifier outputs; d) differential signal on
discriminator input. . . . . . . . . .

94

6.20 HVS/A-8 board (top and bottom
view). . . . . . . . . . . . . . . . . .

94

6.21 Schematic circuit diagram of
HVS/A-8 (8-channel HV distributor
and amplifier for wire signals). . . .

95

6.22 A2-32 board (top and bottom view).

95

6.23 Block diagram of the data stream. .

95

97

7.2

Schematic diagram of the gas system. 98

8.1

Skeleton view of the Full Scale prototype package with crossed MDTs
and strips with corresponding readout electronic cards. . . . . . . . . . 101

8.2

FSP position in the COMPASS experimental area; the prototype is
marked with white dashed rectangle. 102

8.3

(a) RS ’3 in 1’ prototype: 30 mm
and 60 mm absorber plates (pink
color) reproduce different parts of
the Muon System; detecting layers
of MDTs and strips are positioned
in between the plates; two types of
“zero” bi-layers are put outside the
absorber; (b) schematic view of the
RS prototype. . . . . . . . . . . . . . 102

8.4

A detail of RS prototype crosssection for TS Barrel part. . . . . . . 103

8.5

RS prototype equipped with FE analog and digital elecronics. . . . . . . 104

8.6

Block diagram of RS digital readout
for wires and strips. . . . . . . . . . 104

8.7

Block diagram of RS analog readout
for wires - to be used for calorimetry. 104

8.8

(a) Range System prototype (Fe
absorber and support structure) in
Dubna in vertical position (for further tests with cosmics at CERN);
(b) RS prototype in Dubna in horizontal (beam test) position. . . . . . 105

9.1

Timelines for the Muon System realization (∗) - R&D and beam tests of
prototypes are supposed to be conducted at JINR (test stand) and on
the beam lines at CERN and then at
FAIR. . . . . . . . . . . . . . . . . . 109

93

6.17 The Barrel wire FEE signals (scheme
with terminating resistors): a) input
signal; b), c) negative/positive amplifier outputs; d) differential signal
on discriminator input. . . . . . . . .

Power consumption of wire and strip
electronics; the width of red arrows
is proportional to the consumption of
each subsystem. . . . . . . . . . . . .

126

PANDA - Strong interaction studies with antiprotons

127

List of Tables
2.1
2.2
2.3
2.4
2.5

l
Efficiency of Efl ast , Eslow
≥ Ecut cut.

l
Efficiency of θfl ast , θslow
≤ θcut cut. .

Loss of the signal events (in %) after
cuts 1-3. . . . . . . . . . . . . . . . .

6
8
18

+ −

Efficiency of Minv (l ,l ) cut for the
case of µ+ µ− production. . . . . . .
+

22

−

Efficiency of Minv (l , l ) cut for the
case of e+ e− production. . . . . . . .

22

Influence of the cuts for background
events. . . . . . . . . . . . . . . . . .

22

P Tµ cut influence on S/B for a case
of the first cut with Eµ ≥ 0.5 GeV
cut . . . . . . . . . . . . . . . . . .

22

Bin correspondence to the particle
names for the case of e’s and µ’s
grandparents. . . . . . . . . . . . . .

26

Bin correspondence to the particle
names for the case of e’s and µ’s
grandparents. . . . . . . . . . . . . .

27

Basic numbers for Muon System instrumentation. . . . . . . . . . . . .

41

Distribution of the muonic cables
over the Barrel cable channels; (*)
numbers in brackets show the value
for two bottom Barrel channels
which contain also the cables of End
Cap ”zero” bi-layer. . . . . . . . . .

49

Hit multiplicity in the mu-det regions for each p̄p interaction. . . . .

61

5.1

Strip system noise rate . . . . . . . .

81

6.1

Ampl-8.3 specification. . . . . . . . .

86

6.2

Specifications of the eight-channel
comparator IC. (∗ After layout correction.) . . . . . . . . . . . . . . . .

87

6.3

ADB-32 specification. . . . . . . . .

90

7.1

Low voltage power dissipation by
front-end electronics. . . . . . . . . .

98

2.6
2.7

2.8

2.9

3.1
3.2

4.1

7.2

Basic parameters for the Muon System DCS. . . . . . . . . . . . . . . . 100

ANNEX
to the
“Technical Design Report for the:
PANDA
Muon System”

Answers to the questions of the ECE referees

1. Introduction
After approval of the “Technical Design Report for the: PANDA Muon System” by PANDA
collaboration the FAIR management had nominated the panel of ECE referees to independently
estimate the status of the proposal and formulate additional questions if needed. The panel
members are: Eugenio Nappi (INFN, chair), Joachim Baechler (CERN) and Ludovico
Pontecorvo (CERN). The members of PANDA muon group had two meetings with panel
members at CERN. First one happened around a big prototype of the PANDA range (muon)
system comprising about 10 ton of steel absorber equipped with 288 Mini-Drift Tubes (MDT)
detectors and about 4000 channels of ‘on-chamber’ front-end electronics. This meeting clarified
for the panel members the peculiarities of proposed technical solutions, most of which will be
implemented in the final engineering design of the Muon System. Next meeting was in the form
of presentation of the Muon System TDR followed by a lengthy discussion, which was also
accompanied by FAIR colleagues (via video conference).
As a result of these meetings Eugenio Nappi provided the muon group with the panel’s opinion
on the TDR quality and the questions which were not yet fully answered. This message as well as
the answers to all questions are given below.
2. Questions
General high estimate of the Muon System TDR quality as well as the concrete questions are
given in the panel’s email to the Muon System manager:

“Dear Gena,
we would like to thank you for your presentation of the PANDA Muon System at our meeting at CERN.
We appreciated the high quality of the TDR and the well-prepared slides, which already clarified some of
the questions emerging from the report.
We recognize the importance of the physics issues that are capable of being addressed by the Muon
System, however, as already pointed out during the meeting, in order for us to provide a scientifically
informed endorsement of the Technical Design Report, further information is needed. We would therefore
like to ask you to provide more details than those given in the open presentation for some relevant critical
issues.
Our main concern is the likely charging up of MDTs with the open cathode geometry. Under irradiation,
the presence of large dielectric surfaces influences the ion collection and the need of a careful

investigation is mandatory in connection to the detector operation instabilities and creation of local
discharges, which could introduce dead times and fast ageing phenomena.
We recommend to study this issue by designing and manufacturing a test bench consisting of at least
three MDT layers fully equipped with the electronics for anodes and strips. The detection of cosmic or
beam particles in presence of a strong local irradiation, produced either by a radioactive source or
gammas at CERN-GIF facility, will allow the assessment of this potential show-stopper.
These studies will allow investigating other effects. For istance, owing to the high particle rate, the
ionization load on the anode wire could be so high to imply a reduction of the amplification voltage
resulting into a worsening of the signal to noise ratio on the strips. Moreover, as discussed at CERN, it
must be proved that the design featuring MDT's plastic covers tightly in contact with the AL frame,
envisaged to mitigate charging up effects, enables a sufficiently good gas flow distribution.
In parallel, we advice to develop a detailed Garfield simulation of the detector to achieve a thorough
understanding of the electrostatic aspects of the adopted electrode configuration and to study carefully
the sagitta of the anode wires due to gravitation and the effect on the electric field distribution.
The following is a non-exhaustive list of other key issues that we consider of utmost importance for
establishing a clear and comprehensive view of the overall project.
- Temperature gradient
The designed compact and closed detector system will result in a inhomogeneous temperature
distribution. Temperature gradients should be studied and the impact on gas density, material composition
and thermal expansion (i.e. change in the wire tension).
- Total current driven by each wire as function of MDT's location
The variable particle occupancy could create hot spots. This investigation will also help to determine the
optimal number of HV channels (adjustment of HV for wire groups).
- Test of electronics in magnetic field & grounding & return currents Was the electronics operated in the
nominal magnetic field ? what is the grounding scheme / return currents
The test set-up adviced above will also allow these integration studies to be accomplished.
- Discharges
What is the input protection of the amplifier in case of discharge and or broken wire (in contact with AL)
- Integration and installation procedure.
Please, provide the schematic of the final gas flow distribution. The existing prototypes have no
manifolds and each MDT module (8 wires) has the inlet for the gas on one side and the outlet on
the other side at the same position. This seems not the best choice in view of delivering an equal gas
quality to all the tubes. A manifold or crossed in/out let position would be better, gas flow simulation is
possible today with commercial programs. Still on the chosen gas mixture, we recommend the validation
of the full gas system under radiation. It is well known that even with neutral gases (Ar+CO2), the
contamination coming from a non "clean" gas system may induce ageing effects, specially important if
silicon compounds are present in the system, even by mistake, as for example greasing O-rings.
- Failure rate and impact on physics
What is the impact of failures of single unit (as function of position) on the performance?
- Mechanics and tooling
The total weight of a single unit is already very high. The proper installation tooling needs to be well
documented, it might have a significant impact on the total cost.
- Service possibilities
In case, one needs to exchange a module, what is the procedure, related time and costs?

- Please provide the project cost breakdown.
We are aware that replying to the above issues will require some homework and the availability of
financial and manpower resources. Therefore, we strongly hope that your collaborators will provide the
needed support for accomplishing this task with success.
Best regards,
Eugenio, Joachim and Ludovico”
3.

Answers
Panel’s questions are answered in the order as rated by the muon group. First priority (first two
questions of the panel) was given to the effect of the ‘open cathode’ geometry which leads to the
charge up of a dielectric surface inside the MDT detector volume.

Question 1: What is the ageing of MDT with ‘open cathode’ geometry?
Answer: Fast ageing of the MDT detectors at comparatively high rate conditions of PANDA setup might
be a potential ‘show stopper’ for the Muon System. The measurement of this phenomenon previously
conducted with a standard MDT (‘closed cathode’ geometry, with fully metallic cathode) had
demonstrated no ageing effects caused by irradiation up to at least 1 C/cm of accumulated charge on the
wires. This was done for the muon system of the COMPASS spectrometer at CERN [1]. More than 10
years of COMPASS operation with intense beams without any ageing effects observed in MDT’s
performance generally confirm the above laboratory measurement.
MDT detectors proposed for the PANDA Muon System have ‘open cathode’ geometry (see Fig.1) which
permits to read out the second coordinate through detection of induced pulse on external electrodes (strips
or pads). Thus, with only one detector layer we may register two coordinates – provided by wires and
strips/pads. Such a geometry/scheme was proposed long ago for the so-called Iarocci streamer tubes [2]
and it was successfully used at LEP collider by the DELPHI detector (in Surround Muon Chambers). The
only difference between Iarocci tubes and MDT detectors is technological – we use metallic (aluminum)
cathode to cope with high rate conditions whereas Iarocci tubes used high-ohmic cathode (plastic covered
with conductive varnish). The electric field shape together with all physical processes, such as charge up
of a dielectric surface inside the sensitive detector volume, drift of electrons and ions, gas amplification,
space charge effects etc., are basically the same. Of course, application of MDTs in PANDA at rather
high rates as compared with LEP conditions may potentially have some negative features due to presently
unknown effects which may not be ruled out theoretically. So, the direct measurements are required.

To study ageing effects special workbench was made on the base of X-ray tube (tungsten anode, U anode
≤ 100 kV) which irradiated 4x8 cm2 area (4 cm each of 8 wire channels) of MDT with open cathode
geometry. Gas mixture – Ar 70% + CO2 30% (the same as used for the COMPASS muon system), MDT’s
HV was set to 2300 V. X-rays intensity was established to provide ~12 µA of whole MDT (8 wires
summed up) average HV current, what corresponds to summary charge of 1 C/cm accumulated for ~30
days: S=4x8=32 cm2, T=30 days=2592000 sec, Q=1C/cm2 => I=(S×Q)/T=12.3 µA. Automatic
measurement of the MDT HV current was made to provide information about accumulated charge. To
monitor ageing effects measurements of counting rate curves (Co-60 source) together with oscilloscopic
observations of MDT average signals (256 events) for Co-60 and X-rays were made twice a week during
the whole period of irradiation. To conduct the measurements ADB-32 card with 2 µA threshold was
used as front-end electronics. At the end of irradiation period (1 C/cm accumulated) the comparisons of

irradiated and not irradiated (to the right and to the left from the irradiated spot) areas of the MDT were
made using the same monitoring parameters (counting rate curves, average signal amplitudes).
When selecting the conditions (intensity) for irradiation we have chosen a compromise between ‘ideal’
gas amplification and reasonable time to accumulate the desired charge about 1 C/cm. The linearity
between MDT HV current and X-ray intensity (given by the X-ray tube current) was used as criterion for
this. The declination in ~ 45% from linearity (equally – 45% drop in gas amplification factor) was
selected for measurements (see Fig.2). The signal shape at such conditions also practically does not
change.

Fig.1 Mini Drift Tube cross-section (left) and layout (right)

Fig.2 MDT HV current as function of X-ray tube anode current (index of X-ray intensity)
The results of measurements are summed below in Figures 3 – 6. Fig.3 demonstrates the stability of
counting rate curves (high voltage plateau) along with charge accumulation on irradiated spot. Small
spread of plateau beginning on HV axis is mostly due to the variable atmospheric conditions during long
period of irradiation (curiously the curves at the start and the finish of measurements did fully overlap).
Such a sensitive ageing parameter as pulse amplitude (and shape) also does not depend on accumulated
charge. Average pulse amplitude is stable within ~ +/- 10% (see fig.4). Uncertainties in the amplitude
values are also due to the variable conditions and measurement technique limitation
(accumulation/averaging of just 256 pulses).

Fig.3 Counting rate curves (summed for 8 wire channels) for different accumulated charges (0.16÷1.08
C/cm), irradiation source Co-60

Fig.4 Average wire signal amplitude vs accumulated charge for Co-60 and X-ray sources

Comparison of the counting rate curves for ‘clear’ non-irradiated and exposed to radiation spots of MDT
also says in favor of zero (non-observable) effect of ageing (see Fig.5). The same is true for the wire
signal pulses (both, amplitude and shape) comparison (see Fig.6; signal polarity is opposite/positive due
to the measuring technique).

a)

b)

Fig.5 Counting rate curves for non-irradiated (a) and irradiated (b) areas of MDT after accumulation of
1C/cm charge, Co-60 source
Non-irradiated area

Irradiated area

a)

b)

c)

d)

Fig.6 Waveforms of averaged wire signals (256 events) – for X-ray source: non-irradiated (a) and
irradiated (b) areas of MDT; for C0-60 source: non-irradiated (c) and irradiated (d) areas of MDT
Provided rather small rates inside a volume of the Muon System (typically few Hz/cm2 - thanks to the
screening effect of electromagnetic calorimeters and steel absorber plates of range system itself) and
average charge per single pulse (~5pC at normal/working operational voltage 2200 V) we may estimate
the life time for the most of apparatus as practically infinite: (1C/cm2) / (10Hz/cm2×5pC) = 2×1010

sec (more or about 6×102 years; even without accounting for duty factor of PANDA operation). The only
‘hot spot’ which requires special attention (see fig.8 below) having the rates at the level about kHz/cm2 is
represented by small areas around the opening in the forward end cap. It is equipped with tiny portion of
MDT detectors (10-20 as compared to the total of 3751). In case of trouble really observed during the
PANDA operation they may be easily replaced or, contrary, we could decide to equip this special area
with scintillator, for example. But even for these areas the expectation of the life time is about or more
than 6 years (12 years assuming 0.5 duty factor). Nevertheless, we intend to continue our ageing tests
until we really ‘kill’ the MDT detector performance. Thus, at the end of this measurement we may
estimate the real life time of MDT detector with Ar 70% + CO2 30% gas mixture. So, finally we come to
conclusion that ageing is not a problem for the PANDA Muon System.

Question 2: What are the rate effects on MDT?
Answer: Another potential serious worry related to the presence of dielectric surface in MDT volume is
reaction of detector to the high counting rates. Again, the practical importance of the issue despite
generally good understanding of basic MDT’s features demands for direct measurements.
To study the high particle rate influence on detector wire and strip responses previously described
workbench was used. To receive strip signal amplitudes one strip readout channel was added
(preamplifier A-32 card + ADB-32 with 0.3 µA threshold). Irradiated spot was narrowed down to 1x8
cm2 (single strip area) to neglect influence of distant wire signals on the strip signal amplitude. Generally
we investigated dependence of average signal amplitudes on the X-rays intensity (R/O channel loads) as
well as counting rates. We made simultaneous measurements of X-ray tube anode current (index of X-ray
intensity), wire channel counting rate and corresponding wire and strip average signal amplitudes
(oscilloscopic observation – 256 events averaged).
Dependence of individual signal channel rate (for the wire R/O) on X-ray intensity is shown in Fig.7 (a).
In ideal case this dependence should be linear (brown dashed line); curvature of the real plot shows signal
miscounts in the readout channel. These miscounts are due to the ‘trigger Schmitt’ techniques used in our
R/O chain and it corresponds to the value of about 100 nsec typical for the wire pulse duration.
Dependence of average wire signal amplitude on X-ray intensity is shown in Fig.7 (b).
According to the Monte-Carlo simulation results described in the Muon System TDR (section 4.7,
Occupancy estimate) we have two ‘hot red spots’ with high particle rates (up to 103 events per second for
1x1 cm2 cells at nominal HESR luminosity) on the End Cap ‘zero’ bi-layer (see Fig.8). The calculations
also presented in this section show that for single MDT (8 wire channels) which crosses the “hot spot” we
have 5.105 hits per second (so, about 60-100 kHz for individual single wire channel load) and 105 hits per
second for single strip. The rest of the Muon System detectors have much lower occupancies.
Thus, we may see that for the maximum evaluated single channel loads of about 100 kHz we have
negligible average amplitude decrease or readout channel miscounting (Fig.7, blue dashed marker lines).
The estimated single channel rate limit is taken about 500 kHz (red dashed marker lines) which is factor 5
to evaluated maximum channel loads; this factor is assigned to the case of instant luminosity fluctuation
due to the peculiarities in the beam-target interaction. At this rate level readout system remains operable:
only 7% decrease of MDT signal average amplitude and 4% of signal miscounts.
Decrease of wire average signal amplitude (up to the wire channel loads of 500 kHz) is negligible to have
a severe impact on the signal to noise ratio on the strips. Anyway oscilloscopic observations of average
strip signal amplitudes for different strip channel loads (up to 250 kHz) were made. MDT HV = 2300 V,
oscilloscope voltage trigger was set to the level corresponding to 0.3 µA of FEE input current, X-ray tube

was used as irradiation source. Fig. 9 demonstrates waveforms of average strip signals corresponding to
strip channel loads of 70 and 250 kHz. Observations showed that average strip signal amplitudes vary
around 480 ± 25 mV for all loads up to 250 kHz. For sure decrease in the average strip signal amplitude
exists, as we see the small fall of average wire signal amplitude, but it stays within the errors of
oscilloscopic signal averaging (for the observed strip loads interval) and can be regarded as negligibly
low.

a)

b)

Fig.7 Dependences of single channel rate (a) and average wire signal amplitude (b) on X-ray intensity

Fig.8 Simulated hit position of the background events on the End Cap MDT ‘zero’ bi-layer; color
diagram shows rate level in units of Hz (repeats Fig. 4.21 of the Muon System TDR, page 60)

a)

b)
Fig.9 Average strip signals for (a) 70 kHz and (b) 250 kHz strip r/o channel loads

To check the stability of MDT operation at very high irradiation intensities we also made a measurement
of counting rate curves for different loads up to 900 kHz. Normalized (to the plateau) counting rate curves
are presented in Fig. 10. No counting rate curve plateau (2150 – 2300 V; spread of plateau beginnings is
within 20 V) constriction was observed up to the 900 kHz load.

Fig.10 Normalized MDT counting rate curves for different wire channel loads (X-ray intensities)
Thus, the data presented above demonstrate absence of the rate effects dangerous for the MDT
operation, both for nominal luminosity and its instant fluctuations.

Question 3: What are the electric field shape in MDT cell and electrostatic effects on wires
stability?
Answer: The electric field shape inside the MDT volume with open cathode geometry is the same as in
Iarocci tubes [2, p.37]. Basic physics of such a cell performance is also well understood. At ‘time zero’
when one applies the positive high voltage to a wire the field shape is the same like in standard
rectangular MDT with fully metallic cathode. Then positive ions formed in gas amplification process near
a wire drift to the dielectric surface and charge it up to some equilibrium state. This state is being reached
when ions density in each point on the surface is enough to compensate for the normal component of
electric field strength. So, at such a state the electric field lines in vicinity of the surface are strictly
parallel to it. Obviously, the ions density corresponds to the applied HV. When HV is switched off the
charged surface starts deionization process due to the natural radiation and specific conductivity of
particular plastic material. The charging up and discharging processes were measured for the streamer
mode of operation [3, p.386]. The charge up time is very short (in fact unmeasurable) in streamer mode
due to the large charge developed by streamer. The time needed to dissipate the charge is quite
macroscopic – it takes hours. In case of MDT (proportional mode of operation) the charge up time should
be bigger (but still small enough) and discharge time should stay the same.
The electrostatic stability of the wires inside the MDT cell is guaranteed by their tension of 200 g and a
proper positioning of spacers supporting the wires. It is done in the manner like in Iarocci streamer tubes.
The spacer crossing the aluminum comb and having the wires thermally welded to its center (with
accuracy ~ +/- 0.2 mm) is pictured on Fig.1; it’s thickness along the wire direction is 5 mm. During R&D
phase the distance between the spacers in the MDTs was optimized to exclude the electrostatic problems
up to 4 kV of applied HV – it varies from 0.5 m to 1.0 m depending on the length of MDT (from 1 m to 4
m).
Question 4: Has the amplifier the input protection?
Answer: In the proposed project of the Muon System we use Ampl-8.3 amplifier ASIC [4] initially
designed for operation with MDTs of the DØ/FNAL muon system. As the overvoltage input pulses are
common problem for long-term work of the gaseous detectors, protection against negative and positive
overvoltage pulses was one of the basic requirements for the amplifier chip design. As a result we have
positive/negative input overvoltage protection diodes embedded in the chip (part of the input stage of
amplification). According to Ampl-8.3 specifications [4] breakdown currents are 10 A for negative pulse
polarity and 3 A for positive pulse polarity with breakdown probability of about 20%. Test was held with
square pulse: amplitude 350V, duration 1µs, rate 10 Hz.
Additional serious HV protection is also provided by voltage divider formed by wave impedance
matching resistor (220 Ohm) connected in series with amplifier input impedance (~50 Ohm).
Long-term performances of the Ampl-8.3 chips during the DØ Tevatron Run II as well as at the
COMPASS experiment (CERN) demonstrated high tolerance of the chip to HV breakdown.
Question 5: What is the grounding scheme?
Answer: Grounding of a single detector layer of the proposed PANDA Muon System design is closely
connected to the electromagnetic shielding of the one, as all ground connections within the layer are made
using shielding cover. This cover made of thick aluminum foil (0.1-0.2 mm) and profiles forms a kind of
Faraday cage connected to the HV source ground through the resistor of 100 Ω. LV ground will contact
the detector layer through the strip and wire electronics. Embedded in the absorber gaps detector layers
will be isolated from the surrounding iron absorber plates having no other ground connections to provide
‘clean’ detector ground.

The shielding cover consists of two general parts – aluminum foil cover and preamplifier shielding box
(see Fig.11). HV/S-8 cards top cover generally used for HV protection also acts as a common grounding
bus for all detector layer components as it linked to the GND of HV source and distributes it between
MDT cathodes and parts of the shielding cover. Aluminum cover at the strip board side of the layer also
acts as a part of the waveguide for the strip signal propagation, so it is lead inside the preamplifier
shielding box and connected (by wires) to the A-32 input ground pins. For visual understanding of
grounding/shielding scheme fully assembled detector layer of the Range System Prototype is shown in
Fig.12.

Fig.11 Grounding/ shielding scheme of single Muon System detector layer

Fig.12 Fully assembled detector layer (model for the Range System Prototype)

Question 6: Was the electronics operated in the nominal magnetic field?
Answer: The electronics (Ampl-8.3 and Dics-8.3 ASIC chips) is being used in strong magnetic field of
1.5 Tesla in the volume of VES spectrometer in IHEP/Protvino. It was also used in much smaller stray
solenoidal and toroidal fields of D0 detector at FNAL. The last case is more close to the usage of the
electronics in PANDA setup.

Question 7: What are the gas flow effects on MDT performance?
Answer: The specific design features of the MDT’s assembly into the detecting plane require the gas
in/out lets to be installed on the same side of MDTs and detectors to be connected in series. Such
assembly scheme was successfully used for the muon systems of DO/FNAL and COMPASS/CERN
detectors without observation of any negative specific effects. Whereas the ideal case assumes the
‘diagonal’ positioning of in/out lets thus providing theoretically equal path of gas flow for each individual
tube cell of MDT. So, it was decided to compare these schemes numerically to judge on the equality of
gas fluxes through individual MDT cells. The gas fluxes through the MDT planes of typical barrel
module of the Target Spectrometer were also calculated.
Calculations were performed using CAD software package SolidWorks 2011 (solvers: COSMOSM 256,
Flow Simulation) for the Argon (prevailing gas in work mixture Ar 70% + CO2 30%). As the length of
MDTs for the whole project varies within 1 meter to 4 meters these two values were taken to study the
equality of gas flow. Fig.13 demonstrates the fluxes through the 8 cells (~1×1 cm2 cross section) for
individual 1 m long detector. Two upper pictures represent the MDT with in/out lets on one side (the case
of PANDA), lower pictures give an ‘ideal’ case with diagonal gas connectors. The
geometrical/mechanical model of MDT’s interior was used as close to the real one as possible. One may
see the ribs of aluminum profile (deep blue color) splitting the individual cells together with gas flow
lines (blue color) for individual cells on input and output of the detector. The numbers under the pictures
give the linear gas velocity along wire direction (in units of meter/sec) near the center of each cell. These
numbers were calculated for the practical values of overpressure at the input of the real gas system (Δp =
10 cm H2O) and typical gas exchange rate of ~ 1-2 volume/day. One may see that cell-to-cell gas flow
homogeneity is well within few percent for both cases (uncertainties are mostly due to the ‘handmade’
selection of an area near a wire for averaging of the gas velocity). In practical terms it means equality of
gas fluxes through the cells. Fig.14 shows the same pictures and data for the 4 m long detector. Again
there is no meaningful difference in gas fluxes between the cells for the different positions of gas
connectors.
	
  

Fig.13 Gas velocities for 1 m long MDTs with different gas in/out lets position

Fig.14 Gas velocities for 4 m long MDTs with different gas in/out lets position

Contrary to the serial connection of MDTs in detecting planes the planes themselves are flashed in
parallel through the common manifolds. Fig.15 gives an example of a typical barrel module with 12
layers of MDTs varying in number from 14 (innermost layer) to 20 (outmost layer). All dimensions and
cross section of gas manifolds (outlet, inlet) correspond to the real ones (see Muon System TDR, page
48).	
  Conditions of gas flow used in calculations were as practical as those for the individul MDTs. One
may see that average gas velocities (normalized to the 1st layer, V=1.0) decrease to the outer layer by
about 40% only. We regard such a decrease as negligible because we read out the digital information
from the Muon System (YES/NO hits from wires and strips signals above some threshold). The example

Fig.15 Distribution of average gas mixture velocities (normalized to the 1st layer) in the module layers

of the DELPHI/LEP hadron calorimeter exploiting almost the same type of detectors (Iarocci tubes) and
the same organization of gas flow in the barrel modules may be taken, where analog readout was
performed (the induced charge proportional to the deposited energy). Even with analog information
readout which is much more sensitive to the stability of gas parameters no negative effects specific for the
gas flow were observed. Finally, we do not expect any negative effects related to the adopted scheme
of gas flow through individual MDTs and detecting planes.

Question 8: What is validation of the full gas system under radiation?
Answer: The full gas system for the whole PANDA spectrometer is under responsibility of PANDA
collaboration and will be designed and constructed along with safety regulations (including the radiational
one) of GSI/FAIR Lab. It is assumed that possible additional ageing effects induced by improper design
(for example, using the silicon compounds) will be excluded. In the gas distribution system for the MDT
detectors which is under responsibility of Dubna/JINR group only metallic welded gas manifolds and
proven plastic tubing will be used.

Question 9: What is the MDT failure rate and its impact on physics?
Answer: Long-term period (>10 years) of MDT operation during DØ Run II (49000 channels of wire
readout) has shown low MDT r/o channel failure rate (0.6 % of total 49000 for the whole running time).
Combining this together with 10 year experience of MDT operation in the COMPASS experiment
(CERN) we may expect MDT channel failure rate for the Muon System lifetime ≤ 1%.
Provided the high redundancy of track points in the PANDA Muon System (from 11 to 18 per track
depending on particular subsystem) and small failure rate we regard the impact of damaged wires or even
detectors on physics as negligible. We do not plan to replace such MDTs as we never did it in D0 and
COMPASS detectors.

Question 10: What are the temperature gradients and their possible impact on MDT gas density
and wire tension?
Answer: These gradients are planned to be studied during the R&D phase conducted with Range System
Prototype at CERN. We want to measure the increase of the temperature inside the dense compartment in
the 30 mm slots of iron absorber without enforced ventilation. The expectation is that the increase should
be small enough (due to the big surface of iron plates) to negatively influence the performance of
electronics which can withstand rather high temperatures.
The MDT gas density variation due to the temperature is comparable to that caused by atmospheric
pressure. The experience gained during the MDTs operation in COMPASS experiment with remarkable
temperature gradients (from bottom to top of the setup) and its variation with time confirms the stability
of operation without HV tuning for the atmospheric changes.
The MDT design accounts for the rather big temperature variations (within +/- 30o) – the plastic sleeve
has special temperature gap depending on detector length. It is assumed mostly to avoid mechanical
problems of the thermal expansion/contraction during the long distance transportation. The design is
practically confirmed by transportation from Dubna to Fermilab and CERN.

Question 11: What is the optimal number of HV channels?
Answer: The high voltage current through the MDTs is generally defined by the applied HV and local
irradiation. In case of PANDA Muon System the variation of particles flux is quite big as it was shown
above. But most of the apparatus, apart special ‘hot spot’, has rather small values of irradiation. And even
at ‘hot spot’ HV currents are small (~few µA per MDT). As HV power supplies have much higher load
capabilities, we plan to keep one/common HV value for the whole setup (as we did it in D0 and
COMPASS) and division of HV system in individual channels will be done according to the
mechanical/logical subdivision into 16 modules. The same division is accepted also for the gas
distribution system. The necessity of further HV subdivision inside the channel/module is being regarded
as option mainly due to the convenience of service.

Question 12: What is the installation tooling and corresponding cost?
Answer: The weight of individual module of the Muon System is around 20 ton. To manipulate this
weight one needs a special heavy tooling. The design and production of this tooling for the PANDA
Target Spectrometer is under responsibility of the PANDA magnet group as corresponding modules form
the yoke of the solenoid. Two groups responsible for the magnet and muon designs reside in Dubna/JINR.
As magnet modules also serve as absorber for the Muon System and they have laminated structure
adopting the MDT detecting planes with electronics, the Dubna muon group will closely cooperate in
designing this tooling. The preassembly of octants and doors of the solenoid yoke and the equipping with
MDT planes is under responsibility of Dubna. The cost for manufacturing of the heavy tooling for
manipulations with modules at FAIR will be assigned to the magnet group budget. The cost of
simple/light tooling needed to mount the detecting planes (100-200 kg weight) into the slots of the yoke is
included into the Muon System budget. Of course, the general equipment needed for these operations
(like crane, for example) will be provided by the host Lab(s).
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