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7 CERN, Genève, Switzerland



IV-ii
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1 The Detector Concept

The anticipated particle physics programme at TESLA has been presented in detail
in Part III of this TDR. The anticipated programme encompasses the wide kinematic
range of centre-of-mass energies (

√
s) from the Z peak to ∼1TeV and a large physics as-

sortment from discovery to very high precision measurements. It presents a formidable
task for the detector, the software and the subsequent analysis. Some of the topics
most demanding for the design of the detector are described in the following.

Understanding electroweak symmetry breaking gives a prime example. If a light
elementary Higgs particle exists, as predicted by the Standard Model and indicated
by the LEP data, precise measurements of the properties of this new boson demand
experiments at

√
s from 250GeV up to 800GeV. TESLA will provide several ab−1 of

data and probe the mechanism of mass generation. For MH = 120GeV/c2 the Higgs
couplings to fermions and to massive gauge bosons are best determined in ZH associated
production at

√
s & 250GeV, the Higgs triple coupling in ZHH at 500GeV and the

Higgs-top Yukawa coupling in t̄tH at 800GeV. Since the Higgs mechanism predicts
these couplings to scale with the particle masses, excellent identification capabilities
of parton flavour and of gauge-boson type are mandatory. This requires careful layout
of the detector’s vertexing, tracking, energy flow and hermeticity, as will be detailed
below.

Discovery and precision physics will proceed hand-in-hand via the detection of de-
viations from Standard Model expectations. Examples of precision experiments are
those mentioned in the Higgs sector (Part III, Chapter 2), and measurements of the
t̄t threshold, anomalous gauge boson couplings and of Z-boson properties (Part III,
Chapter 5). Direct discovery of an extended Higgs structure, of Supersymmetry or
the manifestation of other new physics (Part III, Chapters 3 and 4) will compel fur-
ther precision experiments. In the opposite situation that no light Higgs is found,
the GigaZ experiment, 109 Zs produced at

√
s = 91GeV with polarised beams, will

shed light on the electroweak symmetry breaking mechanism. If this mechanism is
realised by heavy or composite Higgs particles, the study of fusion processes of the
kind e+e− → VVνeν̄e (V = W, Z) at the highest TESLA energy is expected to provide
distinctive signals.

1.1 Concept

The detector will have to deal with a large dynamic range in particle energy, complexity
of final states and signal-to-background ratio. The average jet multiplicity in hadronic
events doubles from

√
s ∼ 100 to 1000GeV because of the increasing cross section for
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multiple gauge boson production and harder gluon radiation; t̄tH or charged Higgs
boson pair production will result in spectacular multi (8 or more) parton final states.
The track densitiy in collimated jets can be as high as one per mm2 at a radius of
1.5 cm, and the accelerator induced backgrounds produce typical hit densities of the
order of 0.03/mm2 per bunch crossing (BX) at a radius of 1.5 cm, and 0.003/cm2 per
BX at a radius of 30 cm. The diversity of physics signatures anticipated at TESLA and
the characteristics of the bunch timing suggest a data acquisition scheme with continual
read-out having no trigger and no dead time for maximum data logging efficiency.

As noted the physics requirements affect four main detector benchmarks which
must be substantially better than at LEP/SLC: i) track momentum resolution, ii) jet
flavour tagging, iii) energy flow and iv) hermeticity.

i) Track momentum resolution. The analysis of the di-lepton mass in the
process HZ → H&+&− provides the means to analyse the Higgs production independent
of its decay properties via the recoil mass to the di-lepton system. Requiring the
measuring error on M"+"− and on the mass recoiling to the &+&− system to be small
reduces significantly the combinatorial background. This places a stringent requirement
on the momentum resolution, which will be achieved by a large tracking volume and
high magnetic field.

ii) Vertexing. The potential in investigating electroweak symmetry breaking must
be met by a detailed study of the decay properties of the Higgs to complement the afore-
mentioned production studies: distinguishing between a light Higgs boson decaying into
bb̄, cc̄, gg and τ τ̄ pairs represents a major challenge for the vertex detector system.
An extended Higgs sector will most likely manifest itself via the production and the
decay of pairs of heavy Higgs particles by processes such as e+e− → H+H− → tb tb or
e+e− → H0A0 → bbbb that can be discriminated from the multi-fermion background
thanks to their distinctive signatures with multiple b jets. If supersymmetry exists, for
example the scalar top will produce complex final states such as t̃1 → bχ̃+

1 → bW+χ̃0
1

for which both b and charm tagging are important. Standard model processes such as
t̄t → bW+bW− provide equally challenging requirements. As final example, possible
anomalies in the gauge boson self-couplings will be probed by using high energy WW
production in which one W decays leptonically and the other hadronically to cs, an
analysis which will profit strongly from high charm tag efficiency and purity.

The vertexing performance will be given by a multilayered Si-based pixel detector
with a minimum of material, an innermost layer as close as possible to the interaction
point (IP) and a large solenoidal field to confine the background generated in the
interaction of the colliding bunches.

iii) Energy flow. Most signatures of new physics are expected from hadronic
final states where intermediate states, such as t → bW, W → qq̄′ or Z → qq̄, must be
detected in the cascade decays to efficiently suppress the Standard Model backgrounds.
The effect of beamstrahlung and initial state radiation (ISR), the complexity of the
signal final states and the presence of missing energy in fusion processes and in reactions
involving SUSY particles reduce the applicability of kinematic constraints to enhance
the di-jet mass resolution, thus requiring excellent performances in terms of accuracy
on the energy and direction of partons. Some SUSY models demand sensitivity to
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non-pointing tracks and photons, and good τ identification is vital for multi-τ final
states in supersymmetric scenarios with large values of tanβ.

The experience at LEP and SLC has shown that such multi-parton final states are
best analysed using an energy flow measurement, where the demand for unprecedented
performance is opening new avenues of approach and technical innovations.

The energy flow technique combines the information from tracking and calorime-
try to obtain an optimal estimate of the flow of particles and of the original parton
four-momenta. This works best if besides the tracking system also both calorimeters
are located inside the coil. This keeps the amount of inactive material in front of the
calorimeters low and allows to optimise the calorimetric measurement. Electrons below
150GeV/c, muons and charged hadrons are best measured in the tracking detectors,
electrons above 150GeV/c and photons by the electromagnetic calorimeter and neu-
tral long-lived hadrons by the combined response of the electromagnetic and hadronic
calorimeters. The subdetectors must have excellent 3-D granularity to enable an en-
ergy flow algorithm which resolves energy depositions of almost overlapping particles,
combines redundant measurements properly (e.g. of electrons in tracking and the elec-
tromagnetic calorimeter or of charged pions in tracking and calorimetry) and performs
other corrections (e.g. calorimeter software compensation). Good particle identifica-
tion and good coverage for long-lived particles will add valuable information for each
event.

iv) Hermeticity. Hermeticity and particle detection capabilities at small angles
are required since missing energy is the main expected signature for the production
and decay of supersymmetric particles and for other processes of interest, such as
e+e− → WWνeν̄e, which are forward peaked. Excellent missing energy resolution will
increase the sensitivity to supersymmetry in those cases with small mass difference
∆M between the lightest and the next lightest SUSY particle. Missing energy is also
a signature for many extra-dimension scenarios.

Hermeticity requires having good coverage of and measurement capability in the
forward direction; this is also essential to allow a precision determination of the lumi-
nosity spectrum.

1.2 Design

The detector for e+e− physics up to
√

s ∼ 1TeV has been evolving during two series of
workshops in europe [1]- [7] and internationally [8]- [12]. Large, lower-field and small,
higher-field detector options were compared [2], and the large version was found to have
better overall performance because the tracking can be more precise and efficient, the
effective calorimeter granularity is better if further from the IP, both electromagnetic
and hadronic calorimeters can be inside the coil for better energy flow measurement
and the sensitivity to long-lived particles is increased. The Fig. 1.1.1 shows the detector
layout and dimensions 1.

1The coordinate system used in the this document is a right handed system, with the z-axis in
the direction of the electron beam, and the y-axis pointing upwards. The polar angle θ and the
azimuthal angle φ are defined w.r.t. z and x, respectively, while r is the distance from the z-axis.
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Figure 1.1.1: View of one quadrant of the TESLA Detector. Dimensions are in mm.

A coherent design of the subdetectors will make it possible to acquire as many
details of each event as possible, so that Monte Carlo corrections to the data and thus
systematic errors are as small as possible and the sensitivity for discovery and precision
physics is as large as possible.

The performance goals are summarised in Table 1.3.1. They are backed up by a
decade of world studies [2] -[27].

1.3 Detector R&D

While the detector technology and read-out solutions largely profit from the LEP/SLC
experience as well as from R&D programmes for applications such as the LHC, many ar-
eas remain where specific TESLA applications need to be addressed by novel, dedicated
R&D activities. This has warranted the launching of new detector R&D programmes,
for example within the present ECFA/DESY study (see [3]).
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Subdetector Goal Technologies

Vertex Detector (VTX) δ(IPrφ,z) ≤ 5µm ⊕ 10µm GeV/c

p sin3/2 θ
CCD, CMOS, APS

Forward Tracker (FTD)

δp
p < 20%, δθ < 50µrad for
p=10-400GeV/c down to
θ ∼100mrad

Si-pixel/strip discs

Central Tracker (TPC) δ(1/pt)TPC < 2·10−4(GeV/c)−1

σ(dE/dx) ≤ 5%
GEM, Micromegas
or wire readout

Intermediate Tracker (SIT)
σpoint = 10µm
improves δ(1/pt) by 30%

Si strips

Forward Chamber(FCH) σpoint = 100µm Straw tubes

Electromag. Calo. (ECAL)
δE
E ≤ 0.10 1√

E(GeV)
⊕ 0.01

fine granularity in 3D
Si/W, Shashlik

Hadron Calo. (HCAL)
δE
E

≤ 0.50 1√
E(GeV)

⊕ 0.04

fine granularity in 3D
Tiles, Digital

COIL 4T, uniformity ≤ 10−3 NbTi technology

Fe Yoke (MUON)
Tail catcher and high
efficiency muon tracker

Resistive plate
chambers

Low Angle Tagger (LAT)
83.1–27.5mrad calorimetric
coverage

Si/W

Luminosity Calo. (LCAL)
Fast lumi feedback,
veto at 4.6–27.5 mrad Si/W, diamond/W

Tracking Overall δ( 1
pt

) ≤ 5 · 10−5(GeV/c)−1

systematics ≤ 10µm

Energy Flow
δE
E & 0.3 1√

E(GeV)

Table 1.3.1: Detector performance goals for physics analyses for
√

s up to ∼ 1TeV.
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TESLA Parameters
Centre of mass energy 0.5TeV 0.8TeV

Beam properties
L [1034 cm−2s−1] 3.4 5.8
Trains/s 5 4
Bunches/train 2820 4886
Interbunch spacing [ns] 337 176
Bunch sizes
σx/σy [nm] 553/5 391/2.8
σz [mm] 0.3 0.3

Backgrounds
γγ ev./BX (pmin

T = 2.2GeV/c) .02 0.1

Physics events
Bhabha (θ > 20 mrad) [s−1] 350 240
W+W− [h−1] 930 810
qq̄ [h−1] 330 210
t̄t [h−1] 70 54
ννHSM (MHSM = 120 GeV/c2) [h−1] 10 35
ZHSM (MHSM = 120 GeV/c2) [h−1] 7 4

Table 1.4.1: Table of some machine properties and related backgrounds.

1.4 Backgrounds and rates

Backgrounds for the detector arise from beam-beam interactions (e+, e− and γ), from
synchrotron radiation and from upstream or downstream sources (µ and n). Particles
from beam-beam interactions produced at the interaction point that cannot be shielded
from the detector volume are responsible for much of the background in the detector.
Table 1.4.1 gives an overview of some machine properties and related background and
physics rates.

The γγ interaction can produce background particles in addition to those of a real
physics event and may also come from a different bunch-crossing (BX) in the train,
depending on the time resolution of the subdetector. The row labelled “γγ ev./BX,
pmin

T = 2.2 GeV” gives a measure of the probability of having particles from a γγ event
in the same BX.

1.5 Summary

The detector must be optimised specifically for the following requirements:

• track momentum determination to measure the recoil mass to Z → && decays,

• vertex resolution for flavour identification,
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• energy-flow measurement for the multitude of multijet topologies, implying fine
3-D granularity in tracking and calorimetry, with both being inside the coil,

• hermeticity implying good forward detectors, for measuring missing energy and/or
the luminosity spectrum,

• data acquisition with continual, triggerless and deadtimeless readout for maxi-
mum efficiency,

• coping with high machine induced backgrounds, meaning a high -B field and a
minimum of material in front of the electromagnetic calorimeter.

These points lead to challenging detector issues which are presented in the following
sections. They will motivate intensive detector design and R&D work in future.
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2 Tracking System

In the previous chapter the physics goals of TESLA and the requirements they and
the linear collider environment impose on the detector have been outlined. For the
tracking system this means:

• excellent momentum resolution (∆(1/p) = 5 · 10−5 (GeV/c)−1 ) in the central
region to measure recoil masses with optimal precision;

• very high b- and c-tagging capabilities to identify multi-b final states like ZHH
and t̄tH and to separate H → cc̄ events from H → bb̄ decay;

• good momentum resolution in the forward region to identify charges unambigu-
ously down to lowest angles and up to highest momenta and very good angular
resolution in this region to measure the luminosity spectrum from the acolinearity
of Bhabha-events;

• very good pattern recognition capabilities to find tracks in high-energy jets with
a very high local track density;

• minimal material to be able to measure also electrons and to avoid additional
background to the calorimeters.

A detector which has been optimised to fulfil these requirements will be described
in the following. Its components are

• a large Time Projection Chamber (TPC) (r = 170 cm, L = 2 × 273 cm) with
∼ 200 readout points in the radial direction;

• a multi-layered pixel micro-vertex detector (VTX) between r = 1.5 cm and r =
6cm;

• an additional silicon tracking detector between the vertex detector and the TPC,
consisting of cylinders in the barrel (SIT) and discs in the forward region (FTD);

• a precise forward chamber located behind the TPC endplate (FCH).

The complete tracking system is immersed in a magnetic field of 4T. The general layout
of the system is shown in Fig. 2.0.1. Fig. 2.0.2 shows the material in units of radiation
lengths as a function of the radius at polar angle θ = 90◦ and as a function of θ for the
different detectors.

The vertex detector is primarily optimised to reconstruct secondary vertices in b-
and c-decays. An optimal resolution requires to build the first layer of the detector
as close as possible to the interaction point. To be able to work with backgrounds
from e+e−-pairs of order 0.03 hits per mm2 and beam crossing a pixel technology is
mandatory. The LEP and SLD experience has shown that for an efficient b- and c-tag
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Figure 2.0.1: General layout of the tracking system

the determination of the invariant mass of the charged particles originating at the sec-
ondary decay vertex is essential. To measure this mass precisely not only very good
resolution is needed but also a very high track reconstruction efficiency. For a pre-
cise measurement down to low momentum particles, it is important to have a minimal
amount of material in the vertex detector itself and in the beampipe. Several technolo-
gies are under study to optimise the resolution and minimise the material. To obtain
a good reconstruction efficiency at least three detector layers are proposed so that,
together with the SIT, at least five silicon layers inside the TPC are available. In addi-
tion to the good impact parameter resolution the vertex detector provides also a very
precise space point and slope of a charged particle trajectory close to the interaction
point that contributes significantly to the momentum resolution.

The TPC is chosen as the central tracking device because it has a number of advan-
tages compared to other options. A TPC allows a large number of measurements along
a track, providing both spatial coordinates and information about the energy loss of the
particle along its path in a large volume while presenting a minimum amount of ma-
terial to the particles. This compensates the comparatively moderate point resolution
and double-hit resolution. A TPC measures three-dimensional space-points directly,
so that no ambiguities are created by matching different projections, and tracking is
simple with high efficiency. The large radius of the central tracker ensures a good
momentum resolution and, with the many space point measurements, it enables an
efficient pattern recognition to be maintained even in a dense jet environment or with
large backgrounds. Also because of the large radius, the decay products of long lived
particles can be reconstructed with high efficiency and good precision. The measure-
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Figure 2.0.2: Material distribution (a) as a function of the radius for θ = 90◦ and (b)
as a function of the polar angle up to the end of the different subdetectors. For the line
labelled TPC the material up to the end of the sensitive volume is shown.

ment of the specific energy loss in the TPC will be used for particle identification.
Kaons and pions will be separated in the 2-20GeV/c momentum range, and electron
identification will be improved compared to what can be done with the calorimeters
alone, especially for low momenta, where a calorimetric identification is difficult. A
TPC is also well suited to operate in a high magnetic field. Since the particle drift is
along the magnetic field lines, there is no Lorentz angle involved and the diffusion is
suppressed by the B-field. However because of the long drift distance the field must
be very homogeneous and mapped to better than 10−3. Finally a TPC is relatively
easy to maintain since all sensitive parts are concentrated at the endplate which can
be accessed and serviced if necessary.

Once the TPC tracks are matched with tracks in the intermediate silicon tracker
or the vertex detector the timing resolution is about 2 ns, which is by far sufficient to
identify the bunch crossing for every single track.

The overall momentum resolution is improved by 30% by adding a cylindrical silicon
detector just inside the TPC. A second cylinder at r = 16 cm improves the track
reconstruction efficiency, mostly for long lived particles [1]. The Silicon discs (FTD)
in the forward region are needed for two reasons. Since the combined vertex detector
and TPC resolution degrades at low polar angle θ due to a shorter projected track
length, additional information provided by the silicon discs decreases significantly the
momentum error. In addition these discs improve the polar angle resolution in this area.
This is particularly important for electrons which are used to measure the luminosity
spectrum from the acolinearity of Bhabha events. Since the TPC inner cylinder is
traversed at very shallow angles in this region and electrons radiate a lot while crossing
it, the polar angle resolution has to be provided by the silicon-tracking, before the
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electrons enter the TPC.

Below θ = 12◦, where no vertex detector layer is crossed anymore, the momentum
resolution deteriorates due to the decreasing lever-arm, even with the silicon discs
present. This problem is addressed by the addition of the forward chamber (FCH).
This improves the momentum resolution in that region which allows an unambiguous
determination of the particle charge up to highest momenta and down to the edge of the
tracking system given by the mask, at θ=5◦. At larger polar angles, above θ = 12◦, the
FCH assists the TPC in the pattern recognition, can be used to help the calibration of
the TPC, and serves as a preshower detector for showers initiated in the TPC endplate.

The chosen layout is not only optimised for track resolution but also for track
finding efficiency. A very high track finding efficiency inside jets is needed in order to
have optimal resolution on the energy and direction of hadronic jets. There are ∼ 200
space points per track measured in the TPC, and depending on the technology choice,
≥ 5 or ≥ 7 silicon planes, many of them being pixels. This allows for two independent
local pattern recognition systems, one in the silicon detectors and one in the TPC. By
combining both a very high overall track finding efficiency can be reached.

2.1 Vertex Detector

The physics motivation for the vertex detector (VTX) has been discussed in the De-
tector Concept section of this report. Section 2.1.1 indicates how this leads to per-
formance goals for the detector and Section 2.1.2 discusses the machine-related issues
which constrain the vertex detector design. Combining the performance goals with
the restrictions from the machine leads to an acceptable compromise for the detector
features, as discussed in Section 2.1.3, as are other points which are common to all
the technology options. Section 2.1.4 discusses the three technology options which are
currently considered for the vertex detector, namely charge-coupled devices (CCDs),
CMOS pixels and hybrid pixel sensors.

How well does a detector which can be built, accessed and serviced satisfy the
physics goals? The generic detector performance is discussed in Section 2.1.5. The more
detailed aspects of the performance are mentioned in the Tracking System Performance
section, while the global performance in terms of b- and c- tagging is presented in the
Detector Performance section. The conclusion from these studies is that, by careful
control of backgrounds, the interaction region can be made particularly favourable for
the construction of a vertex detector of unprecedented performance, well-matched to
the physics goals of the TeV e+e− regime.

All three detector options are the subject of active R&D programmes, which are
discussed in Section 2.1.6. Cost estimates for the R&D and eventual production are
given in Section 2.1.7.
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2.1.1 Performance goals

At first sight, the average impact parameter of a B decay product, approximately
300µm (independent of boost for βγ>∼ 3) suggests that modest detector performance
may suffice. However, this is misleading for several reasons. Firstly, the average impact
parameters for τ and charm particle decay products are 3-4 times smaller. Equally
importantly, in recent years the physics advantages have been established of detector
systems which permit the correct assignment of nearly all tracks to primary, secondary
or tertiary vertices. Determination of the vertex mass and charge are examples which
permit greatly improved b/c separation and the classification of jets as b or b̄, c or
c̄. The importance of the vertex detector in many physics analyses which go beyond
simple b-tagging increases at higher collider energies with more complex events, each
containing a larger number of jets of various flavours.

The impact parameter resolution of a detector is a convolution of the point measure-
ment precision, lever arms, mechanical stability and multiple scattering effects. One
might hope that higher energy colliders would permit a relaxation of the concerns re-
garding multiple scattering, but this is not the case. Even in a 1TeV e+e− collider, the
average energy of particles in jets (depending on the physics process) is in the region
1-2GeV. The most interesting events will probably have high jet mutiplicity, where
multiple scattering effects are worst. Consequently, the detector design still needs to
be pushed to the limit as regards layer thickness.

Whatever performance is achieved for jets which are optimally oriented with polar
angle θ ≈ 90◦, the impact parameter precision degrades at small polar angles due to the
increased distance of the first hit from the IP, and the increased thickness of material
traversed by the oblique tracks. For lower energy colliders, it was reasonable to restrict
the analysis to say 90% of the solid angle. At TESLA, this will no longer be the case,
firstly because in events with high jet multiplicity there is a significant probability
that one of the jets is found in the extreme forward or backward region, and secondly
because much of the physics relies on having spin-polarised electrons and/or positrons,
where the significance of events becomes weighted in favour of the forward-backward
direction.

Taking account of all these effects, the ideal vertex detector would consist of a series
of nested low-mass spherical shells of radii R, 2R, 3R,.. where R ≈ 5mm (so as to
track most of the parent Bs and Ds) with a point-measurement precision ∼ 1µm, with
small apertures for the entry and exit beams. The separation between layers would
be sufficient to control multiple scattering effects, and the number of layers would be
sufficient for stand-alone track reconstruction. Reality, in the form of machine-related
constraints, mechanical supports, electrical connections and cooling systems, conspires
to drive the detector design away from this ideal. Fortunately, solutions can be found
which largely preserve the required physics capability.
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2.1.2 Machine-related issues

The luminosity and bunch timing at TESLA, combined with the requirement of un-
triggered operation, impose particular constraints on the vertex detector. Data need to
be stored somewhere (preferably local to the detector) through the 1ms bunch train,
then transferred to the processor selected to handle the data for that bunch train. For
successive trains, data are transferred to different members of the processor farm. It is
not necessary for the data from the vertex detector to correlate with a unique bunch
crossing. On the contrary, it is acceptable to accumulate the signals over a number
of bunch crossings (as at SLD) provided that the hit density is everywhere sufficiently
low that the track fitting is not significantly compromised. Both the CCD and CMOS
pixel options take advantage of this important tradeoff, which favours high granular-
ity and moderate readout speed. The optimal solution depends on the magnitude of
the machine background. In TESLA, the dominant e+e− pair background from the
beam-beam interaction is confined radially by the 4T magnetic field in the detector
solenoid. Consequently, the background is strongly peaked in layer-1, and falls rapidly
beyond; thus the readout of layer-1 needs to be the fastest. Due to constraints on the
design of the machine collimation system, it is necessary to set the beampipe radius
at 14mm. The pair background in a vertex layer just outside this beampipe produces
about 0.03 hits mm−2 per bunch crossing (BX), which is acceptable for the foreseen
readout systems.

Apart from the question of hit density due to the background particle flux, one
has also to consider the question of radiation damage to the detector. The dominant
background (pair-produced electrons which penetrate the VTX inner layer) imposes a
requirement on radiation hardness of about 100 krad for a 5 year life, which is easily
achieved with modern silicon technology. Potentially more serious for the CCD option
is the neutron background. This is currently estimated to be of the order of 109 1MeV-
equivalent neutrons cm−2 year−1, which is acceptable with current CCD designs, and
there is scope for major improvements in their resistance to bulk radiation damage.
The hybrid and CMOS pixel options have large safety factors as regards radiation
tolerance.

2.1.3 Detector features

Since the inner layer needs to be as close as possible to the IP, the optimal design for
this layer will certainly be cylindrical, just outside the beampipe, extending in length to
cover the required polar angle range. With a radius of 15mm defined by the machine,
it has been demonstrated [2] that a pixel-based detector with pixels of the smallest
possible size is required in order to avoid confusion (cluster merging) within the cores
of high energy jets.

Beyond layer-1, there are essentially two options. For sufficiently thin detectors,
the optimal arrangement is to continue with a series of cylindrical layers with the same
polar angle coverage as layer-1, stepped approximately equally in radius similarly to
the ideal spherical system referred to in Section 2.1.1. However, if the layer thickness



2.1 Vertex Detector IV-17

exceeds ∼ 0.5% X0, the penalty in material thickness at small polar angles becomes
excessive, and shorter barrels supplemented by conical endcaps become preferable.

A design which profits from thin layers is shown in Fig 2.1.1. The inner 3 layers
extend to | cos θ| = 0.96, with 5-layer coverage to | cos θ| = 0.9. The forward coverage
is extended by the FTD to | cos θ| = 0.995, but this is without useful flavour ID ca-
pability. The outer 4 VTX layers are used for stand-alone track reconstruction. The
advantages of stand-alone reconstruction in tracking sub-detectors are well-established;
they include internal alignment optimisation, efficiency monitoring of the other track-
ing systems (notably the FTD/SIT/TPC) and vice versa, optimal identification of
photon conversions within the vertex detector and optimal rejection of ‘bad’ hits due
for example to cluster merging between signal and background hits.

Having found the tracks in layers 2-5 (and rejected a low level of fake tracks by
linking to the SIT and TPC) the layer-1 hits are used to refine the track extrapolation
to the IP, which is particularly important for low momentum particles.

Figure 2.1.1 shows the CCD-based detector inside its low-mass foam cryostat, used
to permit an operating temperature of around 200K. Not shown in the figure is the
high precision mechanical support structure (a closed beryllium cylinder) which is
mounted off the beampipe inside the cryostat. Being outside the volume used for the
precision measurements and extrapolation to the IP, this cylinder can be extremely
robust (approximately 2mm wall thickness). It serves the additional role of clamping
the two sections of beampipe rigidly together (clamps at z about ± 15 cm) so that
the critical inner cylindrical section of beampipe of length 12 cm and radius 14mm
can be made extremely thin: 0.25mm wall thickness beryllium is considered possible.
Striplines and optical fibres are routed along the beampipe below the polar angle range
used for tracking, connecting to inner electronics mounted in the form of a thin shell
on the outer surface of the synchrotron radiation mask assembly.

Other than the cryostat, this general description may apply equally to the CMOS
pixel option.

The layout based on the somewhat thicker hybrid pixel sensors is shown in Fig 2.1.2
and consists of a three-layer cylindrical detector surrounding the beampipe comple-
mented by forward cones and disks extending the polar acceptance to small angles,
following a solution successfully adopted in the DELPHI Silicon Tracker. The three
barrel layers have a polar acceptance down to | cos θ| = 0.82, with the forward detectors
extending the 3-hit coverage to | cos θ| = 0.995. The transition from the barrel cylindri-
cal to the forward conical and planar geometries optimises the angle of incidence of the
particles onto the detector modules in terms of the point resolution and the multiple
scattering contribution. Overlaps of neighbouring detector modules provide a useful
means of verifying the relative detector alignment.

The vertex detector will be an extremely sophisticated part of the detector. Along
with other elements of the inner detector system (everything inside the TPC inner
radius) it will potentially need periodic maintenance and upgrades. For this reason,
there needs to be a clear plan for carrying out such operations without a major impact
on other delicate equipment such as the final focus magnet system. A procedure for
avoiding such interference has been devised, and is based on a strategy of rolling the



IV-18 2 Tracking System

Foam Cryostat

Cos θθ = 0.96 

Striplines

1 - CCD Ladders

-10-20 0
z (cm)

20100

2 - CCD Ladders

Figure 2.1.1: Cross-section of CCD-based vertex detector.

TPC along the beamline by about 5m, to provide access to the inner detector. This is
discussed further in the Detector Integration section.

2.1.4 Technology options and conceptual designs

Detailed technical reports on the three options are to be found in [3], [4] and [5].

2.1.4.1 CCD and CMOS pixels

Both these options rely on a charge-collection region of thickness 10–20µm, which is
partly depleted and in part of which the charge is collected by diffusion, as indicated in
Fig 2.1.3. These features lead to coordinate measurements which are precise and robust
(relatively free of the effects of δ electrons and fluctuations in charge deposition) in both
the rφ and z components down to small polar angles. Use of small pixels (∼ 20×20µm2)
permits coordinate measurements with precision 1.5 - 3µm by centroid fitting.

The essential difference between these two options is the method of sensing the
signal after collection. The CCD design shown in Fig 2.1.4 restricts the material
within the fiducial volume to the thin silicon alone. The CCDs are attached to ‘ladder
blocks’ and tensioned so as to achieve excellent mechanical stability. These devices
with their inactive pixels dissipate very little power in the fiducial volume (∼ 10W in
total for 800Mpixels), and can be cooled by a gentle flow of nitrogen gas. Outside this
volume, as well as the mounting blocks, each ladder carries a driver IC and a readout
IC, as shown in Fig 2.1.5. The driver chip generates the waveforms which shift the
stored signals row by row down the device. The readout chip receives the analogue
signals from all columns in parallel as they are shifted out of the active area to buffer
amplifiers. This chip incorporates analogue-to-digital conversion, correlated double
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Figure 2.1.2: General layout of the barrel section of the hybrid pixel-based vertex detector.

sampling, data sparsification by a sequence of pixel- followed by cluster-comparators,
and data storage.

Some of the key parameters associated with this detector design are listed in Ta-
ble 2.1.1. The material budget for this option is shown in Fig 2.1.6. With 0.06% X0

per layer, the potential for precise tracking to very low momentum is established. Pro-
cessed data (∼ 8MB) are stored in the readout ICs during the bunch train, and read
out via a few optical fibres between trains.

This design philosophy, while it minimises the material in the tracking volume,
imposes the need for an environment in which fast, efficient transfer of signal charge in
the CCD buried channel (transport through as much as 12.5 cm of silicon) is established
and preserved throughout the life of the detector.

In the case of the CMOS pixels, the plan is also to measure the signal charge in
every pixel, on a row-by-row basis. However, the charges are now sensed where they are
collected, and the rows of sensing transistors are successively switched on by means of
gating lines controlled by a shift register. The analogue signals are then transmitted to
the edge of the active area by means of a set of readout lines, one per column. From this
point, the signal processing proceeds approximately as in the CCD option. To achieve
the required noise performance and readout rate, it will be desirable to introduce logic
for correlated double sampling inside the unit cell; space for this is probably available
without enlarging the pixels. Whether CMOS pixel devices can be constructed with
the required performance in the full length needed for an unsupported-silicon detector
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Figure 2.1.3: Charge collection within a CMOS pixel, indicating the potential barriers
which induce efficient diffusive charge-collection.

architecture is an open question. If not, a solution (which would substantially increase
the material budget) would be to tile a substrate (possibly diamond-coated carbon
fibre) with a number of these devices, so as to make up the full ladder length. In
this case, the planned cooling (by conduction along the substrate) would need to take
account of the full power dissipation including the readout sections of the chips. Here
there are many open issues to be investigated, including the possible use of pulsed
power.
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CCD CCD Ladders & Row clock fcy & Bgd Integr.
L×W size CCDs/lddr Readout time occup. bgd

mm mm2 Mpix Hits/mm2 khits/Train
1 15 100 × 13 3.3 8/1 50 MHz/50 µs 4.3 761
2 26 125 × 22 6.9 8/2 25 MHz/250 µs 2.4 367
3 37 125 × 22 6.9 12/2 25 MHz/250 µs 0.6 141
4 48 125 × 22 6.9 16/2 25 MHz/250 µs 0.1 28
5 60 125 × 22 6.9 20/2 25 MHz/250 µs 0.1 28

Table 2.1.1: Key parameters of the CCD-based vertex detector design. The penultimate
column lists the background occupancy integrated over the individual data read out time
per layer.

2.1.4.2 Hybrid pixels

Silicon hybrid pixel detectors have been developed and successfully applied to track
reconstruction in high energy physics experiments in the last decade. In particular,
DELPHI at LEP was the first collaboration adopting hybrid pixel sensors for a tracking
detector at a collider experiment [6]. They have been further developed for ALICE [7],
ATLAS [8], and CMS [9] to meet the experimental conditions of the LHC collider.
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These R&D activities have demonstrated the feasibility of fast time stamping (25ns)
and sparse data scan readout, and the operability of hybrid pixel detectors exposed to
neutron fluxes well beyond those expected at the linear collider.

The spatial resolution requirements may be achievable by localised collection of the
signal charge and by interpolating the signals of neighbouring cells using less highly
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segmented analogue readout. This requires a pitch of the charge-collection electrodes of
not more than 25µm, exploiting the capacitive coupling between neighbouring pixels
and arranging a readout pitch n times larger than the implant pitch. Recent tests
on a microstrip sensor with 200µm readout pitch have achieved a 10µm resolution
with a layout having three interleaved strips [10]. Similar or better results are to be
expected for a pixel sensor, taking into account both the lower noise because of the
intrinsically smaller detector capacitance and the charge sharing in two dimensions,
setting the target single point resolution to ≤ 7µm. Reducing the readout density
without compromising the achievable space resolution is also beneficial in limiting the
power dissipation and overall costs.

The material budget can be optimised by adopting 200µm thick detectors and
back-thinning of the readout chip to 50µm, corresponding to 0.3% X0, plus a light
support structure. The estimated material budget, shown in Fig 2.1.7 corresponds to
1.6 % X0 for the full tracker. The present concept for the mechanical structure en-
visages the use of diamond-coated carbon fibre detector support layers acting also to
conduct the heat dissipated by the readout electronics so that it becomes uniformly
distributed over the whole active surface of the detector. Assuming a power dissipa-
tion of 40µW/channel, the total heat flux is 530W, corresponding to 1750W/m2, for
a readout pitch of 150µm. Preliminary results from a finite element analysis show
that pipes circulating liquid coolant must be placed every 5 cm along the longitudinal
coordinate except for the innermost layer where they can be placed only at the detector
ends, minimising the amount of material. Signals can be routed along the beampipe to
the repeater electronics installed on the forward masks which shield the detector from
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Figure 2.1.7: Material budget for hybrid pixel-based detector, as function of polar angle
(from the bottom up the different contributions are the beampipe, then each of the 3 layers).

2.1.5 Generic detector performance

This section, and the Tracking System and Detector Performance sections, discuss
simulations for the CCD-based option, since this has the best-defined geometry and
material budget, and also has the highest established performance in terms of precision
over a wide range of incident angles, for devices of the dimensions needed for this
application (tens of cm2). Details of these simulation studies are reported in [11]. This
work is an update of studies carried out with an earlier detector description [12].

It must be emphasised that one of the other technology options for the vertex
detector may eventually reach or exceed these performance figures. Furthermore, CCDs
might be ruled out due to unexpectedly large neutron or other hadronic backgrounds.
There is still time for completely new ideas to emerge. For these reasons, the detector
architecture to be selected remains completely open. However, it can be expected
that the detector which is eventually installed will deliver at least the performance
represented by these simulations.

The figure of merit for any pixel-based vertex detector can be expressed by the
precision with which one measures the track impact parameter to the IP, separately
in the rφ and rz projections. For a set of cylindrical detectors, this resolution can be
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expressed as

σ =

√

a2 +

(

b

p sin
3
2 θ

)2

.

The constant a depends on the point resolution and geometrical stability of the de-
tectors and b represents the resolution degradation due to multiple scattering, which
varies with track momentum p and polar angle θ. For the present detector design,
the values of a and b are similar for both projections, and take the values 4.2µm and
4.0µm respectively. An example is plotted in Fig 2.1.8. These calculations are based
on a full GEANT3 description of the TESLA detector, and use the BRAHMS detector
simulation program. The solenoid field is set to 4T.
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Figure 2.1.8: Track impact parameter resolution in rφ vs momentum for θp = 90◦, for
the CCD option.

2.1.6 R&D programme

For the CCD option, the proposed detector with 799Mpixels is a reasonable evolution
from the successful SLD vertex detector of 307Mpixels [13], which operated reliably
for several years in hostile background conditions. However, there are challenges which
push the design well beyond the performance required for SLD.

In terms of the mechanical design, the most ambitious aspect is the move to
stretched silicon, which reduces the layer thickness from 0.4% X0 (achieved with excel-
lent mechanical stability in SLD) to 0.06% X0. This is the subject of an active R&D
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programme using thin silicon ladder replicas. Using the system of tensioning the sil-
icon via ladder blocks (Fig 2.1.5), the sagitta was repeatedly measured after major
mechanical disturbances (releasing the tension, so the ladder sagged visibly). On re-
establishing the spring tension, the ladder recovered its shape with a repeatability in
the sagitta of better than 3µm.

Regarding the CCD dimensions, the active area of up to 125 × 22mm2 is standard
for companies with at least 6 inch wafer processing. The column-parallel architecture
is intrinsically simple, since the readout register is omitted. However, the layout of
the single stage source followers on a 20µm pitch needs detailed design. The major
challenge is in the clocking rate. Recent SPICE simulations have highlighted the areas
needing development, notably a reduction in the resistance of the drive buslines and
of the imaging gate electrodes. Both are achievable using existing IC technology.
However, care needs to be taken to minimise inductances in the drive circuitry.

The complexity of the drive electronics depends on the minimal gate voltage re-
quired for efficient charge transfer. This is a major development area in the field of
commercial CCDs for video cameras, where power minimisation is critical. Recent
progress has been spectacular. Given the small well capacity required to transport
signals from minimum-ionising particles, there is a good chance that 1V clock pulses
will suffice. This issue will need a significant R&D programme, which must also con-
sider the question of radiation effects. As previously noted, the hardness of CCDs with
respect to the neutron background at TESLA may well be sufficient. Nevertheless,
much can be done to improve the performance by modern design procedures. Since
this question is of inter-disciplinary interest, it forms part of the R&D programme of
the CCD community working towards TESLA.

The readout IC represents a reasonable step beyond the circuitry already integrated
on CMOS APS devices for optical imaging [14]. The goal of 4 bit ADCs running at
50MHz with associated comparators and clustering logic on a pitch of 20µm will
become achievable due to ongoing reductions in feature size. Nevertheless, the design
work will be challenging. Fortunately, the column-parallel CCD architecture with
readout speed enhanced by about a factor 100 is of considerable inter-disciplinary
interest. The IC design work will be pursued as part of a generic imaging detector
development programme.

The use of the column-parallel approach certainly lends itself to pulsed power (most
of the system being switched off between bunch trains) and to 2-phase CCD clocking
with sinusoidal drive pulses. Even so, a careful minimisation of the power dissipation
at the ends of the ladders may be needed. If gas cooling were to be insufficient, it
would be quite convenient in these locations to use the evaporative cooling technique
which worked reliably on the NA32 experiment at CERN [15].

CMOS pixels for the detection of minimum-ionising particles have emerged recently.
Excellent performance has been established with structures of area few mm2. It will
now be important to establish the unit cell design appropriate for large-scale devices.
A correlated double sampling circuit will be needed to reduce reset noise, either at
the sensor periphery or within the 20µm square pixel. The output capacitive load
represented by the column line which overlays all the row lines needs to be established,
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and hence the requirement for the transconductance of the output FET in order to
achieve the necessary signal risetime. The need for higher transconductance could
increase the required pixel size. The peripheral logic to perform the data sparsification
needs to be designed; in some respects it can be similar to that of the CCD option.

Putting these pieces together will establish the scaling law for these devices (width
and length) and hence the practical limit for this application. If it turns out to be
feasible to work with > 12×2 cm2 read from only one end at the required frequency, then
the unsupported silicon option will be equally promising for this detector architecture.
If not, the degree of tiling necessary will become apparent. If one or more readout
sections need to be situated inside the active volume of the detector, this will increase
the cooling requirements and hence the material budget.

The question as to whether the APS option is amenable to pulsed power operation is
of considerable importance. To some extent, circuit features such as correlated double
sampling can protect against the effects of baseline drift.

Hybrid pixel sensors have been adopted at LEP, heavy ion experiments and at the
LHC. The HEP community has acquired considerable experience with these detectors
and addressed important issues related to reliability, radiation hardness and timing
capabilities. The linear collider application now requires R&D aimed to improve the
achievable single point resolution to better than 10µm and to reduce the layer thickness.

resistors

VLSI Cell

Bump

Guard rings

interleaved readout pixels

Bias Grid

Polysilicon

Figure 2.1.9: Layout of the upper corner of hybrid pixel detector test structure, with 50 µm
implant and 200 µm readout pitch.

In these devices the ultimate readout pitch is constrained by the front-end electron-
ics that must be integrated in a cell. At present, the most advanced readout circuitry
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has a minimum cell dimension of 50 × 300µm2 which would not be suitable for finely
segmented charge sampling. Developments in VLSI and recent studies [16, 17] on in-
trinsic radiation hardness of deep submicron CMOS technology will permit a sizeable
reduction in the cell dimensions. However, sensor designs without such limitations are
worth exploring. A possible solution is to exploit the capacitive coupling of neighbour-
ing pixels and to have a readout pitch n times larger than the implant pitch [18]. The
proposed sensor layout is shown in Fig 2.1.9 for n=4. In this configuration, the charge
carriers created underneath an interleaved pixel will induce a signal on the capacitively
coupled readout nodes. The ratio of the signal amplitudes on the readout nodes at
both sides is related to the particle position. The resolution is expected to be better
than (implant pitch)/

√
12 for an implant pitch of 25µm or smaller. The ratio between

the inter-pixel capacitance and the pixel capacitance to backplane plays a crucial role,
as it defines the signal amplitude reduction at the output nodes and therefore the max-
imum number of interleaved pixels. In order to verify the feasibility of this scheme a
dedicated R&D program has started [19]. Prototype sets of sensors with interleaved
pixels and different choices of implant and readout pitch have been already designed,
produced and characterised [20, 21].

After 20 years of developing pixel-based vertex detectors, it is clearly the unforeseen
problems which become the most threatening for any next generation detector. It is
also clear that while one can make coherent plans for individual parts of the detector,
the system aspects are less predictable. It is true for all options that convergence on
the ambitious goals will be challenging. Serious support for the various ongoing R&D
programmes is essential. It is fortunate that all options already have applications as
imaging devices in other fields of science. Developments aimed for a TESLA vertex
detector will not all find a home there, but are almost certain to be picked up elsewhere,
possibly including some of the challenging X-ray imaging applications required for the
TESLA FEL science programme.

2.1.7 Cost estimate

Regarding the CCD option, the column-parallel CCD design concept has sparked inter-
est from several scientific disciplines, so the development costs may be shared between
them. Based on the SLD experience, an estimate for these costs would be 600kEUR,
with smaller amounts for each of the drive and readout ICs. The mechanical R&D
work is manpower-intensive, but not overly expensive in equipment, beyond the infras-
tructure already built up for other projects. An overall figure for the R&D phase of
1MEUR seems reasonable.

Once in production, the cost of manufacturing the CCDs will be modest, as with
other IC devices. What can enormously increase the cost, as happens in astronomy
projects, is the requirement for detailed performance evaluation by the manufacturer.
It was demonstrated in SLD that accepting devices required only to produce a good
image from an illuminated test card at room temperature resulted in a high yield for
cold operation in the detection of far smaller signals, such as those from minimum
ionising particles. Based on this experience, an average unit cost of around 5000 EUR



IV-28 2 Tracking System

would be sufficient, giving a total CCD cost of 600kEUR.
The cost of the custom drive and readout ICs might be in the region of 300kEUR.

The off-detector electronics is modest, cost maybe 100kEUR.
The mechanical systems (tooling etc.) for the unsupported silicon assembly will be

of similar complexity to those used for SLD, where the relative simplicity of the ladders
was offset by the more compressed geometry (radial separation between layers). The
beryllium support structure (two half-shells, plus 5 annuli for separately mounting each
layer) is larger and contains more parts than at SLD. An approximate cost estimate
is 1.2MEUR. The system of cooling gas/liquid nitrogen is estimated at around 35kEUR.
The detector cryostat would be around 6kEUR.

Thus, the overall production cost of a CCD-based vertex detector for TESLA, after
the R&D phase, is approximately 2.3MEUR.

For the CMOS pixels, continued R&D for 4-5 years is assumed, with a typical rate
of 2 multiproject submissions (small test structures mainly for electronics development)
and 1 engineering run (large devices for the detector development) per year. A multi-
project submission costs about 10-12kEUR and an engineering run about 70-100kEUR,
which leads to a total cost estimate for the R&D of about 500kEUR.

For the detector production, assuming the CMOS devices can be produced with
similar sizes to those for the CCD option, one envisages a total of 120 detectors. The
cost will of course be driven by the yield, but the use of standard industrial processing
(or close to it) gives reason for optimism that the production yield will be high. For
a relatively large production run, a wafer cost of 3–4kEUR is estimated. On this basis,
the cost of the complete set of devices is estimated at 500kEUR, including spares.

The cost of the external electronics and of the mechanics is estimated to be similar
to that of the CCD option. This brings the cost estimate for the CMOS option to
about 500kEUR R&D and 1.9MEUR for the production.

A fairly detailed cost estimate for the hybrid pixel option has also been made. R&D
amounts to 450kEUR, sensor production 1.4MEUR, mechanics and readout electronics
1.5MEUR, translating in a total production cost of 2.9MEUR.

Experience with the two SLD pixel-based vertex detectors suggests that one can
hope to build a detector of high reliability needing almost no maintenance. The reason
for insisting on convenient access would be primarily to permit the installation of up-
grade detectors in the future. At LEP, SLD and the Tevatron, the need for enhanced
physics reach, combined with advances in detector technology, have led to the installa-
tion of upgrade detectors with substantially improved physics performance every few
years. This trend is likely to continue for the future, but long term upgrades do not
form part of the cost estimate of the start-up detector.

2.2 Intermediate Tracking System

In the space between the vertex detector and the beampipe on the inside and the TPC
on the outside further silicon detectors are positioned consisting of two cylinders in the
barrel (SIT) and of seven planes perpendicular to z in each of the two endcaps (FTD).
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The three planes closest to the interaction point will consist of active pixel sensors
while the remaining four are silicon strip detectors with modest resolution. The setup
of the proposed system is shown in Fig. 2.2.1. and the exact parameters are listed in
table 2.2.1.

50cm 100cm

FTD

150cm

10cm

20cm

30cm
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7

o

o
VTX

SIT

TPC

Figure 2.2.1: General layout of the SIT and FTD

module type r,z z,rmin z,rmax technology

SIT1 cylinder 16 cm -36 cm 36 cm strips
SIT2 cylinder 30 cm -64 cm 64 cm strips

FTD1 plane 20 cm 2.9 cm 14 cm pixels
FTD2 plane 32 cm 3.2 cm 14 cm pixels
FTD3 plane 44 cm 3.5 cm 21 cm pixels
FTD4 plane 55 cm 5.1 cm 27 cm strips
FTD5 plane 80 cm 7.2 cm 29 cm strips
FTD6 plane 105 cm 9.3 cm 29 cm strips
FTD7 plane 130 cm 11.3 cm 29 cm strips

Table 2.2.1: Main mechanical parameters of the SIT and the FTD.

The main role of these detectors is to improve the momentum resolution by the
addition of a few very precise space points at comparatively large distance from the
primary interaction point, and to help the pattern recognition in linking the tracks
found in the TPC with tracks found in the vertex detector, and vice versa. In addition
the SIT in particular fills the rather large gap between the vertex detector and the
TPC, thus helping in the efficient reconstruction of long-lived particles.

With rather small modifications the outer Silicon layer of the SIT could also serve as
a photon detector for a TRD (transition radiation detector) setup. The space between
the two SIT layers could be filled with a radiator medium. Because of the excellent
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resolution of the SIT, the small lever-arm between the radiator and the outer SIT layer
is large enough to get a decent resolution and a good electron - pion separation [22].

2.2.1 Technologies

The SIT will consist of two cylinders of double sided silicon strip detectors. The re-
quired resolution in rφ is 10µm. Such detectors, using a strip pitch of 25µm and
a readout pitch of 50µm have already been used successfully for example in the mi-
crovertex detector of DELPHI [23]. The z measurement of the SIT is mainly needed to
improve the track finding efficiency. For this purpose a resolution of 50µm is largely
sufficient [1].

The FTD will consist of pixel detectors in the first three layers and strip detectors
in the last four. For the pixel detectors the technology of the ATLAS pixels, with a
pixel size of 50 × 300µm2 can be used [8]. For the strip layers the requirements are
somewhat less stringent than for the SIT. The resolution requirement is 25µm. This
can be reached with a strip pitch of 90µm and a readout pitch of 270µm.

2.2.2 Conceptual design

A conceptual layout of a possible mechanical support structure is shown in Fig. 2.2.2.
The SIT and FTD will be mounted around the beampipe after the vertex detector is
installed. Together with the vertex detector, the SIT and the FTD will form the inner
detector, which is mechanically independent of the TPC.

The most challenging part of the SIT design will be to make the whole detector as
thin as possible, while at the same time ensuring that it is mechanically very rigid. The
most promising solution at the moment is a “space-frame”-like structure as pioneered
e.g. by ATLAS [8] or CMS [24]. This structure will support both SIT layers. The
SIT support frame is held by two light, composite material cylinders, one on each side,
which are used to support the FTD layers 5, 6, and 7. These cylinders themselves are
supported by another space-frame like structure from the tungsten-mask tips on either
side of the experiment. It is important that the inner detector part is mechanically
independent from the TPC vessel, so that the whole TPC can be withdrawn from the
detector. Care has to be taken that small movements of the tips of the Tungsten mask,
which are expected when the detector is opened, do not transmit undue stresses into
these structures.

With a typical width of an individual Silicon detector of around 6 cm, the outer
layer of the SIT will consist of approximately 33 detectors in φ for the outer layer,
and around 17 detectors in φ for the inner layer, where it has been assumed that
a small overlap of 3mm between neighbouring detectors is needed. To enable the
simple dismounting of the detector it should be split into at least two half shells.
Longitudinally the system is split in two halves, each made from six detectors for the
inner and ten detectors for the outer layer which are read out together. Since the
readout pitch in z can be a factor six larger than in rφ the number of channels in both
coordinates per module is approximately equal, making the routing of the signals much
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Figure 2.2.2: Conceptual layout of the SIT and FTD support structure. The space frame
and the support ring consist of light e.g. carbon fibre struts. The support shell and the
support legs are made from composite materials.

easier. In a recent measurement it has been shown that the Lorentz angle in silicon
causes a broadening of the clusters of ∼ 180µm for electrons and ∼ 40µm for holes
for 300µm thick detectors and a magnetic field of 4T if the strips are parallel to the
B-field [25]. Not to be limited by this effect one has to use the p-side of the detectors
for the rφ-measurement and the n-side for z.

In this scheme the read-out electronics will be situated at the very end of the SIT
layers, in order to minimise the material in front of the TPC.

The pixel planes of the FTD can be very similar to the ones of ATLAS. In this
technology electronic detectors of ∼ 0.5 cm2 are bonded to a detector chip allowing
great flexibility in the layout of the modules. If a chip size of 0.5 × 1 cm2 is chosen
one pixel layer can be easily subdivided into 24 modules, one of which is shown in
Fig. 2.2.3. To make optimal use of the pixel resolution in the first and third layer the
pixels are oriented radially, so the the resolution in the rφ-direction is 50µm/

√
12 and

in the r-direction 300µm/
√

12 while in the second layer they are oriented tangential,
so that the high resolution is in the r-direction and the lower one in rφ.

The power consumption is about 40µW per pixel or 270mW/cm2. In the case of
ATLAS the cooling is done with C4F10. The size of the two first FTD discs is basically
identical to an ATLAS disc, so that also here 12 tubes should be sufficient. Also the
cabling can be basically identical, which means around 70 power cables and 200 readout
fibres per disc. The third module is about twice as large, so that these numbers have
to be doubled.

To minimise the material the strip discs are preferably built with double sided
double metal detectors [23]. A possible module is built of five trapezoidal detectors as
shown in Fig. 2.2.4. The outer two detectors are daisy-chained where the p-side of one is
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15 deg.

Figure 2.2.3: Layout of one FTD pixel module. The large trapezoid indicates the detector
while the small rectangles are the readout electronics .

connected to the n-side of the other. This flipping technique was pioneered by DELPHI
and allows to resolve the ambiguity between the two modules. The strips measuring the
radial coordinate (r-strips) will run parallel to the inner and outer detector boundary,
while the ones measuring the azimuthal coordinate (rφ-strips) are parallel to one of the
two side boundaries. The modules are then installed such that every module is flipped
with respect to the preceding one, so that the rφ-strips actually have a small stereo
angle. In this way ghost hits, created by several tracks passing one module, will not
line up to tracks in the different planes.

7.5cm
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7.7cm

3.7cm

7.9cm

7.3cm

30cm

8cm

8cm

3.8cm

Figure 2.2.4: Layout of an FTD strip module. The dashed lines indicate the orientation
of the strips.
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The material budget as a function of the polar angle up to the end of the SIT/FTD
is shown in Fig. 2.2.5. At θ = 90◦ the SIT contributes roughly 2.5% of a radiation
length while the FTD contributes about 8% in the region where all seven planes are
crossed.
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Figure 2.2.5: Material in units of radiation lengths as a function of the polar angle up to
the end of the vertex detector and the SIT/FTD.

2.2.3 Cost estimate

For the FTD pixels the cost can be extrapolated from ATLAS. For the ATLAS pixels
most of the costs is in the modules, so that a simple scaling by area should be sufficient.
The total pixel area is 0.56m2 yielding a total cost of 2.2 MEUR.

For the FTD strips the total area is about 2m2. Due to the relatively large difference
between the size of the ATLAS system and the system presented here the extrapolation
is somewhat more uncertain. A cost of 50 EUR/cm2 has been used which is in between
the ATLAS estimate and the cost of the present H1 forward silicon tracker. This
estimate gives a total cost of 1MEUR for the FTD strips.

The total area of the SIT is around 1.7m2, very similar to the FTD strip area.
Therefore the price of around 1MEUR should also be a reasonable estimate for this
part of the detector. A significant addition to the cost will be the support structure,
for which no detailed design exists at this point. However, based on the cost estimate
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for CMS pixel detector and their silicon tracker [24], which are similar to the proposed
space-frame structure, a cost of 0.5MEUR should be sufficient.

Based on these assumptions the total cost of the combined SIT and FTD system is
expected to be around 5MEUR.

2.3 The Central Tracking Detectors

The central tracking system consists of two gas-filled chambers, a large volume time
projection chamber (TPC) [26] and a forward tracking chamber (FCH) located between
the TPC endplate and the endcap calorimeter. The motivation for choosing a TPC
as central tracker system has been presented at the beginning of Section 2. The TPC
has to meet a number of stringent boundary conditions. The system has to be able
to operate continuously throughout one TESLA train of 1ms, which requires a new
gating scheme. The amount of dead material in the TPC should be minimised to not
compromise the capabilities of the calorimeter. The system has to cope with high
backgrounds. The overall performance must be significantly better than for existing
TPCs, and systematic effects in the TPC track reconstruction must be kept below the
10 µm level in order to guarantee the overall precision of the tracking measurement.

The TPC will play a central role in both finding and measuring the charged par-
ticles. To ensure good solid angle coverage, good track resolution, and simultaneously
good determination of the specific energy loss (dE/dx) of particles a large number of
points needs to be measured along each track. This dictates that the chamber should
be rather large, both radially and longitudinally.

In the forward direction the performance of the TPC degrades because of decreasing
lever-arm and reduced number of hits. On the other hand some high cross section
processes such as W-pair production peak in this region, and the forward backward
asymmetries in fermion pair production, sensitive to new physics such as a Z′ or extra
dimensions, are largest there. To improve the momentum resolution for tracks in this
region the precise FCH was positioned between the TPC and ECAL endcaps.

2.3.1 Conceptual design of the TPC

The concept for the TPC presented here is based on the recent design of the STAR [27,
28] and ALICE [29] TPCs and draws from the large experience collected at LEP ex-
periments [30, 31, 32]. The requirements for the TPC at TESLA are slightly different
from those at STAR or ALICE. The total number of tracks per event is comparatively
small, but the time between bunch crossings is short, so that events from many bunch
crossings are superimposed in one TPC “picture”. The TPC also has to be sensitive
for many consecutive “pictures”. The timing information from the TPC has to be suf-
ficiently precise to disentangle events from different bunch crossings. In addition it is
important that the amount of material introduced by the TPC is as small as possible.
Therefore the emphasis of the concept has been in the area of new readout systems, the
minimisation of the amount of material in the endcap of the chamber, and the gating
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scheme, to enable continuous TPC operation throughout one train.
The overall layout of the central tracking system can be seen in the cross section

view of the detector in Fig. 2.3.1, and the main mechanical parameters are listed in
Table 2.3.1. The inner radius is given by the size of the mask system (see Chapter 7),

0 50 100 150 200 250 300
0

50

100

150

200

outer field cage

endplate

ECAL

central membrane

inner field cage

ECAL

FCHelectronics

cable route
TPC  support arm

Figure 2.3.1: General layout of one quarter of the central tracking.

which extends to inside the TPC bore and which in turn is given by the dimensions
of the final focus quadrupoles. The outer radius comes from the requirement that the
calorimeters fit inside the coil and that the desired momentum resolution of δpt/pt

2 <
2 ·10−4(GeV/c)−1 (TPC only) and a dE/dx resolution of < 5% be reached. The design
of the TPC, while demanding better performance than has been achieved previously,
however represents a reasonable extrapolation of existing technology.

2.3.1.1 Gas

The choice of the gas impacts many areas of the TPC design. It influences not only the
performance, but different gases may also require different electrical designs of the field
cage, the endcap and the readout electronics. The choice also depends on a number of
external boundary conditions, in particular on the level of background expected. At
the same time the gas should be easy to use, should be stable and insensitive to small
impurities.

The gas which at the moment is considered a good candidate is a three component
mixture of Ar-CO2-CH4 (93-2-5)%. A rather comprehensive summary of the properties
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TPC

Mechanical radii 320 mm inner, 1700 mm outer

Overall length 2 × 2730 mm

Radii of sensitive volume 362 mm inner, 1618 mm outer

Length of sensitive volume 2 × 2500mm

Weight ∼ 4 t

Gas volume 38 m3

Radiation length ∼ 0.03 X0 to outer field cage

Table 2.3.1: List of main mechanical parameters of the TPC.

of this and many other gas mixtures may be found in [33, 34]. This gas mixture has
an acceptable drift field of 230V/cm for a drift velocity of 4.6 cm/µs, thus limiting the
total voltage at the cathode to around 60 kV, while the time to completely empty the
drift volume is around 55µs, or 160 bunch crossings in TESLA. The diffusion coefficient
for this mixture is DL(T ) = 300 (70)µm/

√
cm at a magnetic field of 4T. This results,

as will be discussed in more detail in section 2.3.3, in an average spatial resolution
of 150µm in the transverse direction, and in the possibility to use moderately small
pad sizes in the readout with a width between 1 and 2 mm. Better resolutions around
100µm can be achieved, with the same readout structure, if a gas like (90 − 10)%
Ar-CH4 is used, which has a smaller diffusion coefficient.

One advantage of using a three component mixture is that the neutron cross section
can be smaller than for a two component mixture based solely on hydrocarbons as
quenchers (18 barn for this mixture vs 34 barn for Ar-CH4 (90-10)%), thus reducing
the number of spurious hits in the TPC from neutron background (see Chapter 7). The
aging properties for gases with small hydrocarbon concentrations are also better than
for those with large ones [35], though at the levels of backgrounds expected at TESLA
this is not expected to be of major concern. Quenching properties of this gas mixtures
are acceptable, though not as good as for pure Ar-CH4 mixtures (see for example [35]).

2.3.1.2 Readout technologies

The electrons, produced by ionisation of the TPC gas when a charged particle traverses
the TPC volume, will drift under the electric field (applied parallel to the magnetic
field) to the end plates.

In conventional TPCs the number of drifting electrons is amplified by avalanche
multiplication in high electric fields generated near thin wires, and the signals are read
out with a system of pads. The wires are arranged in planes at the end of the TPC
drift volume, and neighbouring wires are typically a few mm apart. Close to the wires
the electric field is no longer parallel to the magnetic field, and electrons drifting in this
region experience a significant transverse movement. In a strong magnetic field this
can result in a broadening of the electron cloud and worsening of the resolution. Thus
the wires define a preferred direction along which also the separation of close-by hits
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depends on the projected angle between track and wires [30]. In addition the width
of the signal induced on the pads depends on the so-called “pad response function”
(given by pad-to-wire distance and pad size), which is generally a few times broader
than the cloud of arriving electrons and limits the overall granularity of the TPC.

An attractive alternative to a wire chamber readout is based on recently devel-
oped gas avalanche micro detectors such as Gas Electron Multipliers (GEM)[36] or
Micromegas [37]. Here the amplification elements themselves are only of the order of
100µm apart, limiting the transverse movement of the cloud of electrons due to the
-E× -B effect to O(50µm). Also these systems do not have a preferred direction, so that
the intrinsic resolution and double hit separation is expected to be more uniform. To-
gether a reduction of the systematic effects from this by about one order of magnitude
can be expected.

One problem which any TPC has to face is that the positive ions produced during
the avalanche multiplication will migrate back into the drift region and, if not removed,
distort the electric field. Most gas avalanche micro detectors show a natural suppression
of this so-called ion feedback, thus reducing the size of the problem. However an
additional gating system can be employed to reduce the ion feedback to near zero.

GEM

One well studied type of gas avalanche micro detector is the Gas Electron Multiplier,
GEM. GEMs were developed at CERN [36] and are currently used in a number of
experiments [38, 39]. A GEM consists of a thin polymer foil, metal coated on both

drifting 
electronstrack

pad plane
track image

GEM hole
(schematic)

GEM

enlarged view of the 
field near the GEM holes

Figure 2.3.2: Sketch of the GEM principle (not to scale: distance between holes is
O(0.1)mm, pad size is O(1 − 5)mm). Electric field map near the GEM holes shown
in the small inset taken from [40].

sides, and perforated by a high density of small holes, typically O(100µm) apart. An
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appropriate potential difference between the two conducting sides generates a strong
field, typically 80 kV/cm, in the small holes where avalanche amplification of the drift-
ing electrons occurs. Nearly all electrons drifting to the GEM from the TPC volume
are funnelled into these holes, amplified and transferred by the electric field to the
readout electrodes. A schematic view of a GEM and how it could be used in a TPC is
shown in Fig. 2.3.2.

Gains of up to a few times 103 have been achieved with a single GEM. It is often
advantageous to cascade two GEMs to obtain a higher gain at lower operating voltages
and have more stable operating conditions. The performance of such a system [41] is
shown in Fig. 2.3.3.

Ugem1 +U gem2  (V)

ga
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Figure 2.3.3: Gain in a two-GEM structure [41].

The charge produced in the avalanche in the GEMs is collected by readout pads
located typically 1-5 mm behind the last GEM. Since for practical reasons the number of
pads is limited, the distance between pad centres (for example 2 mm) is large compared
to the size of the electron avalanche (typically a few to several 100 µm). The charge
from a track after amplification in the GEMs is therefore sometimes collected on a single
rectangular pad. In this case the expected point resolution is around 2mm/

√
12.

With a conventional wire chamber readout the signals induced on neighbouring pads
are used to significantly improve this resolution, by averaging the signals. In a GEM
based readout system only very small induced signals are present on neighbouring pads,
which, in addition, are significantly shorter than the direct signals. Recent R&D [42, 43]
has shown that nevertheless these induced signals can be measured and used to obtain
very good spatial resolution.

Without the induction signal good spatial resolution can be achieved by using
narrow pads or specially shaped pads, e.g. either as diamonds or “chevrons” (see
Fig 2.3.4 a). Simulations have shown that with chevron pads of overall size of 2×6 mm2

spatial resolutions around 150µm in a three component mixture as Ar-CH4-CO2 are
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possible with only small dependence on drift length [44]. This is shown in Fig. 2.3.4 b)
for a simulation study.
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Figure 2.3.4: a) Layout of the “Chevron” shaped pads, with a track superimposed to illus-
trate the sharing of charge between different pads. The circles indicate a typical size of
the charge cloud arriving on the pads. Dimensions are in mm. b) Simulated resolution in
r − φ as a function of the drift length in the TPC, for different pad geometries and two
gas mixtures ( Ar:CH4=(90-10) % and Ar-CH4-C02=(93-5-2) % ) for minimum ionising
particles [44].

Micromegas

An alternative technology to GEMs is that of Micromegas [37]. A uniform high-field is
produced between a thin metallic mesh stretched at a distance of 50 − 100µm above
the readout pad-plane and held by dielectric supports. With a very high field across
the gap, typically 30 kV/cm, electrons arriving from the TPC drift volume are collected
and multiplied in the gap. Regularly spaced supports ensure that the gap is uniform,
at the expense of small localised loss of efficiency. Gains in excess of 104 have been
obtained with such structures [40].

A micromegas has similar advantages to a GEM as far as simplicity of construction,
low cost and efficiency of ion collection are concerned. It has an excellent potential for
dE/dx resolution due to the fact that the gain is independent of the gap thickness to
first order. Moreover it is robust and can be built at least in part using commercially
available components. In Fig. 2.3.5 a) schematic view of a Micromegas is shown.

A Micromegas can be used as a readout chamber in a TPC readout in a fashion
similar to the one described above for the GEM, with the same advantages. As in
a GEM the spatial resolution can be improved by using chevron shaped pads. The
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Figure 2.3.5: Schematic layout of a Micromegas.

induction signal on neighbouring pads would probably be too small to be usable since
the gas-gain region is even closer to the pads than it is for the GEM solution.

Wire chamber readout

The wire chamber version was already presented in the Conceptual Design Report [45,
46]. This is considered as a back-up in case unforeseen difficulties arise with the new
technologies described above.

To summarise briefly, the chambers were arranged in two rings, with a total of 36
sectors, where the cracks between the inner modules are such as to not point to the
vertex. The characteristics are listed in Table 2.3.2.

2.3.1.3 Field cage design

With the gases considered the field cage should be able to withstand electric potentials
of up to 100 kV, while at the same time introduce only little material into the detector.
A cross section of a conceptual design of the inner and outer field cage is shown in
Fig. 2.3.6. Drawing from experience gained at LEP [47] and recent developments for
the STAR [27] and ALICE experiments [29] the inner and the outer wall are made
of a very light, composite structure. The field gradient is generated by a set of Al
potential strips on a 50 µm thick Mylar foil followed by a second set of Al strips shifted
relative to the first set by half a period. A layer built up of 20 Mylar foils each 75 µm
thick, shields the field gradient present in the material of the wall effectively from the
TPC drift volume. Mechanical rigidity is achieved by a sandwich structure built up
of two layers of high-tensile strength material impregnated with epoxy (prepreg) and
a roughly 70mm (40mm for the inner fieldcage) thick layer of closed cell structural
foam such as Rohacell. On the inside of the inner cylinder another layer of pre-preg
completes the structure. On the outside an approximately 10mm thick composite
structure of prepreg - Nomex - honeycomb - prepreg provides high mechanical strength
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Figure 2.3.6: 3-D view of the TPC (not to scale). The inner and the outer fieldcage are
illustrated in the small insets.

and rigidity to the system. Electrically both the inside of the inner and outside of the
outer cylinder are covered completely with a thin (50µm) grounded Al-foil.

The thickness of both fieldcages together at 90◦ is approximately 3% of a radiation
length (see Table 2.3.3). R&D will be needed to make sure that the proposed structure
can operate at potentials of up to 100 kV at the cathode.

Number of sectors 36
Number of sense wires 24000
Sense grid 20 µm W-Rh wires, 2mm pitch,

distance to pad plane: 1mm,
width of pad response function: 1.4mm,
σpoint = 0.16mm for 0◦ crossing.

Number of pad rows 64 + 54 (outer and inner sectors)
Number of pads 506k + 214k (outer and inner)
Cathode grid 76µm Cu-Be wires, 1mm pitch,

distance to pad plane = 2mm.
Gating grid 76µm Cu-Be wires, 2mm pitch,

distance to pad plane & 20mm.

Table 2.3.2: Main parameters of the CDR wire-chamber readout solution for the TPC
(from [45, 46]).
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inner FC outer FC
Material µm % X0 µm % X0

Aluminium 50 0.056 50 0.056
Prepeg 200 0.103 200 0.103
Nomex-Honeycomb – – 10000 0.070
Prepeg – – 200 0.103
Aluminium 50 0.056 50 0.056
Rohacell 40000 0.320 70000 0.561
Prepeg 200 0.103 200 0.103
Mylar 20×75 0.520 20×75 0.520
Aluminium 50 0.056 50 0.056
Mylar 50 0.017 50 0.017
Aluminium 50 0.056 50 0.056

Sum 1.3 1.7

Table 2.3.3: Material budget for the TPC field cage.

2.3.1.4 Endplate design

The end plate of the TPC has to support the readout modules and the electronics, and
to seal the gas in the TPC volume. The design proposed is a very modular one. It is
based on the experience of the ALEPH experiment, where the possibility to selectively
remove parts of the end plate, both for repair of the end plate itself and for access to
the field cage, has proven to be extremely useful [47].

To match the TPC segmentation to that of the electromagnetic calorimeter, an
eight-fold symmetry in φ has been adopted. One possible layout of the end plate
geometry is shown in Fig. 2.3.7 a). The end plate is separated into eight approximately
wedge-shaped sectors. Boundaries between sectors are straight so that gas-sealing and
handling will be easier. The boundaries are non-pointing to the primary interaction
point, to obviate the need for complicated geometries.

The gas amplification modules within one sector will be arranged according to
sizes of GEMs or Micromegas available when the detector is built. Each of the eight
sectors supports the GEM or Micromegas modules on the inside, the pad plane, and
the readout electronics on the outside. The sector is attached to a frame and has a
system of stiffening ribs to ensure its mechanical rigidity. It connects mechanically the
outer and the inner field-cage cylinders, as indicated symbolically in Fig. 2.3.7 b). The
frame must be designed to make the gas seal for the TPC volume. In case of failure
of a GEM or Micromegas module, the sector can be removed using a special handling
tool. The readout pads are etched into a printed circuit board which is the size of the
sector. This will be a multilayer board which routes the pad signals to the readout
electronics.

In Fig. 2.3.8 a conceptual design of one GEM module is shown. It is based on a
technology developed at CERN for the COMPASS [39, 48] experiment. The GEMs
are mounted on a fiberglass frame, which is glued to the top and the bottom GEM. A
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Figure 2.3.7: a) One possible layout of the TPC end plate for GEMs or Micromegas. On
sector is shown with the mechanical frame. The length scale is in cm. b) Perspective view
of one sector mounted on the TPC vessel. The drawing is not to scale.
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Figure 2.3.8: a) Exploded view of one GEM “tower” to show the individual components.
b) Photograph of a prototype module built for the COMPASS experiment illustrating the
use of the spacer frame to separate the two GEMs [48].
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second frame is glued to the inner GEM (labelled GEM 1 in the figure) and is used to
position the tower on the readout board. To enable a fast exchange of a single GEM
tower on a readout board, each tower is bolted to the board with four plastic screws
located in the corners of the tower. On the side of the GEM tower facing the drift
volume a very light structure is glued to the GEM which may support a third GEM at
approximately 2 cm distance. This gating GEM may be used to suppress ions drifting
back into the gas volume of the TPC.

An alternative solution to the end plate layout sketched above would be to follow
the proven strategy of ALEPH, STAR or ALICE, and to separate the end plate into
smaller, independent sectors by another division in radius between the inner and outer
field cages. In this scenario a separate frame connects the inner and outer field cages
and guarantees the gas seal of each sector. This solution has the advantage that smaller
sectors have to be handled, and that the gas seal is simpler. The disadvantage is that
most likely more material will be present in the end plate, and that the dead-space
between sectors will be larger.

Gating scheme

As has been discussed above the positive ions produced in the avalanche will migrate
back into the drift volume, and distort the fields, if they are not removed. Using
GEMs or Micromegas will reduce the problem due to the natural suppression of the
ion feedback [41]. In Fig. 2.3.9 the measured ion feedback is plotted as a function of
the drift voltage applied. Using a double GEM structure a suppression to around 2%
of the original amount of charge is expected.

A further suppression can be realised with a gating plane in front of the amplification
structure. This plane can be used as a gate to change from near total transparency
for electrons to total opacity for the positive ions produced by the gas avalanche. If
it is constructed from a GEM itself, this can be achieved quite simply by switching
the voltage across the GEM by about 50 volts. Since the drift velocity of the ions is
approximately a factor 10−4 smaller than the electron drift velocity, the ions will drift
throughout one full train only about 1 cm. If this gate as seen in Fig. 2.3.8 is placed
approximately 2 cm from the amplification region and is switched to ion-opacity during
the time between TESLA trains, it will absorb all the positive ions produced during
the 1ms TESLA bunch train and eliminate positive ion build up in the TPC volume.

An irreducible source of charge in the drift volume is from primary ionisation.
During one bunch train the volume of the TPC will be filled with positive ions from
the primary ionisation. Due to the much smaller drift velocity of the ions it will
take approx. 500ms to empty the TPC volume completely of these ions, so that on
average for a train frequency of 5 Hz the charge from 2.5 trains is accumulated in
the TPC volume. For the levels of background expected this corresponds to roughly
50 ions/cm3, which is similar to what is expected for the STAR experiment [28], and
should not present any problem to the operation of the TPC.
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Figure 2.3.9: Measured ion-feedback and electron transparency in a double GEM structure
as a function of the drift field [41].

2.3.1.5 Readout and electronics

The readout electronics has to meet a number of stringent constraints. The longitudinal
diffusion in a 4T field in the three-component gas is around 300µm/

√
cm, or around

3mm for an average drift distance of 1m. In order to make sure that the two track
resolution is limited by the gas diffusion rather than by the sampling speed of the
electronics the TPC signals should be digitised with at least 20 MHz. The system
has to be able to accumulate data for the full 1ms of one TESLA train. At the
same time the electronics should be very compact, with all analogue components and
the digitisation module mounted directly on the chamber end-plate, to minimise the
number of cables needed to read out the full system.

Two different approaches are possible.

• If only the total charge collected is to be measured, a charge amplifying electron-
ics as developed e.g. for the STAR experiment[27, 28] is suitable. Such electron-
ics has been realised in high density packages, with low power consumption of
60mW/channel, which can be reduced further as explained below.

• If the induction pulse should be measured in addition, a faster electronics, sam-
pling of order 100MHz, is needed with 8 bit resolution. Such systems are avail-
able on small scales [49], but do not yet exist in highly integrated and inexpensive
packages suitable for a large scale application. Development of such an option
has started.
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Since extensive development is needed before the readout of the induction signal can
be used in large scale experiments, the conventional measurement of the total charge
will be discussed as the base-line option in the following.

To limit the number of electronics channels, large pads are preferred. As explained
above in Section 2.3.1.2, chevron pads with a width of 2mm are found to be suffi-
cient [44] to achieve an average spatial resolution of around 150µm. To meet the
goal that the momentum resolution in the TPC alone be better than 2 · 10−4, at
least 100 space points are needed, however an optimal dE/dx resolution requires more
points. Simulations have shown that for realistic conditions about 200 pads rows are
optimal [34, 50]. This results in a final pad size of 2 × 6mm2, or 0.6 million pads
per TPC readout side. Then a dE/dx resolution of 4.3% is attained and δ(1/pt) is
& 1.5 × 10−4 GeV/c−1, where in both cases systematic effects are not included.

The analogue frontend consists of a fast, high bandwidth pre-amplifier, and a digiti-
zation part. Two approaches are under investigation. Following the example of STAR,
the analogue signals for one full train are stored in an anlogue pipeline, before they
are digitised with a relatively modest number of FADCs. The recognition of a charge
cluster signal on a pad triggers a switched capacitor array chip to store the content of
this pad. If needed the immediate neighbours can also be included. If only the central
pad is used, up to 1024 time buckets can be stored, together with a time stamp per
bucket. The clusters would be digitised with 9-bit FADCs in roughly 10 ms, well within
the time between two trains.

An alternative approach would be to equip each channel with a low-cost 20 MHz
FADC, and to do the pulse handling, zero suppresion and pipelining of the data digi-
tially. In this case a two-stage pipelining scheme can be envisioned, where the memory
per pad is kept to a minimum, to save space and power, and where data from groups
of pads are stored together in a larger buffer memory unit, before being transmitted
to the outside DAQ.

Assuming a total occupancy of the TPC including background of around 1% (see
Chapter 7) the total data volume to be moved is below 500MB/s per side. If the
readout system is split along sectors and each sector is read out individually, data
rates around 60MB/s are expected per readout module. These data rates are well
within that available today using commercial electronic components.

One of the major challenges will be to design the readout electronics for 0.6million
pads per TPC side and, at the same time, keep the end plate reasonably thin. This
corresponds to an electronic packing density of ∼ 10 times that of STAR [27, 28], which
was at the maximum when it was designed eight years ago. However with the advances
in technology (e.g. 0.3µm or smaller printed-circuit traces now compared with 1.2µm
then) and expected further developments in this field, the factor of eight to ten appears
possible but is definitely a challenge.

Another important consideration is the cooling. A typical power consumption per
channel, which seems easily achievable in the near future, might be around 30mW. The
pulse-train structure of TESLA however lends itself to a pulsed operation of the power,
which would result in a power reduction, by at least a factor of 10. With 0.6million
channels per side, this results in a power of ≈ 2 kW per side, including additional
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power consumed by the readout and multiplexing electronics. This amount of cooling
has been solved in existing experiments.

2.3.1.6 Calibration

One of the main differences of this TPC compared to existing ones is that the antic-
ipated performance is significantly improved (10 × better than existing TPCs). This
requires that the chamber be extremely well calibrated and that the degree of calibra-
tion be constantly monitored.

Following the experience at LEP one of the main tools for the calibration will be
the data themselves. Events recorded at special runs at center-of-mass energies at the
Z-mass will give excellent handles on many calibration constants. In particular the
spatial alignment of the endplates against each other and the local distortions must be
determined from such data to better than 10µm (3 × better than at LEP), which is
another challenge. Similarly the TPC will be aligned relative to the other subdetectors
using these events [51].

Of importance for a uniformly excellent momentum resolution is the exact knowl-
edge of the -E and -B field and of possible local field distortions. As pointed out in
Section 4, the field will have to be homogeneous and mapped to an accuracy of 10−3 in
order to ensure a momentum resolution of 1.5 ·10−4 (GeV/c)−1 for the TPC alone. The
stability of the calibration will be monitored by analyzing events of the type Z → µ+µ−.

The monitoring of the drift–velocity in the TPC is another very important point.
Several methods exist for this. Tracks which cross the central cathode can be used to
directly measure the drift velocity, based on the known drift distance from the cathode
to the readout modules. To monitor the drift velocity throughout a run, one can use
beam-gas events which produce tracks crossing the central membrane. For the primary
calibration where a large number of events are needed, it might be conceivable to do
a dedicated calibration run where the primary vertex has been shifted by a few mm,
thus allowing stiff 45GeV/c muons to cross the cathode. Once the inner Si-detectors
are well calibrated, tracks extrapolated from the Si detectors into the TPC can also
be used to calibrate the TPC and to determine the drift velocity, a method effectively
used at LEP.

An alternative solution which is possible for the calibration of the drift velocity
might be a system of UV-laser beams, inserted into the TPC volume. Such system is
being used at STAR [28] and a similar one proposed for the ALICE TPC [29].

2.3.2 Conceptual design of the forward chambers

The forward chambers (FCH) are implemented as straw-tubes similar to the ones de-
veloped for the ATLAS experiment [52]. The FCH extends radially from the inner
radius of the TPC to just below the outer radius of the TPC field cage and is approxi-
mately 6 cm thick. The system consists of 6 planes of straw-chambers, with each plane
built up from two layers of straws which are shifted with respect to each other by one
half of the distance between neighbouring wires, in order to help resolving the track
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ambiguities. Each tube has a diameter of 5 mm. Table 2.3.4 lists some of the mechan-
ical parameters. As shown in Fig 2.3.10, the six double planes are arranged with three

FCH

Technology Straw tubes with 5 mm diameter
Radii 320 mm inner, 1600 mm outer
number of samples 12 in three planes
Depth z = ±(2730 to 2800)mm

Table 2.3.4: List of the main mechanical parameters of the FCH.
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Figure 2.3.10: Orientation of the FCH wires.

different wire orientations yuvyuv, where the u, v coordinates are rotated with respect
to y by ±60◦. There will be about 104 electronic channels, and the resolution per plane
will be about 100µm.

The measurement of three different coordinates enables a stand-alone pattern recog-
nition even with a high hit multiplicity. The twofold repetition allows for a crude mea-
surement of the track direction which is very helpful in the combination of the track
element with the rest of the detector.

The chamber is mounted on the surface of the ECAL. Since each wire has at least
one end at the outer radius all services can reach the chamber from the outside. Also
having the chamber radius slightly smaller than the TPC the front-end electronics
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can be housed in the empty space between the TPC and the ECAL. ATLAS reaches a
single plane resolution of 100−120µm per plane, which is sufficient to get an equivalent
point resolution of 50µm for the full chamber. For this a very fast gas mixture is used
(Xe −CF4 −CO2), resulting in a maximum drift time of less than 50ns. Gases slower
by a factor of 2 would still allow the unique identification of a bunch in TESLA, while
improving the FCH resolution.

2.3.3 Performance studies

The central tracker has been simulated in a GEANT based Monte Carlo program [53]
to evaluate its performance. The expected r − φ resolution has already been discussed
in section 2.3.1.2 and is shown in figure 2.3.4 b). From the charge measurement in
the TPC the specific energy loss, dE/dx, of particles traversing the TPC can be deter-
mined. With 200 measured points on a track and for the gas mixture considered the
separation power between pions and kaons expected from the simulation is presented
in Fig. 2.3.11 [50]. The expected resolution figures are summarised in Table 2.3.5.
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Figure 2.3.11: Simulated separation power between pions and kaons as a function of the
momentum of the particles [50]. An error of 0.2−0.3% due to calibration was assumed in
this figure. The top curve is for isolated tracks, the bottom one for tracks inside hadronic
jets.

The resolution in z measured in a test TPC equipped with a double GEM readout
structure is shown in Fig. 2.3.12 [54]. The gain determined in this TPC (gas mixture
Ar − CH4 − CO2 (93 − 5 − 2)%) and its stability as a function across the GEM is
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Drift distance
10 cm 200 cm

r-φ –resolution 70µm 190µm
z –resolution 0.6mm 1mm
double pulse resolution in r-φ ≤ 2.3mm
double pulse resolution in z ≤ 10mm
dE/dx resolution 4.3% for 200 pad rows
π−K separation > 2σ between 2 and 20 GeV/c
momentum resolution (| cos θ| < 0.75) 1.4 × 10−4 (GeV/c)−1

momentum resolution (| cos θ| ≈ 0.90) 3.2 × 10−4 (GeV/c)−1

Table 2.3.5: Summary of key performance figures of the central tracker from a full simu-
lation.
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Figure 2.3.12: z-resolution measured in a GEM equipped TPC prototype [54].

shown in Fig. 2.3.13 [54]. Stable and reliable operation has been achieved. Different
from Fig. 2.3.3 the TPC has been operated at a drift field of around 180V/cm and low
electric fields in the gaps between the GEMs and the readout plane, with a resulting
reduction in gain.

First results from trying to utilise the induction signals [43] are shown in Fig. 2.3.14.
The single hit resolution can be substantially improved if the induced signals on neigh-
bouring pads are read out and included in the point-measuring algorithm. Resolutions
well below 100µm seem feasible if the readout electronics [49] can be developed for a
large-scale system.

In summary all results available at the moment point in the direction that a TPC
read out with gas avalanche micro detectors can be built and operated, and presents a
valid option for a large chamber as needed at TESLA.
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Figure 2.3.14: Measured resolution in r − φ determined using induced signals. The
distribution has been measured using a X-ray source [43]. The width of the distribution
is around 40µm. The gas used was a Ar-CO2 mixture (70-30)%.
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2.3.4 Cost

The expected costs of the TPC and FCH system are listed in Table 2.3.6. They are
based on the costs of the Star TPC and the estimate for the Alice TPC. The costs of
the FCH were estimated following the example of ATLAS, where a very similar system
is being constructed.

Description estimated cost in MEUR

TPC
Outer Field Cage 4.0
Inner Field Cage 0.8
Central Membrane 0.3
Endcap Sectors 6.5
Sector Support Structure and handling tools 1.5
Laser System 1.0
Gas and Cooling System 1.8

TPC Electronics
Front End Electronics 3.5
Readout Boards 0.5
Power Supplies 0.4
Slow Controls 0.2

TPC Sum 20.5

FCH 1.3

Table 2.3.6: Cost of the TPC and the FCH Systems.

2.3.5 R & D projects

Research for TPCs is carried out at a number of different locations in the world. The
main topics are the further exploration of novel methods for the TPC readout, and the
development of readout electronics.

System tests of TPCs equipped with gas avalanche micro detectors will have to be
performed, to learn more about the operating conditions, the optimal design and the
ultimate resolutions possible. A particular test will have to be the operation of such
devices in large magnetic fields. As pointed out, significant work still needs to be done
for the readout electronics. Low cost, low power compact systems are needed. If the
induced signals should be used in addition, theses system need also a high sampling
speed.
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2.4 Performance of the Tracking System

In this section the combined performance of the tracking system is presented. The
vertex detector with its excellent flavour tagging capabilities and the very good and
efficient tracking in the combined system will together allow the reconstruction of tracks
from charged particles, of secondary, and tertiary vertices from long-lived particles,
with an unprecedented accuracy. Together they will provide the necessary input to the
event analysis to enable an excellent measurement of the energy flow when combined
with the results of the calorimeters.

2.4.1 Track reconstruction

The performance of the tracking system depends critically on the ability to find and
to reconstruct tracks. The tracking system has been designed in such a way that
nearly the full solid angle is covered with at least two independent sub-detectors, which
allows stand alone track finding and reconstruction. This results for a high degree of
redundancy and robustness of the performance of the system in a wide variety of events.

A track-reconstruction has been developed for the detector which is based largely on
algorithms developed for the LEP experiments [55]. The system operates in a number
of different steps. Tracks are first found in as many subdetectors as possible. In a
second step the track information from the different sub-detectors is combined into
single tracks. Some cleaning-up is already done at this stage, when hits which clearly
do not belong to a track are dropped. In a third and final step all tracks of one event
are treated together and an attempt is made to find the best overall fit to all tracks
at once. The main goal of this is to resolve ambiguities which might still be present.
The overall performance of this system as simulated in events of the type Z → dd
at

√
s = 500 GeV is shown in Fig. 2.4.1, as a function of the polar angle, cos θ. In

the central region the efficiency for momenta larger than 1GeV/c is better than 99%,
and drops to 95% in the very forward direction. Overall an efficiency of 98.4% has
been achieved. Very similar reconstruction efficiencies have been found in other types
of events like Z → τ+τ−, or heavy flavour decays of the Z. It has been checked that
the system performance is essentially independent of the background for the level of
background expected at TESLA (see Chapter 7 for a detailed discussion).

2.4.2 Tracking resolution

The very ambitious goal of a momentum resolution of 5×10−5 (GeV/c)−1 as laid down
in section 1 can only be reached by a combination of the different subdetectors. The
TPC alone achieves a resolution of 1.5×10−4 (GeV/c)−1. Using also the vertex detector
7 × 10−5 (GeV/c)−1 is reached. The addition of the Silicon layer at a radius of 30 cm
(SIT) improves the resolution to the required precision of 5× 10−5 (GeV/c)−1. This is
illustrated in Fig. 2.4.2, where as a function of the polar angle the momentum resolution
is shown, with and without the SIT and FCH. Below momenta of ∼ 20GeV the multiple
scattering starts to dominate the resolution, so that the SIT does not help anymore.
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Figure 2.4.1: Efficiency to reconstruct tracks from charged particles in the tracking system,
as a function of the polar angle.

In the forward direction it is not primarily the momentum resolution but the angular
resolution which is defining the ultimate performance of the detector. The resolution
achieved is shown in Fig.2.4.3. The main interest in the polar angle in the forward
direction is coming from the measurement of the beamstrahlung spectrum using the
acolinearity distribution of Bhabha events. For small acolinearity the experimental
error on the effective centre of mass energy,

√
s′, is given by ∆

√

s′/s ≈ ∆θ/
√

2 sin θ.
Down to lowest angles the experimental error is significantly smaller than the beam
energy spread of TESLA of ∼ 0.1%.

2.4.3 Flavour tagging

As already pointed out in the description of the vertex detector, it is important to
be able to tag decays with bottom and charm quarks in the final state with excellent
efficiency and purity. Most tracks are of low energy, so good impact parameter reso-
lution down to small (few GeV/c) momenta are important. However due to the large
average boost of heavy flavour hadrons, decay vertices might be a few cm away from
the primary vertex, and therefore can be outside the innermost vertex detector layer.
Therefore the system has to be extremely flexible and should be able to cope with these
high boost events as well. The topological vertexing as pioneered by SLD [56] has the
potential to allow efficient reconstruction of secondary and tertiary vertices for a very
large range of situations.

Most of the simulations have been done using Z→ qq̄ events generated at
√

s =
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Figure 2.4.2: Momentum resolution a): for 250 GeV/c muons as a function of the polar
angle, for TPC and VTX, after the addition of the FTD, and for the complete system
including the FCH. b): Momentum resolution as a function of the momentum for a polar
angle θ = 90◦. The dashed curve is for the VTX and the TPC only, the solid one for the
complete tracking system.

mZ with PYTHIA 6.1, since the 45GeV jets are typical of the energies produced in
more complex multijet final states at high energies, and provide a good benchmark for
comparison with current experiments. These studies have then been extended to jets
over a wide energy range, in order to provide a more complete overview of the generic
performance [57].

The location of the primary vertex in the xy projection is found by averaging
over a number of consecutive events, yielding a precision of around 1µm. For the z
position, fitting of each individual event is necessary, due to the length of the beamspot
(∼ 400µm).

The flavour tagging is based primarily on ZVTOP, the SLD topological vertexing
code [56], including updates to eliminate approximations which cease to hold ade-
quately in the case of long-lived particles in the high magnetic field of TESLA. In
addition to ZVTOP, a 1-prong charm tag and an impact parameter joint probability
tag are combined in a neural net approach similar to that used by OPAL [58] to obtain
the highest performance flavour tagging.

Fig. 2.4.4 shows the simulated detector performance for tagging a single heavy
flavour jet in Z→ qq events. The SLD points, shown at the knee of the corresponding
curves, indicate the status of flavour identification with currently existing detectors.
The improvement of the charm tag relative to that available at LEP and SLD is par-
ticularly important for physics. The further enhancement in performance of the charm
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Figure 2.4.4: Efficiency and purity for tagging a heavy flavour jet in Z decays.

tag in events with only bottom background (labelled as b-bkgr in Fig. 2.4.4) is relevant
for example to the measurement of Higgs branching ratios.

As an indication of the energy dependence of flavour tagging, a study has been made
by hadronising single quarks in JETSET at various energies, distributed uniformly with
| cos θ| < 0.9. For these ‘monojet’ events, in Fig. 2.4.5 and Fig. 2.4.6 the probability
to tag an unwanted flavour as a function of the efficiency to tag the wanted flavour
is shown. While these events are not representative of a specific physics process, it is
encouraging that the dependence of the tagging efficiency and mis-tagging rate on the
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Figure 2.4.5: Efficiency to tag an unwanted flavour as function of the bottom tag effi-
ciency, for three different jet energies.

jet energy is rather weak, indicating that the algorithms can be applied to a wide range
of energies. As discussed in [57], there are a number of further developments to be made
in the tagging algorithms. The next steps will include studies for benchmark physics
and background processes, and an evaluation of the systematic errors, particularly those
associated with the fragmentation in high energy jets. Eventually, internal calibration
from double tagging of qq and other events at TESLA will be essential.

In many analyses it is important to know whether the quark or the anti-quark
has been tagged. In semi-leptonic decays of the hadron this can be done with very
good precision. The majority of jets, with non-leptonic decay, can still be classified by
the reconstruction of the so-called vertex charge, which is related to the charge of the
primary quark. Such an analysis places very stringent demands on the quality of the
topological reconstruction, since any track which is ambiguous between the primary
and secondary or tertiary vertices will significantly weaken the measurement. Given
the far better impact parameter resolution achievable than at LEP or SLD, where the
vertex charge has been pioneered to good effect, this information will be a valuable
tool for many analyses in the multi jet environment at TESLA.
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Figure 2.4.6: Efficiency to tag an unwanted flavour as function of the charm tag efficiency,
for three different jet energies.

2.4.4 Conclusion

The system of central tracking detectors proposed offers excellent potential for tracking
and vertexing. The very high demands coming from the analysis of the physics at
TESLA can be fulfilled with a combination of silicon and gaseous tracking devices.
The clean environment of the electron-positron collider allows the placement of the
vertex detector very close to the interaction point, which, combined with the very
good resolution possible with modern silicon pixel detectors, allows an unprecedented
level of identification of heavy flavour jets to be reached.
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3 Calorimetric Detectors

3.1 Calorimeter Overview

The physics programme at TESLA mandates a detector capable of precision measure-
ments, in order to fully exploit the discovery potential of a linear collider, where new
physics can be detected either directly or by exposing deviations from the Standard
Model prediction.

Many of the new physics signatures at TESLA will show up in complex hadronic
final states, often proceeding through cascade decays, such as t → bW , W → qq̄′ or
Z → qq̄, which must be measured well in order to distinguish them from Standard
Model processes.

Reconstruction of jet (parton) four-momenta with high resolution will be a key
factor to comply with this task, considering also that beamstrahlung and ISR, as well
as the presence of undetected particles in the final state (ν’s, ino’s), will severely limit
the applicability of constrained fit techniques to enhance di-jet mass resolution.

The above considerations call for calorimetry with unprecedented performance and
translate in a set of important requirements:

• Hermeticity down to small polar angles

• Excellent energy resolution for jets (partons)

• Excellent angular resolution

• Capability to reconstruct non-pointing photons as a stand-alone device

• Good time resolution, to avoid event pile-up

Experience at LEP and SLC has shown that the best energy resolution for jets is
achieved by means of energy flow algorithms, where photons are measured by the
electromagnetic calorimeter, charged hadrons by the tracker, and neutral long-lived
hadrons by the hadronic calorimeter, which also is used to tag muons. In addition,
lepton identification down to low momenta is important in order to separate purely
hadronic jets from jets containing leptonic decays.

This strategy is best realized in a dense and hermetic sampling calorimeter with
a very high granularity, where one can efficiently separate the contributions of the
different particles in a jet and use the best suited detector to measure their four-
momenta. It must be stressed that the success of this approach will originate much more
from the high segmentation (both lateral and longitudinal), than from the stochastic
and constant terms in the energy resolution, which could be moderate.



IV-64 3 Calorimetric Detectors

0 100 200 300 400 500 600

100

200

300

400

500

600

LCAL

LAT

Pole tip

C o i l

ECA L

H CA L

R e turn y oke

H CA L

R e turn y oke

E
C

A
L

cm

Figure 3.1.1: Quadrant view of the calorimeter system

The hermeticity requirement also forces the choice to include the hadronic barrel
calorimeter inside the superconducting coil producing the 4T solenoidal field, which
otherwise, with its considerable thickness (∼ 1.6λ), would degrade the performance of
the hadronic calorimeter.

A quadrant view of the calorimeter system is shown in figure 3.1.1.

In the course of the study many possible realizations of the calorimeter system
have been proposed and in parallel with the study of their technical design, their abil-
ity to fulfil the physics goals has been benchmarked using a common set of reactions
(e.g. e+e− → ZHH, e+e− → V V νeν̄e (V = W, Z), etc.). The development of novel
algorithms is needed to perform these comparisons and to achieve an accurate mea-
surement of the energy flow in jets by exploiting the information from tracking system
and calorimetry in a refined way. Although there is excellent progress in this area as
indicated in the Detector Performance Section, more effort will be needed in future.
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In the following, two options are presented both for the electromagnetic part as
well as for the hadronic compartment.

For the electromagnetic part (ECAL), the two options are:

• a very high granularity 3D calorimeter, based on tungsten absorbers and silicon
diode pads. The Si-W calorimeter, perfectly suited for energy flow measurements,
has prompted an ongoing effort to produce appropriate algorithms, to fully profit
from its imaging capabilities. Engineering studies indicate the feasibility to build,
commission and operate a 32 million channels calorimeter at a finite, albeit rather
high cost, and a strong R&D program as well as good progress in reconstruction
software has started to strengthen this conviction.

• a shashlik calorimeter, an evolution of the design presented in the CDR [45],
which has since undergone a successful R&D program as well as more detailed
studies of its layout.

For the hadronic part (HCAL), two solutions are presented:

• an Fe/scintillating tile calorimeter with high transverse and longitudinal segmen-
tation, to allow for software compensation,

• a fully digital calorimeter with imaging capabilities, where the active layers are
gas detectors.

The system is completed by forward calorimeters (Low Angle Tagger, LAT, and
Luminosity Calorimeter, LCAL), which cover polar angles down to 4.6mrad. These
calorimeters, despite their small size, have a large impact in the overall detector perfor-
mance, since they enhance missing energy resolution, provide electron ID and measure
single bunch luminosity.

3.2 The SiW Electromagnetic Calorimeter

In order to measure the energy flow in jets, the best way would be to get a three dimen-
sional picture of the shower development. The spatial separation of particles depends
on the distance of the calorimeter to the interaction point and on the magnetic field.
Therefore a large detector with a B-field of 4T is well suited. Within the calorimeter
this separation depends on the transverse and longitudinal shower size. In a dense
calorimeter the transverse shower size is small and therefore, the transverse separation
of showers is good if the granularity is high enough. If the ratio of radiation length
over interaction length is small, the longitudinal distance between the starting points
of electromagnetic and hadronic showers is large. With many longitudinal samplings
available this can be used to further separate particles. This demands a dense elec-
tromagnetic calorimeter with a cell size which is well matched to the Molière radius
of the absorber and to the typical separation between particles in a jet. An attractive
solution to these requirements is a calorimeter with tungsten as an absorber and thin
silicon sensors.
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Figure 3.2.1: View of the barrel calorimeter modules in the xy-plane (left) and detail of
the overlap region between two barrel modules, with the space for the front-end electronics
(right).

3.2.1 The mechanical structure

The electromagnetic calorimeter is divided into a cylindrical barrel part and two end-
caps. It is finely segmented both in the transverse and in the longitudinal direction. In
depth 12 radiation lengths are filled with 30 layers of 0.4X0 thick tungsten absorbers,
and another 12 radiation length are made from 10 layers of 1.2X0 thick tungsten.
Transversely the calorimeter is segmented into readout cells of approx. 1 cm2. Since
the Molière radius 1 and therefore the transverse shower shape in tungsten is of a size
similar to that of a cell and since the number of longitudinal samples is very high there
is no strong need for a projective arrangement of the cells, and the cells can match the
mechanical constraints.

One of the requirements for the calorimeter is that it should surround the interaction
point as hermetically as possible. To minimise the number of cracks a design with large
modules is preferred, with boundaries not pointing back to the vertex, and a carefully
designed junction between the barrel and the endcap calorimeter. As shown in Fig. 3.2.1
an eight-fold symmetry in Φ has been adopted for the barrel. One-eight of the barrel
calorimeter is called a stave. Two staves overlap in such a way that no pointing cracks
are produced. On the side of a stave, between the ECAL module and the HCAL (see
Fig. 3.2.1), some space is left which is used to house the front-end electronics and other
services like cooling and electrical power distribution. Along the beam axis, a stave is
subdivided into five modules.

The design and construction of a module itself present an interesting technologi-

1The radiation length of tungsten is X0 = 3.5mm, and the Molière radius is ≈ 9 mm.
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cal challenge. A classical solution, assembling together the different layers with solid
tie-rods or similar devices is not very attractive, since it would introduce significant
dead regions. Therefore a design has been adopted where every second tungsten layer
becomes part of a solid mechanical structure, by embedding it into a light compos-
ite structure made of carbon fibre reinforced epoxy. In between these plates and the
carbon-fibre partitions, free spaces are left into which tungsten plates are inserted. The
silicon detector layers are attached to these tungsten plates, one on the top, one on the
bottom. A tungsten plate together with the two silicon detectors and the necessary
connection elements will be called a detection slab in the following. The plates which
are inserted into the module are cut into 9 cm wide slabs, which run across one module.
In this way a sensitive plane is made up of many pieces, separated by small dead zones.
Since these are small compared to the typical shower shape, they do not impact on the
performance of the device.

The mechanical structure is built by wrapping the tungsten sheets with carbon
fibres impregnated with epoxy. They are then stacked alternating with objects of the
size of the detection slabs, until a module is complete. The full module is then put
under pressure and at high temperature, to cure the epoxy. Since the thermal expansion
coefficient of carbon fibre is very close to that of tungsten, distortions during the curing
are small. After curing, the place holders for the detection slabs are taken out, leaving
empty spaces called alveoli into which the real detection slabs can be inserted. In
Fig. 3.2.2 the mechanical structure of an ECAL module is shown.

The end cap calorimeter is constructed from very similar modules as the barrel
part. Each end cap consists of four modules, and is split vertically into two halfs. A
particularly sensitive area is the overlap between the barrel and the endcap calorimeter.
To ensure that in this region the depth of the calorimeter remains sufficient, the shape
of the end cap at the outer radius follows the barrel part, and the outer radius of the
endcap is extended to the outer radius of the barrel. The space between the barrel and
the endcap is 10 cm wide.

The silicon diodes dissipate very little power, less than a few hundred watts for
the whole calorimeter. To keep the power deposited inside the calorimeter structure
low, the front-end electronics is located at the lateral side of the modules. In this area
cooling is needed and can be provided by running cooling pipes in the approx. 2.5 cm
of space between the ECAL and the HCAL. In the same space the power lines and the
signal cables for the readout can be found.

To assemble and install the barrel calorimeter one complete stave is assembled
from five modules outside the detector, and equipped with the detection slabs and the
frontend electronics. The cooling pipes and power lines are mounted. Then the stave
is slit into place in the detector on rails installed on the inside of the hadronic barrel
calorimeter. The end caps are hung in front of the hadronic end cap calorimeter.

The different mechanical elements can be summarised as follows: The electromag-
netic calorimeter is composed of a barrel and two end caps. The barrel is made of 8
staves weighing 14150 kg each. A stave is made from 5 modules weighing 2830 kg each,
an end cap of 4 modules weighting 5180 kg each. A detection slab used in the first
part of the calorimeter covers an area of 9 × 150 cm2 and weights 4.9 kg, a detecttion
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Figure 3.2.2: The structure of the ECAL showing the alveoli, the structural tungsten
slabs, and the detection slabs.

slab from the second, coarser part covers 9 × 130 cm2 and weights 10.5 kg. With the
segmentation given above an inner detection slab has 2160 channels, an outer one 1860.

3.2.2 The detection slab

In Fig. 3.2.3 a schematic view of one detection slab is shown. More details can be
found in [1]. The design presented in the following is based on ongoing work in close
collarboration with a specialist laboratory for semiconductor technology [2].

The width of a detection slab is 9 cm, the maximum length is 160 cm. The silicon
wafers are supported by pieces of 1.4mm thick sheets of tungsten, as discussed in the
previous section. Each silicon wafer is divided into 8×8 pads of size 1.15×1.07 cm2. On
top of the wafers, a printed circuit board (G10) connects the pads through metalised
holes to flat cables, which carry the signals to the end of the detection slab. Within the
space of 1 cm around 140 signals need to be taken out. A possible solution would be to
use thin printed circuit boards. A novel very high density solution has been developed
were 50µm thin wires are embedded with a pitch of 300µm into a plastic sheet.

The connection between the diode and the G10 board is done with conductive glue.
On the diode a layer of amorphous silicon is to be deposited on the pad, and the
connection will be done to this layer. In this way a resistive coupling to the diode
is realised which protects the Silicon diode, and allows simple and low-cost bonding
techniques to be used. The diodes are characterised as follows:

• thickness 500µm,

• pad area around 1 cm2,

• capacitance per pad 25pF,
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Figure 3.2.3: Schematic view of the detection slab, with the read-out lines.

• leakage current less than 30nA (at 25◦ C),

• polarisation voltage larger than 100V.

3.2.3 The front-end electronics

A detailed description of the front-end electronics proposed can be found in [1]. Here
only a brief summary is presented.

Calling a “barrette” a row of pads along the long side of the detection slab, there
is one front-end chip at the end of each barrette. At the end of each detection slab
therefore these 16 front end chips have to be located in the space at the end of the
alveolus behind the electromagnetic calorimeter module. Since the space available is
small (about 2×1×0.4 cm3), the chip will likely have to be in a µBGA type package.

The front end chip may be characterised as follows:

• low noise pre-amplifiers with a noise around 1/10 of a signal deposited by a
minimum ionising particle (MIP), for a shaping time of around 150ns;

• dynamic range of 15 bits, realized with two different gains, each with a precision
of 10 bits;

• minimum threshold around 2/3 of a MIP signal, allowing efficient zero supression;

• analogue coding of address and bunch number, (a digital solution is also studied);
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• analogue storage for all signal read out by the chip, with a depth of about 1000
channels;

• low power dissipation per channel, ∼ 3mW/channel.

The output data format corresponds to 33 bits per channel, including the bunch num-
ber, the pad position and the amplitude for the signal.

A set of 40 detection slabs will be read out serially into one ADC, and digitised
within a few ms. Thus the total number of ADCs for the whole calorimeter does not
have to be larger than around 1000.

3.2.4 Calibration

Since the response of a silicon diode is very stable with time and temperature (at least
up to a per–mille level), the ratio of detector response to electrons and to photons is
related to the amount of tungsten in front of the detector, the silicon diode depletion
length and the characteristics of the readout system like gain of the preamplifiers, etc.
The first point is a constant of the detector, while the depletion length and the overall
read-out system could change with time.

Measurements of the thickness and density of the tungsten slabs can be taken during
the construction. Different methods are under study, however it seems feasible to make
and maintain a map of the mechanical properties of the calorimeter.

The overall response of the system can be calibrated with physics events which con-
tain isolated electrons. Prime examples are Bhabha events, W/Z decays to electrons,
etc. The energy of the electron, if it is reasonably well separated from neighbouring
particles, can be measured with the tracking system, and used to calibrate the response
of the calorimeter cells. Thanks to the high luminosity at TESLA a calibration of every
cell in the calorimeter at the level of a few per–mille can be reached within 5 years.
As described in [3], cosmic ray muons can also be used to intercalibrate the cells to a
precision of about 1.3×10−3.

3.2.5 Performance

The performance has been evaluated in a GEANT4 [4] based simulation program,
after checking the agreement with the EGS4 [5, 6] shower simulation for the energy
resolution of the device. In this section the main paramaters of the calorimeter like
energy resolution, position measurement precision, angular measurement precision and
electron pion separation are presented.

Since the thickness of the tungsten varies between the front and the rear part of the
calorimeter it is expected that the energy resolution does not scale purely like α/

√
E.

This can be seen in Fig. 3.2.4 where two distinct areas are visible, at low and at large
energies. The resolution found is around 11%/

√
E in the first energy region and around

14%/
√

E in the second part.
The position precision, measured as an angular resolution of photons originating

at the primary interaction point, is shown in Fig. 3.2.5. It is about 2mm for 1GeV
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Figure 3.2.4: Photon energy resolution. The two straight lines are fits for the low energy
and the high energy part.

photons and scales roughly as 1/
√

E. The precision with which the origin of a photon
can be determined is of importance when searching for some particular models, e.g.
gauge mediated supersymmetry. In these models the final state might include non-
pointing hard photons. A study with a sample of photons between 3 and 30GeV leads
to a resolution of 68mrad/

√
E + 8 mrad.

Isolated electrons and charged pions have been simulated, and the response of the
ECAL, without any HCAL information, has been used to estimate the electron pion
separation [7]. It has been found that electrons and pions with momentum larger than
2 GeV/c, those which reach the calorimeter, can easily be separated. An efficiency of
99.8% for the electron identification is reached, with a mistag probability to tag the
electron as a pion of only a few 10−3.

3.2.6 Cost estimate

In Table 3.2.1 the cost for the calorimeter is summarised. To obtain this cost estimate,
the following prices have been used: 100 /kg for the tungsten, 90 /alveolus for the
G10 sheet with metallised holes, 45 /chip for the front-end electronics, and 3 /cm2 for
the silicon wafers. The estimated cost for the tungsten structure includes the tungsten,
but also the cutting, the composite fibre, tools, processing and manpower. It can be
seen that the calorimeter cost is totally dominated by the silicon wafer contribution:
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Figure 3.2.5: Angular resolution for pointing photons.

Sources cost estimate (MEUR)

Tungsten structure 9.4
Tungsten active layers 7.9
G10 3.2
Wire sheets 9.2
Front-end electronics 10.0
Si wafer 93.0

TOTAL 132.7

Table 3.2.1: Cost estimate for the Si-W electromagnetic calorimeter.

the price per square centimetre multiplied by the detection area. However the price
quoted does not take into account its expected evolution between now and the time of
construction, where a significant decrease in price is expected. It is important to realize
that the area of silicon detector needed is not related to the calorimeter granularity,
which is of prime importance for the jet resolution, but is driven by the size of the TPC
and by the density of the longitudinal sampling. This sampling is solely dictated by the
choice of the electromagnetic energy resolution. For example, reducing the number of
samplings by a factor of two would, but for the tungsten cost, reduce the total cost by a
factor of two. It would degrade the intrinsic electromagnetic energy resolution by 40%,
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but the reconstructed photon energy only by 20% and would not harm significantly
the jet resolution. Therefore there is room for cost optimisation.

3.2.7 R&D

The ECAL proposed here presents significant technological challenges such as the me-
chanical structure, the integration of the front-end electronics, and the micro-packaging
of the silicon wafers. Also the software challenges are sizeable to quantify the gain on
jet energy flow with such a detector. All these features have to be studied in the com-
ing years, first with technological prototypes. This means, for example, producing a
detection slab model which would be tested with cosmic ray muons. In parallel, it is
important to design and build a physics prototype, with a transverse size and a number
of layers large enough to test the ECAL performances, in front of a HCAL prototype,
on single particles. At the same time it will bring a proof of feasibility for such a
compact device, with such a high level of integration of the components.

3.3 The Shashlik Electromagnetic Calorimeter

In recent years the “shashlik” technology has been extensively studied to assess its
performance at e+e−, ep and pp accelerator experiments [8]-[10]. Shashlik calorimeters
are sampling calorimeters in which scintillation light is read-out via wavelength shifting
(WLS) fibres running perpendicularly to the converter/absorber plates [11, 12]. This
technique combines the advantages of an easy assembly and operation, good hermeticity
and low price.

Shashlik calorimeters are, in particular, considered to be good candidates for barrel
electromagnetic calorimetry at future linear e+e− colliders [13]. The present shashlik
technology can satisfy the requirements described in the previous sections, for a dense,
highly segmented calorimeter with longitudinal sampling. A transversal segmentation
of the order of 3×3 cm2 can be easily achieved. Significant progress has been made over
the last few years in the development of a shashlik-type calorimeter with longitudinal
segmentation. At least two new solutions have been proposed, where either vacuum
photo-diodes are inserted between adjacent towers in the front part of the calorime-
ter [14], to read out scintillator plates in the early part of the calorimeter, or different
types of scintillator are used which have different decay times, in different parts of the
calorimeter [15].

A transverse segmentation of ∼ 3×3 cm2 can be obtained in a simple way by using
large (i.e. ∼ 20×10 cm2) absorber and scintillator plates and confining the scintillation
light inside smaller areas of the plate. This can be achieved for example by cutting
grooves into the plates, which effectively keeps the light within the smaller areas. Each
tile is then read out by its own bundle of fibres. This solution can only be realised with
the second proposal for the longitudinal segmentation. It will be discussed in more
detail in the following.
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More details concerning the Shashlik calorimeter and other possible calorimeter
layouts can be found in [16].

3.3.1 Conceptual design.

The smallest unit of the calorimeter is the cell. Each cell consists of 140 layers of
1mm thick lead and 1mm thick scintillator plates, resulting in a total depth of 25X0.
In the first 5X0 the scintillator plates consist of long decay time scintillator (during
development work a BC-444 scintillator from Bicron with a decay time around 250ns
was used) while the remaining plates are based on standard plastic scintillator with a
decay time of less than 10ns. For each cell the blue light produced by both scintillators
is carried to the back of the calorimeter by means of 9 plastic optical wavelength shifting
(WLS) green fibres. The fibre time response is fast enough (< 10 ns) not to deteriorate
the separation between the fast and the slow scintillator signals. The light transmission
between the plastic scintillator and the fibres is through an air-gap. Light collection
is increased by aluminising the fibre end opposite to the photo-detector by sputtering.
At the end of the detector the fibres are connected to clear long attenuation-length
fibres in order to bring the light signal outside of the high magnetic field region where
it can be read by photo-detectors (for example photo-multipliers (PM)).

One mechanical unit called a module contains 18 (3 × 6) cells. All the cells in a
module are read independently by bundling their 9 fibres and connecting them to the
same PM. The module layout is shown in Fig. 3.3.1.

The barrel part of the calorimeter is assembled from rows of 21 modules arranged
to be quasi-pointing to the interaction point along the z and the φ coordinates (see
Fig. 3.3.1). Each row covers an angular range of 112.1mrad in φ. In the centre one
ring of 56 modules is inserted in a way to not directly point to the interaction region.
The complete barrel is assembled from 56 × 2 rows plus the central ring, for a total
of 2408 modules corresponding to 43344 cells. The barrel detector layout is shown in
Fig. 3.3.1. An endcap detector can be build based on the same idea, with modules of
very similar shape.

3.3.2 Performance

A prototype consisting of 9 Pb/scintillator towers (5×5×28 cm3) assembled in a 3 × 3
matrix was tested at a CERN SPS beam. Each tower consists of 29 layers of 1mm
thick lead (corresponding to 5 X0) and 1mm thick Bicron BC-444 slow scintillator
followed by 100 layers of a lead and standard fast plastic scintillator sandwich. The
light produced by both scintillators is carried to the photo-detectors by means of fast
WLS fibers. The timing information from the signal is used to disentangle the layer.
This is illustrated in Fig. 3.3.2 where a clear separation between the fast and the slow
signal is visible. The prototype was tested using electrons ranging from 5 to 75 GeV/c
and pions of 20, 30 and 50 GeV/c. In order to avoid particles from channelling through
fibres or diodes, the calorimeter was tilted by 3 degrees in the horizontal plane with
respect to the beam direction.
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Figure 3.3.1: Module, Row of modules (top) , and layout of the barrel part of the calorime-
ter (bottom).

Preliminary results from the test beam data analysis show that the proposed tech-
nique works. The signal extracted from the slow component versus the total energy
is shown in Fig. 3.3.3 for electrons and pions. The discriminating power of the Eslow

information (Fig. 3.3.3) improves the separation capability by a factor ∼ 2 w.r.t. the
use of the E/p ratio alone.

The same data have been used to parametrise the energy resolution as a function
of the beam energy as [17]

σ(E)

E
=

14.2%√
E

+ 0.6% (3.3.1)

where E is expressed in GeV. The shower position reconstruction was based on cen-
tre of gravity method corrected for the detector granularity with the algorithm sug-
gested in [18]. The barycenter Xb = 2∆

∑

i iEi/
∑

i Ei where ∆ is the half-width of
the tower and Ei the energy deposited in tower i, was modified according to Xc =
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Figure 3.3.2: Measured time distribution for fast and slow scintillators.
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Figure 3.3.3: Test beam results [17]: a): Energy deposited in the slow scintillator versus
total energy for electrons at 30 and 50GeV/c and pions at 30GeV/c. b): Pion contami-
nation versus energy for 98.5% electron efficiency.

b arcsinh
(

Xb
∆ sinh δ

)

where b is a parameter describing the transversal shower profile
and δ ≡ ∆/b.

The position resolution of the prototype at the cell centre was 1.6 mm with 50
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GeV/c electrons and had the following energy dependence:

σX(E) =

√

(

0.9√
E

)2

+ (0.1)2 cm.

The two–particle separation capability with the proposed 3× 3 cm2 lateral granularity
and the effects on the global energy reconstruction were studied with simulated events.
Generated τ → ρντ decays with an energy of 100 and 150 GeV were simulated in the
proposed Shashlik barrel electromagnetic calorimeter using the BRAHMS [19] program.
The total ρ energy was obtained from its decay products as the sum of the momentum
of the charged pion measured in the tracking system and the energy released in the
electromagnetic calorimeter by the photons from the π0 decay. It is then necessary to
disentangle the energy released by the charged pion shower in the calorimeter from the
electromagnetic showers. The hadronic shower must be associated to the charged track
and its contribution excluded from the total energy evaluation. A pattern recognition
based on the distance from the track impact on the calorimeter and the shower centroid,
on the E/p ratio, on the rate of the shower energy released in the first radiation lengths
and on the shower width has been developed. The reconstructed ρ energy is compared
with the generated energy in Fig. 3.3.4 and the results are satisfactory.

E(reconstructed) - E(generated)(GeV)

Figure 3.3.4: Simulated energy resolution for τ → ρντ decays for τ energies of 100 and
150GeV, respectively.
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3.3.3 Cost

The proposed design consists of 2408 Modules for a total of 43344 cells corresponding to
the same number of electronic channels. The cost evaluation is based on the presently
available prices and is detailed in table 3.3.1. A total cost of about 15MEUR is expected
for the barrel electromagnetic calorimeter. The cost of an endcap calorimeter based on
the same technique is estimated to be slightly less than 5MEUR, so that the total cost
of the complete system would be around 20MEUR.

Item cost per unit (EUR) Total cost (MEUR)
Module production 3089 7.4
Fibres 170(Module) 0.4
Photo-detectors 100 4.3
R.O. Electronics 50 2.2
Total 14.3

Table 3.3.1: Cost estimate for a shashlik-based barrel ECAL.

3.4 The Hadronic Calorimeter

As seen from the interaction point the hadronic calorimeter (HCAL) is lined up behind
the electromagnetic calorimeter (ECAL). Both together measure energy and angles
of hadrons and jets and allow the tracking of minimum ionising particles (MIPs) in
the calorimeter volume. To optimise the energy flow measurement the HCAL should
contain the hadronic showers, allow the determination of the energy deposited with
good precision, and have a sufficiently high granularity both in the transverse and in
the longitudinal direction to allow the separation of close-by clusters. In addition the
HCAL should be able to measure the time of events precisely, to help in the rejection
of cosmic events, and to search e.g. for exotic signatures with long lived particles as
they are predicted in some SUSY theories.

In this section two approaches for a hadronic calorimeter are presented. One is a
tile calorimeter, of moderate segmentation and with analogue readout of the cells, the
other one a highly segmented calorimeter with a purely binary readout per cell.

3.4.1 The tile hadronic calorimeter

The HCAL is constructed as a sampling calorimeter, with a material of low magnetic
permeability (µ < 1.01) like stainless steel or brass plates as absorbers, and scintillator
plates as the active medium. The scintillator plates are subdivided into tiles. The light
from the tiles is collected by loops of wavelength shifting fibres (WLS). Clear fibres are
connected to these and transport the signals to the readout. Tile calorimeters with
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WLS readout were first developed and used by the CDF collaboration [20, 21, 22], by
OPAL [23] and later by the ATLAS [24, 25, 26] and CMS collaborations [27].

The HCAL is arranged in 2 cylindrical half barrel parts and two endcaps as shown
in Fig. 3.4.1 in the opened position. The barrel HCAL fills the magnetic field volume
between the ECAL and the cryostat within 191 < r < 298 cm.

In addition the space between the rear of the HCAL endcap and the endcap of
the iron return yoke is filled with iron to guarantee the high quality of the magnetic
field. This so called pole-tip will also be instrumented with a small number of sensitive
planes to act as a tail-catcher in the endcap region.

Figure 3.4.1: View of the calorimeter system of the TESLA detector with open endcap
calorimeters.

In the magnetic field direction the barrel extends from −267 < z < 267 cm. The
endcaps close the barrel on either side in order to fully cover the solid angle. The gap
between the barrel and the endcap is needed for support and for cables from the inner
detectors, and for the readout fibres from the barrel HCAL itself.

Care has been taken to maximise the material in the space available, so that the
probability for punch-through is minimised. Even though the muon system will act as
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a tail catcher, the 1.6λ of the coil between the HCAL and the muon system severely
limit the energy resolution for this device.

Each HCAL half barrel is subdivided into 16 modules, each of the endcaps into
4 modules. Two HCAL modules together form an octant, and support the ECAL
modules in this Φ range.

3.4.1.1 The HCAL module

The basic sampling structure consists of 20mm thick absorber plates interleaved with
6.5mm deep gaps, into which the scintillator plates are inserted. The sampling struc-
ture is the same for barrel and for endcap modules. One barrel module has a maximum
of 38, an endcap module 53 layers (see Fig. 3.4.2). Eight of these layers are arranged
in a ring at the outer radius of the endcap, to fill the gap between the barrel and the
endcap modules [28, 29].

One layer corresponds to 1.15X0, or 0.12λ. The layers are subdivided into tiles,
starting with 5 × 5cm2 in the inner layer, and increasing to 25 × 25cm2 at the outer
radius. To reduce the number of readout channels, groups of cells are formed to get 9
longitudinal readout cells in the barrel, 12 in the endcap. The actual cell sizes in the
different layers, for both barrel and endcap, are given in Table 3.4.1. This corresponds
then to an actual cell depth between 0.36 and 0.84λ and a lateral cell size between
(0.22λ)2 and (1.11λ)2. The sizes of these cells are well matched to the typical shower
sizes at energies of a few GeV, which are of the order of 20 cm. Further studies however
are needed to fully optimise the cell sizes in both the transverse and the longitudinal
direction. Fig. 3.4.3 shows the cell arrangement in barrel and endcap modules.

Mechanically each module is held together entirely by a 3mm thick steel skin, which
connects the individual layers together. These skins cover three sides of the module.
The gap between plates is maintained by 6.5mm high strips which are fixed to the skin
on the inside. The scintillator plates are inserted into these spaces. All tiles for one
layer are combined into one large tile-sheet, which can be inserted into the module at
once. This allows for easy installation and easy maintenance, should an intervention be
needed. The thickness of the scintillator alone is 5mm, the remainder of the space in
the module gap is taken up by the wavelength shifter (WLS) loop and reflector layers,
the clear readout fibres, and some room to take into account tolerances of the plates
and the fibres. A detailed description of the design of the calorimeter may be found
in [29, 30, 28, 31].

3.4.1.2 Scintillation light readout

The blue scintillation light produced in the tiles is transferred by frequent refraction
and reflection to a wavelength shifting (WLS) fibre where it is absorbed and converted
to green light. The coupling between the WLS and the tile can be done in a number
of different ways, either by putting the WLS into a groove machined into the tile, by
using the gap between neighbouring tiles, or by simply fixing it directly to the surface
of the tile with an appropriate optical contact medium. Further R&D is needed to find
the optimal solution. The fraction of light caught within the total reflection acceptance
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Figure 3.4.2: One barrel (left) and one endcap (right) HCAL module

Figure 3.4.3: Sampling structure of the hadronic calorimeter.

of the double-clad WLS fibres is transferred via long clear plastic fibres to the photo
detectors. A sketch of 2 tile plates as used in barrel front and rear gaps is shown in
Fig. 3.4.4.

The light from all fibres of a cell is summed in light mixers in front of the photode-
tectors. The number of fibres added varies from 3 for the front cells up to a maximum
of 7 fibres in the rear cells. The signal expected for a MIP passing through a small
cell (3 sandwich layers) is ≈ 65 ± 8 photons. A detailed description of the optical
scintillator-fibre light transport is given in [31].

3.4.1.3 Photodetectors

The amount of light produced in a calorimeter cell varies from ≈ 65 photons for MIPs
to ≈ 3.6 × 104 photons when an energy of 50GeV is deposited in the cell. The pho-
todetectors will have to be able to cover a large dynamic range, and at the same time
operate in the large magnetic field of 4T: Avalanche Photodiodes (APD), Metal Re-
sistor Semiconductor Photodiodes (MRD) or Hybrid Photodiodes (HPD) are possible



IV-82 3 Calorimetric Detectors

HCAL sections barrel endcap pole tip

number of modules 2 × 16 2 × 4 2 × 4

overall dimensions (m3): 1.1 × 1.1 × 2.7 3.1 × 2.5 × 1.4 2.7 × 2.7 × 1.2

weight/module (t): 16 42 49

polar angle coverage: 90◦ − 35◦ 35◦ − 5◦ 30◦ − 5◦

Sandwich structure barrel endcap pole tip

depth in cm: 101 140 115

in λ : 4.5 6.2 6.7
sandwich structure
Fe/scint/Fibres (mm):

20/5/1.5 20/5/1.5 282/5/1.5

number of layers: 38 53 4

longitudinal segmentation: 9 12 4

Tile/cell structure barrel and endcap pole tip

tile sizes: front rear

in cm2 5 × 5 25 × 25 25 × 25

tiles / cell: 3 7 1

depth in λ: 0.36 0.84 1.7

in X0: 3.5 8.1 16

number of cells: 128500 73500 2000

Table 3.4.1: The structure of the hadronic tile calorimeter.

choices. The most challenging part is the detection of MIPs, where a signal to noise
ratio of ≥ 3σ is needed. This can be achieved e.g. with small capacity APDs having
small dark current and low noise [31, 32, 33, 34].

MRDs are as small as APDs and also sufficiently radiation hard, but still are under
development and so far not available in large quantities. HPDs have a larger gain than
APDs and MRDs, and less noise but they need very large high voltage and thus have
larger dimensions and frames. If the gain possible with APDs or MRDs will not be
sufficient the light of the fibres can be brought out further to places outside the magnet
yoke where only weak magnetic fields are present. There other detectors like mesh tube
photomultipliers (PM) or even multianode PMs can be used.

3.4.1.4 Signal conversion

The photodetector signals have to be amplified in preamplifiers before they are sent to
analog-to-digital (ADC) converters. It is foreseen to digitise these signals with FADCs
running at 100 − 200MHz, thus allowing not only an energy measurement but also a
good time resolution. Proper signal shape and appropriate dynamic range has to be
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Figure 3.4.4: Schematic view of 2 tile plates with long fibre readout.

provided by the preamplifiers circuit with a shaped risetime of ≈20ns ( ≥2 time bins)
and a pulse width of ≈ 100ns. The energy range covered between a MIP and the
maximum cell signal corresponds to 9 bit. The calibration with cosmic muons requires
more precision in the low energy range. Such precision can be achieved by storing the
signal with 14 bit accuracy. Other options like low-cost at least 10-bit FACD used in
a non-linear mode are under investigation.

A detailed description of the whole readout chain from scintillator tile to digital
information of the energy deposed in individual calorimeter cells is presented in [31].
Extensive information on front end electronics is collected in [35, 36].

3.4.1.5 Performance

The depth of the HCAL varies between 4.5λ in the barrel to 6.2λ in the endcaps. For
the total calorimetric containment 0.9λ from the ECAL in front and 6.7λ from the
instrumented pole tip behind the endcap calorimeter have to be added. This sums
up to 5.4λ in the barrel and 13.8λ in the endcap. With such containment the mean
energy leakage is only a few % in the barrel region and is negligible in the forward
region. Nevertheless for a small fraction of events, a significant amount of energy from
leaking shower tails will not be observable. Such events, which might be a signature
for new physics, have to be tagged with the muon system (see Section 5).

The large granularity in the HCAL is needed for compensation by software weighting
as described in [37, 38, 39], for identification and separation of neutral hadrons in jets
and also for muon tracking in the calorimeter volume.

The energy resolution for single hadrons is estimated from simulations of hadronic
showers in both calorimeters to be σE/E = 35%/

√
E ⊕ 3%, with the energy given in

GeV. The large constant term in the energy resolution is partly due to the ECAL in
front. The constant term will be significantly reduced when events with leaking showers
are excluded and also compensation by software weighting is applied. More detailed
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accounts of the performance of very similar systems can be found in [40, 41, 42, 43]
and [44].

3.4.1.6 Calibration and monitoring

Good performance of the HCAL needs permanent calibration and monitoring of all
calorimeter cells. Cosmic ray muons will pass through the detector continuously.
Muons with momenta above 10GeV/c will pass through the complete detector, and
cross up to 9 cells on each side. Even without any other subdetectors the ECAL and
the HCAL will be able to recognise such events, so that they can be used to calibrate
the detector. Around 200 muons per cell are needed to reach an accuracy below a few
percent. Under normal operation conditions, and if the calorimeters are only operated
in between TESLA trains, such numbers are obtained within roughly one week even
in the smallest cell. In the endcap where the cosmic flux is somewhat reduced muons
from the beam halo could be used to calibrate the individual cells.

During collisions some charged hadrons will be available well separated from jets,
with momenta well measured by the tracker system. Due to the low useful event rate
of only several events per second and the huge number of calorimeter cells to calibrate,
about one year of running time is required for a ≈ 3% calibration. A more detailed
description of possible monitoring and calibration is available [45].

The stability of the calibration will be monitored with the system of light emitting
diodes (LED). Such systems have been demonstrated in the past (see for example [46])
at the required levels of accuracy. A careful monitoring of the temperatures of the
different parts of the system will also be needed to maintain the apparatus in stable
conditions.

Item cost / unit [EUR] cost [MEUR]

Iron 5.0
Scintillator, fibres 2.1
Photo detectors 25 5.5
Preamplifiers 7 1.7
FADC 30 6.5
other (pipelines, etc) 2.3

total cost 23.1

Table 3.4.2: Cost of the tile version of the hadronic calorimeter.

3.4.1.7 R&D

The main goal of future R&D will be to optimise the light yield of the tiles, so that
when using photodetectors like APDs a good signal to noise ratio is obtained. Therefore
detailed studies of the readout structure, of the coupling of the different optical elements
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and of the photodetectors have to be done [47]. In addition a good time resolution of
≈ 2ns, even for MIPs, has to be achieved by optimising the FADC clock frequency
(≈ 100–200 MHz) and the shaper signals. Similar work is under way at KEK in
Japan [48, 49, 50].

3.4.1.8 Cost

An estimate of the cost of the tile hadronic calorimeter is summarised in Table 3.4.2.

3.4.2 A digital hadronic calorimeter

With an electromagnetic calorimeter as granular as the Si-W proposed in this TDR, and
for the precision of the energy flow measurement attempted, a very granular hadron
calorimeter is a natural choice. This will provide a refined description of the inter-
actions, allowing a good pattern recognition in the full calorimeter. This is ideal for
example in the separation of muons and pions even at low energies. However a solution
as adopted for the ECAL, based on SI sensors, is excluded because of the high costs.

An alternative solution is based on the recognition, that, if cells are small enough,
simply counting them provides an estimate of the shower energy. This solution has
been tried in the past for electromagnetic calorimetry, for example in PEP4 [51], or in
early studies for the ALEPH calorimeter; it has been also used or proposed for muon
detectors. In the electromagnetic case, a reasonable cell size remains not negligible
compared to the shower size and that induces a strong non linearity of the response with
energy. This drawback does not concern hadron calorimeters since the hadronic showers
are much wider. A number of hadronic calorimeters already have been constructed
incorporating digital devices (see for example [52]). With proper analysis algorithms,
a resolution very close to that of a calorimeter with the same sampling structure but
analogue readout has been obtained [53].

For TESLA a design of a digital hadronic calorimeter with a 1 cm2 cell size has
been developed. It is based on the same mechanical structure as the tile calorimeter
presented above. The absorber plates are, as for the tile calorimeter, made of stainless
steel plates. The detecting medium can be made of resistive plate chambers, wire
chambers operated in limited Geiger mode or even thin wire chambers like in the
ALEPH electromagnetic calorimeter. The signals are collected on small pads. In the
first two solutions the signal is big enough to switch shift registers, in the second an
amplification is needed. The bits are read serially and, as the occupancy is small,
zero suppression is applied early. For a better separation between showers the use of
heavier radiator is envisaged. An important consideration is that the detector has to
be sensitive to a minimum ionising particle.

The response of such a calorimeter has been simulated in detail. It has been shown
that the purely digital signal, the number of cells with energy deposited, is linear
in energy and that the resolution is even slighly better than the analogue one. In
addition to the pure digital information of the number of cells hit, the density of cells,
correlations between cells, etc. are used. Given the very large granularity, software
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Figure 3.4.5: Energy resolution using energy deposited in the scintillator (blue triangle),
using pad multiplicity(green square) and eventually using more informations from digital
pattern (red dots).

compensation to equalise the response to electrons and hadrons can be applied readily.
The energy resolution achieved for an analogue readout, a purely digital readout and
one where the number of hits and the distributions of the hits are used, is shown in
Fig. 3.4.5.

The performance of such a device together with the Si-W electromagnetic calorime-
ter has been studied as well. The two main points are the separation of muons and
pions, and the jet resolution. The efficiency for isolated muons has been shown to be
99.8% for a pion contamination of 10−3, down to 2GeV/c. The resolution for the visible
energy of a jet has been shown to be better than 40%/

√
E. A more detailed description

of the performance can be found in the detector performance Chapter (Chapter 9).

3.4.2.1 Cost

An estimation of the cost is summarized in the following table. It is largely based on
the cost of the ALEPH electromagnetic calorimeter.
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Item Cost (MEUR)
Stainless steel and structure 7.0
Cathode planes and electronics 9.1
Wire planes 1.6
Gas system 0.6

TOTAL 18.3

Table 3.4.3: The cost estimate for the digtal hadron calorimeter.

3.5 Forward Calorimetry

As pointed out in the introduction excellent hermeticity of the detector is needed
for many new-physics signatures, some of which predict reactions with large missing
energy signals. In addition the instrumentation of the forward region is important for
the measurement of the luminosity and the luminosity spectrum.

Therefore the calorimetric coverage of the solid angle is completed by two devices
in the very forward region on both sides of the interaction point, the low angle tagger,
LAT, and the luminosity calorimeter, LCAL. The LAT will be used primarily to provide
good calorimetric coverage in the region between 83.1 and 27.5mrad. The LCAL covers
the regime down to very small angles, to 4.6mrad. Both devices at the same time are
a part of the masking system shielding the detector from backgrounds as described in
detail in section 7.1.2.

In Fig. 3.5.1 the placement of the two calorimeters in the mask structure is shown.
Both devices have to exist in an area of large backgrounds. In particular the LCAL
is subject to an enormous flux of background particles from the beam-beam effects in
the interaction region.

3.5.1 Low angle tagger LAT

The Low Angle Tagger LAT is designed to provide an accurate measurement of elec-
trons up to the nominal beam energy (400GeV in the second stage of TESLA). It
extends the electromagnetic calorimetry down to polar angles below 30mrad. It is
placed at the tips of the tungsten mask and serves itself as an additional shield to
protect the tracking detectors from backscattered particles (see section 7.1.1).

Its design foresees a tungsten sampling calorimeter. As the beam induced back-
ground is comparatively low in the angular region of the LAT, silicon detectors can be
used as active elements. The proposed design consists of 63 planes of tungsten (2.6mm
thickness) and silicon (0.5mm thickness). The segmentation in radial direction foresees
14 segments, the azimuthal segmentation will be 15◦. The calorimeter is supported by
an inactive tungsten structure (compare figure 3.5.1).
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Figure 3.5.1: Design of the forward angle calorimeters. The sampling calorimeters (LAT
and LCAL, shown in black) are integrated into the tungsten shield of the mask.

3.5.1.1 Readout

For each of the two modules, 21168 channels will have to be read out. Front-end
electronics like those of vertex detectors of currently running high-rate experiments
(for example HERA-B [54]) could be used. The analogue information from the cells
could be buffered in order to make use of the full time interval between pulses to digitise
all signals and thus minimise the number of ADC modules. A fast online subtraction of
background could be foreseen, to be able to handle larger than expected backgrounds,
though according to simulations this should not be strictly needed.

3.5.1.2 Detector performance

The expected performance of the LAT has been studied using its simulated response to
high energetic electrons. Fig. 3.5.2 a) shows the energy which is deposited by showers
from electrons with 250 GeV energy in the tungsten and silicon layers. It can clearly
be seen that the energy which is leaking out of the calorimeter is below 10% and has
a reasonably flat angular distribution in the range of interest.

The expected intrinsic energy resolution as calculated from simulations is shown
in Fig. 3.5.2 b). A resolution of 20–25% ×

√

E [GeV], is in reach. The background
from e+e− pairs on the LAT is comparatively small. The typically deposited energy
per bunch crossing is of the order of a few GeV.
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Figure 3.5.2: Response of the LAT to 250 GeV electrons: (a) energy deposited in the LAT,
the horizontal line indicates E = 250 GeV; (b) energy resolution vs. the polar angle θ.

3.5.1.3 Cost estimate

The cost estimate for the LAT is given in table 3.5.1. It is based on the assumptions
of a price of 100 EUR/kg for tungsten and 3 EUR/cm2 for silicon.

Item Cost estimate [kEUR]

Tungsten (active) 18
Tungsten (inactive) 27
Silicon 105
Electronics (incl. cables) 160
Mechanics (processing etc.) 50

Total 360

Table 3.5.1: Cost estimate for the LAT.

3.5.2 Luminosity calorimeter LCAL

A detector serving both as a fast luminosity monitor and as a low angle calorimeter
will be placed at a distance of 220 cm on both sides of the interaction point, covering an
annular surface between radii of 1.2 cm and 6.2 cm from the beam line. As a luminosity
monitor, the detector will measure the amount of beam induced background particles.
About 2 · 104 electron-positron pairs will hit the LCAL on each side of the detector
per bunch crossing, carrying over 20TeV of energy (section 7.1.3.1). The signal left by
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these particles will be used to resolve luminosity variations within one bunch train. The
information will be fed back to the beam delivery system to tune the beam (compare
section 7.4.4 in Part II of this TDR and [55]). For this purpose, a precision of the
order of 1% will have to be achieved within a response time of about 30 to 50ns. Given
the number of particles passing through the detector, a measurement of this precision
should be possible. As a calorimeter, the LCAL will be used to measure electron
showers in the region between around 6mrad and 28mrad. These showers will be used
to measure low angle electrons for luminosity measurements and physics studies (see
Part III, Chapter 5).

The LCAL must also serve as shielding for the rest of the detector (see section 7.1.2
for a detailed discussion). For this purpose the device is mounted behind a 10 cm thick
layer of graphite, and should have a thickness of at least 30 radiation length, to effi-
ciently shield the detector from synchrotron radiation and from particles backscattered
from the final focus quadrupoles.

3.5.2.1 Experimental constraints and detector design

The current design of the LCAL foresees a sampling calorimeter with 63 planes of
tungsten absorber, interleaved with 63 active layers equipped with either silicon or
diamond sensors (see Fig. 3.5.3). The total length of a module is 20 cm. The sensing
planes are 500µm thick. They are divided radially into 7 rings of equal width, each
subdivided azimuthally into 24 sectors. The cells thus vary from a surface of 0.3 cm2

for the inner ring to 1.1 cm2 for the outer ring. Each tungsten plate is about 2mm
thick, for a total of 36 radiation lengths for a complete module.

y y

zx

20 cm

14.5 cm

Figure 3.5.3: Design of the LCAL. The segmentation in z direction consists of 63 planes
of tungsten and sensors (not shown in this figure).

A particular challenge for the design of the device is the high level of electromagnetic
radiation present in the area where the LCAL should be installed. In the region of the
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LCAL close to the beam, electromagnetic doses of the order of 1MGy per year 1

are expected. Figure 3.5.4 shows the energy deposited per bunch and the dose per
year as a function of the plane number and radial position. To operate several years
without interventions, the detector should be able to sustain a dose of the order of
10MGy. Conventional Si detectors might not survive long enough in this environment,
particulary in the region close to the beam line where the background is highest. An
attractive alternative to Si sensors are diamond sensors, which have been extensively
studied over the last years [56, 57]. They are extremely radiation hard, and have been
tested for fluences of hadronic radiation of the order of 1015/year/cm2 [58, 59]. For
electromagnetic radiation dedicated tests were done to doses of up to 0.1MGy only [60],
but they are expected to be able to sustain much larger doses. Silicon detectors were
tested up to gamma irradiations of 4MGy [61]. Although standard silicon reaches
space charge sign inversion at doses of about 2.5MGy, oxygenated silicon was found
to sustain the full 4MGy without indications of any damage. Silicon detectors often
need cooling, which might prove to be a hindrance given the space constraints on the
LCAL.
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Figure 3.5.4: a): Energy deposited per bunch crossing and b): yearly radiation dose as
a function of the plane number. The plane number runs from 1 to 63 between the plane
closest and the plane farthest from the interaction point. On each figure, the lowest curve
corresponds to the outer ring and the highest curve to the inner ring of the LCAL.

1 For the current discussion, a year is defined as 2.3× 1011 bunch crossings (6 months of running at
5Hz and 3000 bunches per bunch train).
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3.5.2.2 Readout

The readout for the LCAL could be very similar to that of the LAT. The signals
for the luminosity measurement and those for the calorimetric measurements however
will be treated differently. To monitor the luminosity, the first plane will be used to
give a signal proportional to the number of incoming particles from the beam induced
background. The sum of the analog signals of the first plane will be transfered directly
to a fast acquisition system and made available to the machine.

The signals from the different planes will be used for energy measurements. To
minimize data volume, background subtraction could be done after digitization using
information from previous bunch crossings, and zero suppression could be applied.
The treatment of the signals is currently being investigated. Energies of up to 4GeV
per bunch crossing can be deposited in some of the cells closest to the beam line. The
behavior of solid state detectors under such conditions and the final choice for a readout
scheme remains the topic of further research.

3.5.2.3 Performance

The energy resolution of the LCAL will not so much be determined by the intrinsic
detector resolution, but rather dominated by the error introduced by the subtraction of
the large background. Subtraction of the background could be done using the average
signal of previous bunches. Given the very large amount of beam induced background,
the error on the background energy measurement in each cell is expected to be smaller
than the systematic error on the absolute level of the background calculated from
previous bunches. This systematic error is expected to be at the level of the percent,
corresponding to the expected variations of the luminosity from bunch to bunch.

The detector optimization was done using simulated showers from 250GeV elec-
trons. The number of diamond planes was chosen such that the contribution of the
intrinsic resolution of the calorimeter to the total uncertainty on the energy measure-
ment was equal to the systematic error coming from background subtraction at large
angle. To minimize the energy to be subtracted, only the area of 3 × 3 cells in r − φ
centred on the peak maximum was considered. Figure 3.5.5 shows the intrinsic res-
olution of the calorimeter and the total uncertainty on the energy measurement. In
the central part of the calorimeter between 0.01 and 0.025 rad, we expect a resolution
approximately given by:

∆E [GeV] & 10% ·
√

E [GeV]⊕ (34.0 − 1.3 ·Θ [mrad]) .

Figure 3.5.5 shows the 90% CL energy for electron detection. This indicates that
if an electron with more than the 90% CL energy is hitting the LCAL, the probability
that the background fluctuates to the same level (which makes the background-signal
separation impossible) is below 10%. The visible structure is due to border effects
appearing when summing the cells in the 3 × 3 area of r − φ cells centred on the
peak maximum. It can be seen, that the detection of electrons with more than 50GeV
should be possible down to polar angles of 5mrad.
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Figure 3.5.5: a): Intrinsic energy resolution of the calorimeter versus the polar angle for
250GeV electrons. b): Detection capability of the LCAL. Shown is the 90% CL energy
vs. the polar angle, see text for explanation.

3.5.2.4 Cost estimate

The cost of the LCAL is given in table 3.5.2. The base of the cost estimate is a price
of 100 EUR/kg for Tungsten, 3 EUR/cm2 for silicon and 5 EUR/mm2 for diamond. If the
detector would be build entirely with diamond sensors, the price would increase by
≈ 5MEUR . Most probably the final detector would be a combination of a few rings
and layers of diamond in those areas which are subject to large radiation doses, with
Si detectors for the majority of the sensors.

Item Cost for silicon opt. [kEUR]

Tungsten (active) 5
Silicon 30
Electronics (incl. cables) 80
Mechanics (processing etc.) 50

Total 165

Table 3.5.2: Cost estimate for the LCAL.
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4 Coil

The TESLA magnet has been designed to provide a solenoidal magnetic field of 4T
along z in the central region of the detector. The tracking detectors, the electromagnetic
and the hadronic calorimeter are all located inside the magnet. The iron return yoke
serves as a muon detector. The TESLA magnet is based on the design for the CMS
experiment [1]. This provides a solid base for the specification and design of the magnet.
In addition significant time and money can be saved in the development of the magnet
components. The first tests of the CMS magnet have been scheduled for the beginning
of 2004. Experience gained in this work will enter into the TESLA design.

The largest difference between the TESLA and the CMS design is that TESLA has
more stringent requirements on the homogeneity of the magnetic field. Therefore a
novel system of correction coils has been developed, using parts of the main windings
of the magnet.

4.1 Magnet Specifications

The main requests from physics for the TESLA magnet are a solenoidal central field
of 4T, in a volume of 6m in diameter and with a high integral field homogeneity,

|
∫ 2.5m

0

(Br/Bz)dz| ≤ 2mm

with

Br = Bx(x/r) + By(y/r) .

This very good homogeneity should primarily apply to the TPC volume, which is
a cylinder 3.2m in diameter and 5m length. To accommodate the inner detectors
including the calorimeters a length of 8.5m must be clear inside the magnet aperture.
The iron return yoke will have to be instrumented for muon detection.

There are no especially stringent requirements from the machine on the quality
of the magnetic field. However the two final focusing quadrupole doublets will be
inside the detector magnet bore, and therefore subject to high magnetic fields, which
influences the design of these quadrupoles.

4.1.1 Magnet layout

The magnet consists of the solenoidal coil and of the iron yoke, subdivided between
the barrel yoke and the two end-cap yokes. The coil is subdivided into five modules
with four layer windings each.
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Preliminary calculations have shown that a coil length of 9.2m and an iron thickness
of 1.6m are a good choice to obtain the requested magnetic field parameters. To reach
the required field accuracy, correction coils are needed at the two ends of the magnets.
They have been incorporated into the main windings, by changing the current in the
outermost windings. Technically this means that different power leads will feed power
to the outer and the other windings separately.

A cross section of the magnet is shown in figure 4.1.1.

Figure 4.1.1: Cross-section of one quarter of the magnet and the iron return yoke.

In some detail the different parts of the magnet have the following properties:

• The coil consists of five modules, electrically and mechanically connected :

– The three central modules are 2.35m long each.

– The two external modules are 1.1 m long each.

– Each module consists of a four layer winding. The nominal main current is
18.8 kA for the central field of 4.0T. An extra correction current of about
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24.5 kA must be added to the turns of the two middle layers of the two
external modules to reach the integral field homogeneity.

• The barrel yoke, of octagonal shape, has an inner radius of 4.45m, an outer radius
of 6.45m and a total length of 7m. Radially the yoke is subdivided into 10 layers
of 10 cm iron plate and 4 cm space for muon chambers. At the outer radius the
yoke is completed by a 60 cm thick layer of solid iron.

• The end cap yokes, also of octagonal shape, are each 3.9m long. They are
vertically split into two parts, to enable opening the detector without removing
the beam pipe. A magnetic-iron pole tip is added in front of the end-cap, at
the back of the hadronic calorimeter, inside the magnet aperture, to improve the
field homogeneity.

The relevant geometric, magnetic and electric parameters of the detector magnet are
given in Table 4.1.1.

Dimensions

Cryostat inner radius (m) 3.00
Coil inner radius (m) 3.16
Coil outer radius (m) 3.50
Cryostat outer radius (m) 3.85
Barrel yoke inner radius (m) 4.45
Barrel yoke outer radius (m) 6.45
Coil length (m) 9.20
Cryostat length (m) 10.20
Yoke overall length (m) 14.80

Magnetic field

Central field (T) 4.00
Maximum field on conductor (T) 4.70
Stored energy (GJ) 2.32
Nominal main current (A) 18 800
Nominal correction current (A) 24 500
Ampere-turns main coil (At) 298 106
Ampere-turns correction coils (At) 47 106

Weight

Cold mass (t) 200
Barrel yoke (t) 6 400
End cap yoke (t) 2 000
Total magnet (t) 8 600

Table 4.1.1: Main parameters of the magnet.
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4.1.2 Magnetic field

The integral field homogeneity, calculated with the nominal values of the main and
correction currents, is shown in Fig 4.1.2. The field homogeneity is better than the
requirement, the maximum calculated deviation being 25% smaller than the allocated
one (1.45mm vs 2mm). It has been checked that, in the TPC volume, the stray-field

z[m]
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Figure 4.1.2: Calculated maximum magnetic integral field homogeneity.

of the quadrupole doublets has no influence on the field homogeneity of the detector
magnet.

The biggest technological challenge of the magnet construction will be to actually
ensure the requested magnetic field homogeneity. It implies that the Bx and By com-
ponents of the fields have to be determined with a relative accuracy in the range of
0.2%. A device with Hall probes, an updated version of those previously used for the
mapping of the ALEPH, DELPHI and H1 magnets, can meet these requirements.

4.2 Technical Aspects

In this part some technical points are summarised, which are developed in more detail
elsewhere [2].

4.2.1 Conductor

The conductor design is similar to that for CMS [3]. It consists of a superconducting
cable coextruded in a very pure aluminium and mechanically reinforced. Two different
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conductors are necessary, one carrying the nominal current, one carrying the nominal
and the extra correction current. Practically, the increase of the current capacity will
be done by increasing the number and the diameter of the strands of the cable, but
the overall dimensions of both conductors will be the same.

The winding will be done using a inner winding technique, similar to the CMS
one [4]. Al-alloy cylinders will be used as outer mandrels for the modules. The assembly
of the five modules will follow either on the DESY site or on the winding-manufacturer’s
site, if the transportation of the assembled coil is possible. The magnetic forces are
contained both by the local reinforcement of the conductor, made of Al-alloy strips,
and by the outer mandrels, thick enough to act as a mechanical support. The super-
conducting coil will be indirectly cooled by saturated liquid helium at 4.5K, circulating
in a thermosiphon mode.

4.2.2 Yoke

Both the barrel and end-cap yokes will be built using iron plates, the dimensions
of which have been determined taking into account production and transportation
requirements. The yoke assembly will not use welds, but bolts throughout, so that a
trial assembly can be made before the final assembly.

4.2.3 Ancillaries

The main ancillaries required for the detector magnet are the cryogenic plant, the
electrical power circuit and the control and monitoring system.

Cryogenic plant

The electrical power needed to maintain the magnet cold at 4.5K is around 1kW. It
should be noted that with some adaptations, this cryogenics system could also be used
for supplying the quadrupole doublets (foreseen to be working at 1.8K).

The magnet cryogenic plant will include compressors, helium gas and liquid nitrogen
storage containers, a cold box, the transfer lines and an intermediate cryostat for liquid
helium storage in case of failure of the main refrigeration system.

Electrical power circuit

The electrical power supply will consist of :

• a main bipolar power supply (20 kA, ±25V);
• two correction bipolar power supplies (25 kA, ±5V), one for each correction wind-

ing;
• the related switch breakers, dump resistances and electrical busbars for discharge

of the magnet in the case of a loss of power or quench.

A control and monitoring system will control and monitor the cryogenics and the
electrical circuits and will provide the safety of the magnet.
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cost [MEUR]

Coil:
conductor 9.5
winding operation 10.0
internal cryogenics and suspension 3.0
tooling for assembly 1.2

total for coil 23.7

Yoke and Vacuum tank 25.0

Ancillaries:
cryogenic plant 4.3
electrical power circuit 1.9
control / monitoring system 1.3

total for Ancillaries 7.5

Miscellaneous (external manpower, test, etc. ) 8.8

Total 65.0

Table 4.4.1: Table of the cost of the detector magnet. The manpower costs listed are those
for external manpower only.

4.3 Magnet Assembly and Interface with
Subdetectors

After the modules have been assembled, they will be enclosed in the vacuum tank
which is the external part of the cryostat. The vacuum tank will be supported in a
cantilevered way by the central part of the barrel yoke. The outer parts of the barrel
yoke and the end cap yokes will be then assembled.

All the main parts of the yoke must be easily movable for opening the magnet and
accessing the various detector parts. The inner tank will support the complete inner
detector, including the hadronic and electromagnetic calorimeter, and the TPC.

4.4 Costs

The cost estimate is based on industrial offers for the CMS magnet. A breakdown of
the main components is given in table 4.4.1. The total cost of the magnet adds up to
65M EUR.

4.4.1 Manpower requirements

Few new developments are foreseen for the TESLA detector magnet. The laboratory
manpower will be primarily needed for the final design of the project, the following of
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industrial contributions, and tests. It is estimated that a total of about 200 man years
are needed over the construction period of six years.

4.4.2 Planning

After approval a minimum period of six years is needed to build and test the magnet :

• one year to finalise the detailed design;
• one year to place the main orders;

• three years to produce the conductor, the modules and the yoke;
• one year to do the final assembly and the cryogenic tests.

4.5 Conclusion

The design of the TESLA detector magnet has already reached a mature state due
to the fact that the magnet is similar to that of the CMS magnet. No major techni-
cal problems are foreseen, although both the absolute magnetic field of 4T and the
homogeneity requirements are a challenge to the builders of this device.
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5 Muon System

The basic task for a muon detector is to identify muons and provide a hardware and/or
software trigger for them. A muon system should ideally also be able to perform
momentum measurements for penetrating particles; however, the benign environment
of e+ e− collisions allows the unequivocal association of muon candidates with inner
detector tracks, so that momenta for charged tracks can be obtained independently
from it.

Another purpose of the muon identifier is the tail catching of hadronic showers; with
suitable longitudinal segmentation this device can provide calorimetric information and
be used either to tag events in which a large portion of energy is not contained in the
calorimeters or to add back the measured energy released in it.

The muon identifier is located behind the calorimeters and the coil. The iron of
the flux return is used as an absorber and, for this purpose, is segmented in slabs
whose thickness (and therefore number, as usually the overall thickness comes from
magnetic flux containment) is defined by the required robustness of the µ identification
performance and by the calorimetric resolution one would like to obtain in the tail
catching mode. In the TESLA detector, the overall iron thickness needed to contain a
4T solenoidal field is about 1.6m. This figure in turn yields a hadron rejection ratio
for punch-through hadrons at the level of one percent or less. The number of active
detector planes must be chosen keeping in mind that muon efficiency would be better
at finer segmentations as detection techniques for muons rely on measuring both total
amount of traversed interaction lengths and track continuity in the interaction with a
radiator material.

The area to be covered with active devices is a factor that limits the overall longitu-
dinal segmentation of this subsystem and severely constrains the usable technologies.

Most of the complications in the design and realization of muon detectors come
from the requirement that they should operate on a stand-alone basis and accomplish
both µ-identification and momentum measurement for penetrating particles; detectors
for high energy hadron colliders [1, 2] have also to cope with a remarkable amount
of physics background, as the influx of particles coming from uninteresting processes
tends to crowd the detector requiring a high sustainable local rate capability. Neither
of these problems can be regarded as very serious in case of e+ e− collisions, at least
in the region of polar angles ≥ 150mrad. The muon detector, as one can see with
available simulation tools, will work at a relatively low occupancy and even in the
worst type scenario of very dense jets, it will always be possible with the TESLA
detector geometry to match inner tracks with muon track candidates. As far as local
rate is concerned, by studying the environment for dense jets, e+e− → bb̄ for instance,
one can see that at the first active layer of the detector maximum local hit density is
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low. (see Fig. 5.0.1)
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Figure 5.0.1: Distribution of max. hit density (#/cm2) at the front face of the muon
identifier for bb̄ events: one entry per event is plotted in the histogram.

The association of inner tracks with muon track segments at the front face of the
muon detector depends on two main experimental parameters: the threshold momen-
tum and the spatial resolution of the device. Given the dimensions and the magnetic
field we plan to use, full efficiency is reached above 5GeV/c, as shown in Fig. 5.0.2.

The spatial resolution needed for the association with a track from the inner detector
is constrained by multiple scattering which is relevant for relatively low energy muons
inside jets, for example e+ e− → bb̄. The average momentum for this class of muons
is 20GeV/c. The spatial spread for single muons tracked through the detector is
shown in Fig. 5.0.3. The width of the distribution of a few cm corresponds to an
angular resolution of the order of few mrad; this value, as will be shown in detail in
the following sections, is sufficient to obtain a good association of charged tracks from
inner detectors.

The energy leakage one can expect out of the calorimetric system of the TESLA
detector is small but still sizable on the scale of the energy resolution one would like
to obtain: using bb̄ jet events at

√
s = 500 GeV one finds that about 5% of charged

tracks do leave some energy in the muon system. The energy spectrum, at the front
face of the muon system for these events can be seen in Fig. 5.0.4.
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Figure 5.0.2: Identification efficiency for single µ’s in the barrel region. The threshold at
≈ 5GeV/c comes from the amount of material in front of the muon identified (essentially
calorimeters and coil), from the magnetic field and the radial dimensions of the device.

Releases greater than 20GeV per track happen with a probability of around 0.1%;
for the class of events used, the average charged multiplicity is 38 and this translates
into a probability per event of having more than 20GeV released in the muon system
of the order of 4%. It is reasonable then to design a system capable of measuring this
energy with a fractional precision of the order of 40%.

5.1 Technologies

Instrumenting the flux return of a general purpose detector for colliding beams brings
about the problem of covering a large area with devices that will be difficult to replace
in case of failure. Large dimensions also imply that output signals must be routed to
collection points by means of relatively long cables. The chosen technology therefore
should allow the construction of very reliable detectors which are inexpensive and which
can be used to cover large areas. Large pulses would be helpful to keep the readout
electronics simple. Time resolution of the device is not extremely important, given the
bunch spacing one expects at TESLA, but some degree of timing would be useful to
help reject background which does not come from the interaction point. Two types
of detectors fulfill the requirements discussed above: Plastic Streamer Tubes (PST)[3]
and Resistive Plate Chambers (RPC) [4].

The RPCs, however, do carry a number of substantial advantages: detector con-
struction is very simple, as there is no need of stretching wires, their operation does not
rely on the 1/R behaviour of the electric field and malfunctioning tends to be confined,
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Figure 5.0.3: Spread in x (a) and y (b) at the front face of the muon identifier for muons
of 20 GeV/c emitted into the forward direction at 10◦.

unlike the PSTs in which a single non working wire might bring down a larger portion
of the detector. By the same token they do not have a preferred direction that might
make them vulnerable to background (i.e. wire direction ). Last but not least RPCs
can be shaped almost at will with obvious design and construction simplification [5].
The first choice for the TESLA detector muon system are RPCs while a backup solution
could rely on PSTs.

Both PSTs and RPCs have been working with non-flammable gas mixtures, and,
even with the non flammability constraint, operational mixtures can be adjusted to
requirements. Evaluation of the neutron background rate, especially for the outer
end caps planes, has to be carried out and the operating gas mixture must be tuned
accordingly.

5.2 Conceptual design

As noted in the previous sections, the longitudinal segmentation of the flux return
iron impacts the efficiency and robustness of muon identification as well as the overall
energy resolution of the subsystem when used in the calorimetric mode. Mechanical
construction and practical considerations suggest that the plate thickness should not
be smaller than 10 cm: at this level of segmentation, given the overall iron thickness
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Figure 5.0.4: Energy spectrum, at the front face of the muon system, for tracks that release
energy in the iron.

required to contain the coil magnetic field, fifteen planes of active detector could be
allocated to the end caps and sixteen to the barrel. The overall active area, in this
hypothesis, would be of the order of 7000m2. Performance in µ-identification and
calorimetry have been shown not to degrade much if the number of active planes is
reduced by 30%. In order to retain much of the calorimetric energy resolution, the first
10 layers are kept at a segmentation of 10 cm, and one last plane of detectors is added
just outside the iron. With this choice, there are 12 layers of RPCs in the barrel and
11 layers in the end cap.

The overall detector concept of the yoke split into three parts favours a solution
where the barrel parts of the two outer modules extend to the maximum z, and the
end-caps are completely inside the barrel itself. With this choice the barrel part of
the muon identifier would be 14.4m long and extend radially from 380 cm to 580 cm.
As previously noted there are 12 active planes for the barrel, one just in front of the
iron, then 10 interspersed in gaps 4 cm wide every 10 cm of radiator, with the last one
after the last 50 cm of iron. The overall length of the octagonally shaped flux return
of 14.4m, would be broken down into three pieces of 370, 700 and 370 cm in length
respectively. The end caps, relatively small in this design, would have the usual pie
shape and extend radially from 46 cm from the beam line up to the barrel inner radius.
Longitudinally, the end caps will occupy roughly 2m from 540 to 740 cm. RPCs can
be produced in different shapes and dimensions: at the time of writing maximum
dimensions are 1.3 × 3.2m2 [5]. To fill the long (700 cm) barrel slots one might use
a combination of 12 modules whose length is fixed at 115 cm and whose width varies
according to the radial coordinate from 157 to 238 cm. The short (370 cm) barrel
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slots can be filled with 6 modules 122 cm long and as wide as the ones for the long
slots. Modules can be manufactured in tiles spanning three modules by laminating
longitudinal strips or pad electrodes on one side across the total length. Long slots
will be filled with 4 tiles, short ones with two. Filling of the end caps is a bit more
complicated. In the framework of minimising the overall number of modules Fig. 5.2.1
gives a pictorial view of how end cap slots can be filled with 14 modules: four different
shapes would be needed to fill the end-caps slots.

Figure 5.2.1: RPC module filling of an end-cap slot: each plane is completely filled with
14 modules; RPCs with circular boundaries have already been successfully produced

The pole tip iron could also be segmented, adding a few (five) planes of active
detector. Details of the design depend strongly on the mechanical design of the iron.
As far as the arrangement of electrodes one would use, the first 11 (10 in the end cap)
layers would track muons and measure energy; strips alternating in two orthogonal
directions would be glued on one side of the RPCs, on the other side one would have
pads 25 × 25 cm2 (at the front face). Hadronic calorimeter projective towers would
thus extend into the muon system. The last layer will be equipped with crossed strips
to yield a full space point. Energy measurement would not have any longitudinal
segmentation: given the size of the streamer pulses, pads pertaining to various layers
can be added just using a daisy chain technique. Resolution requirements set by
multiple scattering determine the size of the tracking strips: an overall resolution of
O(1 cm) at the front face of the detector fixes the strip pitch to around 3 cm. In order
to keep the number of electronic channels per layer in the barrel constant one might
employ a sort of projectivity for the strip pitch too, widening it as radial dimensions
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increase. The electronics will include a single bit information for strip location: a fixed
or variable threshold discriminator would suffice, a 12 bit ADC would record the total
number of tracks crossing per pad, and time measurement at granularity 16 or 32 times
coarser than that of the strips would complement the overall information this system
will yield.

The channel count would be ≈ 70k discriminator channels, 2.5k ADC channels and
5k or 2.5k TDC channels according to the chosen granularity.

5.3 Performance

The performance for the muon system has been evaluated using the dense jet envi-
ronment of the bb̄ final states. The calculations were done based on a full simulation
of the TESLA detector [6]. The performance of the system for bb̄ events is shown in
Fig. 5.3.1. It can be seen that there is no significant loss of efficiency for muons in jets
compared to isolated muons. For this plot the efficiencies of all the layers have been
set at 95%, with the exception of the first layer, for which, given its pivotal role in
associating tracks with muon track segments, the efficiency has been set at 99%. Such
performance is readily attainable with the use of a double RPC layer.
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Figure 5.3.1: a): Efficiency vs. momentum for bb̄ final state in the barrel region for the
12 barrel/11 end cap module configuration described in the conceptual design section. b):
Ratio of the bb̄ final state muon identification efficiency to single particle identification
efficiency.
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As noted in the introduction the muon system plays an important role as a tail
catcher calorimeter. The amount of energy hadronic tracks deposit in the muon system
is small but not negligible on the scale of the targeted energy resolution of the TESLA
detector. In a bb̄ final state 4% of events have one track that leaves 20GeV or more
in the iron of the flux return: measuring that energy with a fractional resolution of ≈
40% would surely help the overall performance of the apparatus. In order to evaluate
the calorimetric track-counting resolution, the total number of hits pertaining to a
primary track and its secondaries were correlated with the energy of the primary track
at the entrance of the muon system; the correlation plot is found to be reasonably
linear. Using this simple algorithm, the overall resolution obtained as a function of the
primary energy is shown in Fig. 5.3.2.

∆E = 135%√
E

⊕ 20% GeV

Track energy (GeV)

Fr
ac

tio
na

l r
es

ol
ut

io
n

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

0 5 10 15

Figure 5.3.2: Calorimetric energy resolution for the muon system versus energy at its
front face, using the algorithm for energy measurement described in the text.

In conclusion, the design with 12 active planes (11 in the end-caps) seems to yield
robust performance: simulation runs reducing the detection efficiency of up to three
active planes to 50% show minimal loss of overall muon-id efficiency (≤10%). The
expected energy resolution in the calorimetric mode will scale as 150%/

√

(E) with a
constant term of (20±10)%.
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5.4 Cost

Scaling from costs of muon detectors already built or under construction with the same
technology one arrives at the following cost breakdown:

• RPC modules construction: 150 EUR/m2 : total cost 600 kEUR.
• Electronics: 70k ch’s discrimination, 2.5kch’s of ADC, 5kch’s TDC: total cost

500 kEUR.
• Ancillary equipment : electrodes, cables, crates, power etc.: total cost 900 kEUR.

The total cost of the system adds up to 2.3MEUR.
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6 Data Acquisition System

The main goal of the data acquisition (DAQ) system is highly efficient data taking
of interesting physics events in the presence of several orders of magnitude higher
background without losing data of a possible, yet unknown, physics process. In addition
the rates of the known interesting physics processes vary as well by several orders
of magnitude. These conditions drive the proposal of an event building without a
hardware trigger, followed by a software based event selection.

Larger and more complex detector structures are needed to measure the physics
processes with the required accuracy, resulting in subsystems having more and more
readout channels. The increasing number of readout channels requires signal processing
and data compression already at the detector electronics level and high bandwidth for
the event building network to cope with the data flow. The currently built experiments
have up to 108 front-end readout channels and an event building rate of a few kHz
moving data with up to 500Gbit/s.

The rapid development of fast network infrastructures and high performance com-
puting technologies as well as the higher integration and lower power consumption of
electronic components fits nicely with the requirements needed for such systems.

Furthermore it turned out that for such large systems a restriction to standard-
ised components is vital to achieve maintainability at an affordable effort, requiring
commodity hardware and industry standards to be used wherever possible.

Details of the data acquisition system depend to a large extent on the final design
of the different subdetector electronic components, most of which are not fully defined
today. Therefore the DAQ system presented here will be conceptual, showing possible
options and the feasibility of the system in general.

At the TESLA linear collider the operation conditions (see chapter 1) are differ-
ent from those of accelerators currently operating or being constructed. The main
parameters of the 500GeV design, relevant for the DAQ system, are:

• a long time interval between two bunch trains of 199ms,
• a separation of two bunches inside a train by 337ns,
• a train length of 950µs.

TESLA operation therefore results in bursts of 2820 bunch crossings (BX) with a
duration of roughly 1ms at 5Hz frequency. This yields a BX rate of 3MHz for 1ms
followed by a period of almost 200ms without any interaction giving an integrated
BX rate of 15 kHz. This burst structure leads immediately to the key element of the
proposed DAQ system:

• no hardware trigger,
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• dead time free pipelining of data for 1ms,

• front-end pipeline ready for the next train within 200ms, and

• event selection by software.

6.1 Technologies

The fast development in the computing and network area makes it almost impossible
to predict the technology which will be used to build a DAQ system in a few years from
now. Here a short overview of possible scenarios is presented, based on the experience
of currently running experiments and on studies for the experiments planned at the
LHC.

It is assumed that due to the high integration of electronic components the sub-
detector front-end will be equipped with hit detection or zero suppression capability.
For simplicity it is further assumed that digitising will be done at the detector level
already, although one could think of transferring analog signals as well. It is most
likely that in addition the number of readout channels will be reduced already at the
detector level by multiplexing several detector channels into a common readout line.
Examples of such readout electronics with the required capability are currently being
built for the LHC experiments, or are proposed for the subsystems described in this
report (see chapter 3.2 and [1]).

Taking current technology, the usage of fast (> 1Gbit/s) serial line input is assumed
from the subdetector to the data acquisition. The DAQ will be a multi-staged buffered
system based on fast network components like Gbit switches and commodity hardware
processing nodes like PCs.

A throughput of 300MByte/s for a 4×4 switch based on Gigabit Ethernet has been
demonstrated [2] and further development is ongoing to reach the goal of 500Gbit/s
throughput with 1000 × 1000 connections needed for the LHC experiments [3].

Data input rates of 100MByte/s into commercial PCs have been reached and
500MByte/s are envisaged for LHC experiments. Compared to LHC requirements
the throughput for event building at TESLA is moderate and should not be a major
concern in a few years time.

6.2 Conceptual Design

To achieve a dead-time free data acquisition under the TESLA operation condition, a
trigger-free pipeline of 1ms with readout of all data in the pipeline within 200ms is
proposed. The data throughput will be minimised at the subdetector level by using
zero suppression or hit detection before sending the data to the readout units (RU)
of the data acquisition system. The aim is to standardise the components to ease
maintenance and to minimise cost.

Depending on the bandwidth available two scenarios are considered:
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1. If the network bandwidth is sufficient to build a complete event within 200ms,
full event building of all subsystems for a complete train will be done in one
step in an event finder unit (EFU). This needs up to 2GByte/s event building
capability into one event finder unit, but avoids moving data several times and
makes event management and control easier.

2. If the network bandwidth does not fulfil the needs for full event building at
once, parallel subdetector event building is possible with further pre-processing
of subdetector data in the subdetector event building units (SEB), to reduce the
data volume further before the full event is built. This implies a further level of
event buffering to allow for the time needed to pre-process the data and implies
moving information twice across the network.

A schematic view of the data acquisition for scenario 2 is shown in figure 6.2.1. 1
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RU RU RU RU RU RU

Subdetector Event 
Builder Network

ControlsSEB SEB SEB SEB

Subdetector Event 
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Detector Frontend
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EFU EFU EFU EFU EFU
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Figure 6.2.1: Overall view of the trigger and DAQ concept.

Comparing this design with recently built or just being built experiments, it is
mainly the first level, hardware based, trigger which is omitted.

1For scenario 1 the subdetector building network is omitted and the functionality of the subdetector
event builder units is implemented into the event finder units.
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The subdetector specific part is realized in the front-end readout units which receive
the detector data via a fast serial link. All readout units will be read by a fast subde-
tector event building network. For scenario 2 the data will be moved into subdetector
event builder units. The data of a full train, i.e. for 2820 bunch crossings, will be read
into one unit at a time to free the pipeline for the data of the next train. To achieve
the necessary throughput, parallel building of the subdetector events is foreseen via
separate subdetector event building units. To allow for variations on the readout time
to more than 200ms an implementation of multiple pipelines or pipelines with multiple
train capacity can be foreseen. Subsequent trains can then be stored in the pipelines
while the readout is going on in parallel.

The subdetector event builder will perform a further pre-processing of the data such
as local pattern recognition or cluster finding to reduce the data volume further before
the full event is built via a second fast network, the full event building network, into
one event finder unit.

For scenario 1 the data will be read directly from the readout unit through the
event builder network into the event finder unit. At the level of the event finder unit,
the complete data of all bunch crossings within a train will be available for event
processing. This is needed because some subsystems, like the vertex detector or the
TPC, will have overlapping signals from consecutive bunch crossings.

Event selection is then performed in the event finder units. For each class of physics
process a specific finder process will identify the bunches which contain event candidates
and mark them as ‘bunches of interest’. All data for these ‘bunches of interest’ will be
fully processed and finally sent to the computing services which in this context means
permanent storage and physics analysis infrastructure. By running all possible finders
on all bunches and using the full data available, a maximum event finding efficiency is
achieved.

The best strategy for applying these finders and processing the data depends on
the topology of physics processes to be selected and their background processes. This
has to be further studied and optimised based on full Monte Carlo simulations with
the final detector and machine design.

By using a farm of finder units it is possible to build events from several trains
in parallel. A buffering in the subdetector event units or in the readout units will be
implemented in case the processing time varies such that the full event of the subsequent
train could not be built immediately into a free event finder unit. The size of the event
finder farm has to be such that the average processing time per train fits the train rate
of 5Hz. If for example a farm of 500 PCs is considered, an average processing time per
train of less than 100 seconds has to be achieved for 5Hz running. If 5 high multiplicity
events are found on average in a train this yields 20 seconds per event which is not
unusual with processor farms used in current experiments. The number of processing
units is expected to be on the order of 1000 for SEB and EFU each.

The proposed concept makes it possible to build a scalable system by adding more
parallel subdetector builder units or event finder units if network bandwidth or pro-
cessing power would limit data taking.

The use of off-the-shelf technology for the network and the computing units will
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ease maintainability and allow to profit from the rapid development in this area. The
system will also profit from the use of a common operating system like Linux and high
level programming languages already at the event building and event finding stage,
making the separation of on-line and off-line code obsolete and therefore avoids the
need to duplicate or even rewrite code for on-line or off-line purposes. This results in
a more efficient use of the common resources.

The impact of a 1ms active pipeline without trigger interrupt and therefore no
possibility of a fast clear or buffer flushing for the different subdetector pipelines has
been studied and readout technologies able to cope with this have been proposed. For
the vertex detector built in CCD technology [1] a column parallel readout at a speed of
50MHz during the active pipeline has been proposed, to handle the expected data rates.
For the TPC several designs are being studied which allow the collection of signals in
an un-gated mode for the full time of the pipeline by limiting the ion feedback with
grids or GEMs (see Chapter 2.3) and for the electromagnetic calorimeter built out of
silicon tungsten a continuously running pipeline with hit detection and multiplexing is
foreseen (see chapter 3.2).

6.3 Performance

Extensive calculations and simulations have been performed on physics and background
rates (see Part III, and Chapter 7) throughout the ECFA/DESY study. Table 6.3.1
summarises the event rates for some selected physics processes 1.

process cross-section events per train
[pb]

e+e− → e+e− 628 4.2
e+e− → qq̄ 2.7 0.02
e+e− → WW 7.6 0.05
e+e− → tt̄ 0.6 0.004
e+e− → γγ → qq̄ 27000 184
e+e− → γγ → l+l− 2100 14.3

Table 6.3.1: Expected event rates at 500 GeV.

From the total hadronic cross section for e+e−-annihilation about 0.1 events per
train are expected whereas about 200 events per train will come from γγ reactions.
The event size for a multi-hadronic event excluding background is estimated to be
200 kByte but for forward peaked low multiplicity γγ events it is much less.

The dominant source of data volume is the background from the beam beam in-

1A Luminosity of L = 3.4× 1034 cm−2s−1 is assumed, a detector acceptance cut of θ > 80 mrad has
been applied and for the γγ cross section W> 2 GeV was used
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teractions as described in section 7.1 and [4]. Table 6.3.2 summarises the dominant
background processes which are relevant for the data volume.

background from hits/BX tracks/BX cells/BX
VTX TPC ECAL

pair production 568 5 5040
γγ-hadronic reactions 16 1 100

Table 6.3.2: Expected background rates at 500 GeV.

The main sources are the photons from pair production reaching the TPC and the
ECAL and the hits produced by the pairs in the vertex detector. Although the γγ-
hadronic reactions here are treated as background the line between background and
physics events will finally be drawn by the physics groups and a considerable fraction of
these events will end up on mass storage for physics analysis. The background coming
from 103 −104 neutrons reaching the TPC and the ECAL is negligible in terms of data
volume as well as the background from beam induced muons which will be less then
0.1 muon per bunch crossing passing the TPC parallel to the beam-line.

The number of tracks and hits from background sources exceeds those from the
physics processes by more than two orders of magnitude thus giving the bulk data for
the DAQ system.

Table 6.3.3 summarises for the various subsystems the expected data volume (see
also [5]). The numbers are based on the physics and background rates quoted in
Tables 6.3.1 and 6.3.2.

component channels Data volume per train
[103] [MBytes]

VTX 799 000 8
SIT 300 1
FTD 40000 2
TPC 1200 110
FCH 20 1
ECAL 32000 90
HCAL 200 3
MUON 75 1
LAT 40 1

LCAL 20 1

total ∼ 873 000 ∼ 220

Table 6.3.3: Data Volume expected at TESLA
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component units price per unit [kEUR] total [MEUR]

readout units 10000 1 10
readout crates 500 10 5
event building network 4
subdetector building units 1000 1 1
event finder units 1000 1 1
permanent storage 1
infrastructure 1

total sum 23

Table 6.3.4: cost estimate for the data acquisition system

The number of hits produced in a detector part by a traversing particle is taken
from simulations and the data size per hit varies from 5 to 16 byte depending on the
accuracy required for the time and charge measurement.

The event building will be performed at 1-2GByte/s and an event finder output rate
of 30Hz is expected, including γγ physics processes as well as additional calibration and
background events for cross checks. The event size varies from 0.2MByte to 5MByte
depending on the amount of background included. Assuming background data to be
suppressed the processed event size will be on average about 1MByte which leads to
30MByte/s output to mass storage. This results in a total data volume of roughly
300TByte per year.

For TESLA operation at the Z mass with a luminosity of L = 7 × 1033 cm−2s−1

the total hadronic annihilation cross section of σ ∼ 30nb will results in an event rate
of 210Hz, which yields about 10MByte additional data from physics events per train.
The total input data volume for event building does therefore not change significantly.
A possible reduction of the data volume coming from background processes at the
lower energy is neglected here. The event finder output to permanent storage will then
increase, due to the physics rate, to about 30Hz and 300MByte/s.

In conclusion the proposed DAQ system is capable to ensure data taking with
maximum efficiency both for the high energy running as well as for the operation at
the Z mass. The software event selection based on the full event data available will
enable very efficient event recording for high as well as for low rate physics processes.
Compared to systems built for the LHC experiments the proposed DAQ for TESLA is
less demanding and key components like the fast switched network and the computing
units are available already today.

6.4 Cost estimate

Due to the rapid development in computing and networking technologies, only a rough
cost estimate can be performed by extrapolating from current hardware and prices.

Assuming the 109 channels multiplexed into 107 readout lines and 103 readout lines
on average being handled by a readout unit, 104 readout units will be needed and will
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be housed in 500 readout crates. Taking current prices for VME boards and VME
crates 1000 EUR and 10000 EUR each is expected. It is assumed that the price per PC
stays constant in the order of 1000EUR per processor but with an increasing processing
power and memory capacity. The development of networks will certainly be boosted
further due to the large demands resulting from the Internet community and prices
will decrease for larger switches. For each Gigabit connection of the event building
network 1000 EUR is estimated and 4000 connections are envisaged.

Table 6.3.4 lists the major components of the DAQ system and the cost estimates
with the above assumptions.
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7 Machine Detector Interface

The success of a particle physics experiment is very closely related to the interplay
between the detector and the accelerator itself. Monitoring polarisation, luminosity
and beam energy are not only needed for machine development but are also essential
tasks for the experiment itself. Additionally the understanding of background sources
resulting from the beams is necessary. The intense TESLA beams will be a large source
of beam induced background. Efforts to reduce the different backgrounds are essential
in the detector design. In addition, the monitoring of the background will be required
for the running experiment.

7.1 Backgrounds and the Mask

A number of different background sources are present in the interaction region. The
most severe ones come from beam beam interactions of the electron and positron beams
themselves. The high charge density of the colliding beams produces strong electro-
magnetic fields which bend the trajectories of the particles of the oncoming bunch.
This so called pinch effect increases in e+e− collisions the luminosity significantly, but
on the other hand it induces an intense emission of hard beamstrahlung photons (at√

s=500GeV, ≈ 6 · 1010 for each bunch crossing (BX) with a total energy of ≈ 2.6 ×
1011 GeV). These photons broaden the energy distribution of both beams. While the
photons themselves disappear in the beam pipe they are a source of background from
secondary effects. The main effects are e+e− pairs, hadronic background, neutrons,
and radiative Bhabhas.

Other beam induced background sources like muons, synchrotron radiation induced
background and beam gas scattering also have to be considered. Details on the different
backgrounds are given in [1, 2, 3].

7.1.1 Motivation for the mask

One of the main background sources is the production of e+e− pairs with typical
energies of a few GeV which stem from conversion of beamstrahlung photons in the
high electromagnetic field densities of the colliding bunches. The effects of incoherent
pair production1 have been studied using the simulation tool GUINEA-PIG [2]. The
numbers and the total energies of pairs produced in one BX are shown in table 7.1.1
for

√
s of 500 and 800 GeV.

1The number of pairs produced via the coherent production mechanism is negligible [2].
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500 GeV 800 GeV

Npairs/BX 129 000 153 000
Etot/BX [TeV] 361 810

Table 7.1.1: Number and total energy of pairs with energy E ≥ 5 MeV produced in one
BX, simulated with GUINEA-PIG [2].

The e+e− pairs created by beamstrahlung at the interaction point (IP) curl up in the
magnetic field of the detector coil and move longitudinally towards the quadrupoles
of the final doublets. The boundary of the pair trajectories however is quite sharp.
Figure 7.1.1 shows the xy profiles of electrons and positrons at the longitudinal po-
sition of z= +220 cm which is the position of the luminosity calorimeter LCAL (see
Section 7.1.2).
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Figure 7.1.1: xy profile of pairs (left: positrons; right: electrons) at z=+220 cm. The
circle indicates the inner aperture of the LCAL. Note the different length scales and the
logarithmic colour scale.

On their way in +z direction, the electrons are defocused by the oncoming electron
beam while the positrons are focused. This can be seen clearly by comparing the
dimensions of the profiles. The roles of electrons and positrons are exchanged on the
opposite side of the IP (where z < 0).

Most of the pair particles disappear through the beam pipe. A large number of
those is deflected in the magnetic fields of the quadrupoles and may hit the beam pipe
and the quadrupoles from inside. The absorption of the pair particles in front of and
inside the quadrupoles creates a large number of secondary particles which are a major
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background source for the detector. The detector has therefore to be shielded from
these backgrounds. A system of tungsten shields has been designed which absorbs a
large fraction of the pair particles and their secondaries.

7.1.2 Design of the mask

This system of tungsten shields, called the mask, will be installed around the final
quadrupole doublet. The cylindrical mask will have a conical tip towards the IP which
shields the tracking detectors from backscattered particles. The disc shaped tungsten
shield (the so called inner mask) has an inner aperture which is smaller than the
one of the quadrupoles, shielding the inner layer of the vertex detector from pairs
and secondaries which are backscattered from the quadrupoles, and from synchrotron
radiation photons produced further upstream. Graphite serves as a low Z absorber to
reduce the backscattering of showers which develop when the pairs hit the tungsten
shield. Additionally the graphite protects the vertex detector from neutrons originating
from the final focus beam line upstream. Fig. 7.1.2 shows a drawing of the mask
elements.
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Quadrupole

Graphite
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Figure 7.1.2: Mask layout. LCAL: Luminosity Calorimeter, LAT: Low Angle Tagger,
FTD: Forward Tracking Discs. Note the different horizontal and vertical scales.

Part of the mask will be equipped with two calorimeters to provide instrumentation
for low angle measurements and beam diagnostics. The luminosity calorimeter LCAL
is a radiation hard tungsten sampling calorimeter which can stand the high radiation
environment near the beam pipe. This calorimeter is integrated into the inner mask
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and serves as a collimator for the pairs and covers a polar angle region of 4.6 ≤ θ ≤
27.5mrad. As the number of impinging pairs, the deposited energy on the LCAL, and
the azimuthal energy distribution are measures for the luminosity, the LCAL will be
used as a pair monitor providing a fast signal for beam tuning (see section 7.4.4 in
Part II). Additionally it provides a limited ability to detect high energy electrons at
small angles.

The low angle tagger (LAT) is a silicon/tungsten calorimeter with a smallest in-
ner diameter of 9.6 cm which lies outside the region of the intense beamstrahlung
pairs (compare figure 7.1.1). It serves as a device for measurements of particles (e.g.
Bhabha scattering) in the angular region of 27.5 ≤ θ ≤ 83.1mrad. Additionally the
tungsten in this calorimeter is part of the shield which protects the tracking detectors.
The design and performance of both calorimeter is described in detail in section 3.5.

The space between the final quadrupole and the inner mask with the LCAL will be
used for the installation of vacuum components, beam position monitors and flanges.
The mask will also be instrumented with a laser interferometer for single beam profile
measurements (see section 7.4.4 in Part II).

7.1.3 Background in the detector

The mask has a significant role in reduction of the different background sources. In the
following the remaining influence of the different background sources on the detector
is discussed.

7.1.3.1 Pair background

The background resulting from pairs has been simulated [4] using the GEANT 3 based
detector simulation program BRAHMS [5] where the mask design is included in detail.
The cut off energies down to which charged and neutral particles are tracked in GEANT
were set to 10 keV. Figure 7.1.3 shows the tracks of 10 simulated pair particles and their
secondaries hitting the mask and beam line elements. Clearly visible is the amount of
secondary particles produced in the region of the LCAL and the quadrupoles.

LAT and LCAL A large part of the pairs is absorbed in the LCAL. Typical energies
of 20 (35)TeV are deposited there per BX for

√
s = 500 (800)GeV. Due to the sharp

envelope of the pair tracks, the LAT, which covers larger polar angles, receives a much
smaller amount of energy in the range of a few GeV per BX. Details on the LAT and
the LCAL are given in section 3.5.

Tracking detectors The part of the tracking system most susceptible to backgrounds
is the vertex detector. The first vertex detector layer has to be close to the IP to provide
the required vertex resolution. One limiting factor for the radius of the innermost layer
is the expected background from beamstrahlung pairs. Figure 7.1.4 shows the number
of hits expected per BX in the five layers of the vertex detector for a 3T and 4T
magnetic field at

√
s of 500GeV and 800GeV respectively.
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TPC

ECAL HCAL Muon System

Figure 7.1.3: Pairs from beamstrahlung hitting the mask elements. Only a very small
fraction of pairs created in one BX is shown. Charged tracks are shown in red, photons
in blue. Note the different scale in comparison to figure 7.1.2.

Detector 500GeV, 3T 500GeV, 4T 800GeV, 3T 800GeV, 4T

TPC (tracks) 7 5 7 8
SIT 1 22 23 16 17
SIT 2 15 7 9 5

FTD 1 36 17 42 27
FTD 2 29 17 34 18
FTD 3 19 12 19 13
FTD 4 12 8 14 13
FTD 5 13 8 16 8
FTD 6 11 7 8 7
FTD 7 6 6 6 6

FCH (12 planes) 111 63 53 69

Table 7.1.2: Charged hits per BX from pairs in the tracking detectors. The hits in the
forward chamber (FCH) are summed over all 12 planes, for the TPC the number of
charged tracks is shown.

The number of hits on the inner vertex detector layer is less than 420 (610) with
a 4T (3T) magnetic field at

√
s = 800GeV. This results in hit densities of less than

0.05 (0.07) hits per mm2 which is far below critical background levels (section 2.1.2).
Clearly a magnetic field of 4T as planned for the detector coil (section 4) is a significant
improvement over a 3T field.

The other tracking detectors are less susceptible to background, however, the num-
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Figure 7.1.4: Number of hits resulting from pair background in the five layers of the vertex
detector for a magnetic field of 3T (open symbols) and 4T (filled symbols) and for

√
s of

500GeV (squared symbols) and 800GeV (round symbols). The errors were assumed to be
Poisson distributed.

ber of background hits is also of importance there. Table 7.1.2 shows the number
of charged hits in both layers of the Silicon Intermediate Tracker (SIT), the seven
Forward Tracking Discs (FTD), and summed up for the 12 planes of the Forward
Chambers (FCH). The number of charged hits and the resulting occupancies in all
tracking detectors are acceptable.

The largest active tracking volume is the time projection chamber (TPC). The
main background source with respect to the beamstrahlung are photons which are
produced when the pair particles impinge on the LCAL/LAT, the beam pipe, or the
mask (compare Fig. 7.1.3). A number of these photons enter the TPC volume and
eventually convert into e+e− pairs. This leads to background tracks in the TPC.
Additionally shower particles may back-scatter from the electromagnetic calorimeter
(ECAL) into the TPC. These sources of background have been simulated and table 7.1.3
shows the results.

Fig. 7.1.5 shows the origin of photons which pass the inner radius of the TPC
volume. The large peaks at |z| ≈ 220 cm correspond to the z position where the pairs
hit the mask elements. The number of photons is comparable for

√
s of 500 and

800GeV.

The number of tracks in the TPC which result either from direct passage of charged
particles or which stem from converted photons is given in Table 7.1.2. These numbers
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500 GeV 800 GeV
N Etot [GeV] N Etot [GeV]

Photons from beam region 1325 3.11 1749 4.18
Photons from ECAL 11 0.02 10 0.02

Table 7.1.3: Number and total energy of photons from pairs per BX with E ≥ 10 keV
which enter the TPC from the beam region or are backscattered from the ECAL.
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Figure 7.1.5: Origin of photons from pairs which cross the inner TPC radius for a mag-
netic field of 4T and the 500 GeV (top) and 800 GeV (bottom) option. The total number
of photons is 1325 (1749) with total energies of 3.11 (4.18)GeV for

√
s = 500 (800) GeV.

lead to occupancies on the TPC readout pads which are of the order of a few per–
mill [6].

Calorimeters A large fraction of the photons entering the TPC is expected to eventu-
ally be absorbed in the electromagnetic calorimeter ECAL. In addition a large number
of photons is produced when the pair particles hit the final quadrupoles (Fig. 7.1.3).
As the calorimeters and the muon detection system surround the cylindrical tungsten
mask, the energy which is leaking out of the mask has to be considered as a potential
background source for the calorimeters as well. The result of a simulation is shown in
figure 7.1.6. The total leaking energy is around 0.7GeV per BX.

The numbers of electrons, positrons and photons originating from the sources men-
tioned and hitting the ECAL with energies larger than 3MeV (which is approximately
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Figure 7.1.6: Energy leaking out of the cylindrical tungsten shield by photons per BX
(total number: 375) which are produced from pairs for

√
s = 500GeV and 4T magnetic

field.

the minimum energy to produce a hit in a ECAL cell) have been simulated and are
summarised in table 7.1.4.

500GeV 800GeV
N Etot [GeV] N Etot [GeV]

ECAL barrel 101 0.63 152 0.87
ECAL endcap 91 1.29 117 3.97

Total 192 1.92 269 4.84

Table 7.1.4: Number and total energy of pairs and their secondaries (e±, γ) per BX which
enter the ECAL with energies larger than 3MeV.

7.1.3.2 Hadronic background

The beamstrahlung photons may interact hadronically (e+e− → e+e−γγ →e+e− hadrons)
which leads to background events in the detector. These hadronic reactions have been
studied in detail [2, 7] for

√
s = 500GeV using GUINEA-PIG and HERWIG 5.9 in-

cluding multiparton interactions. A cut on the – with respect to the beam direction
transverse – momentum of pt ≥ 2.2GeV/c has been applied.

The number of hadronic events per BX is given in table 7.1.5. The total number
sums up to 0.02 events per BX with an average (charged) multiplicity of 34.4 (17.4).
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Type events / BX multiplicity charged mult. Etot / BX
[10−2] [GeV]

direct 0.53 15.2 8.5 0.25
single resolv. 0.40 30.5 15.7 0.32
double resolv. 1.12 44.7 22.2 1.50

all 2.05 34.4 17.4 2.07

Table 7.1.5: Number of direct, single resolved and double resolved hadronic interac-
tions [7], multiplicities and energy for pt ≥ 2.2GeV/c.

This leads to a total charged hit density of less than 3.4 (5) ·10−5 hits per mm2 on the
inner layer (summed over all layers) of the vertex detector. In the integration time of
the TPC (∼160BX) around 110 charged tracks (incl. secondaries) will be superimposed
to the physics events. The background events could fake real physics events but the
time resolution of the TPC should allow to disentangle these tracks.

The total number of photons which stem from hadronic reactions and may even-
tually convert into charged particles inside the TPC is ≈ 7/BX with a total energy of
18.5MeV. This can clearly be neglected as background source.

7.1.3.3 Radiative bhabhas

Another possible background source is the production of low energy particles via
the beam-beam bremsstrahlung process e+e− → e+e−γ. The high energy γ disap-
pears through the beam pipe while the remnant beam particle (the so called radiative
Bhabha) may be dumped in the mask or the final quadrupole doublet and will even-
tually produce electromagnetic showers and neutrons there. These secondary particles
may scatter back into the detector. A detailed simulation [3] shows that the expected
background in the detector is negligible. Details are given in table 7.1.6.

7.1.3.4 Neutron background

Neutrons are produced through photo-nuclear reactions from electromagnetic shower
bremsstrahlung photons. Therefore any γ, e+, or e− hitting the mask or beam line
elements further downstream is a potential source of neutrons. Additionally large
numbers of neutrons are produced in the beam dump. Neutrons can scatter back into
the detector region from these different neutron sources. The simulation of neutron
production and the subsequent neutron tracking has been done for

√
s =500GeV using

the program FLUKA99 [8, 9]. The results are described in detail elsewhere [3, 10].
Most neutrons are produced as secondary particles in the interaction of pairs with

material in the beam-line (section 7.1.3.1). A total flux of the order of 109 neutrons per
cm2 and year, normalised to the silicon bulk damage by total non ionising energy loss of
1MeV neutrons, is expected at the position of the vertex detector. The total numbers
of neutrons depositing energy in the calorimeters are around 8000 (5000) per BX for
the ECAL (HCAL) with total deposited energies of the order of 10GeV. The number
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of neutrons passing the TPC is around 15000 per BX. This contains neutrons which
are reflected from the ECAL surface and pass the TPC more than once. Therefore
this number depends on the albedo of the ECAL. A modification of the ECAL surface
could reduce this number significantly. The neutron rates expected at the position of
the SIT and the FTD are given in table 7.1.6.

The spent electron and positron beams also produce large numbers of neutrons in
the main beam dumps 240m downstream from the IP. The number of neutrons per BX
radiating out of the concrete shield is small, but a significant number of neutrons travel
back through the 1m diameter entrance window of the dump. In total on each side
(positron and electron beam dump) 2.7 · 107 neutrons leave the beam dump carrying
a total energy of 1270TeV, of which most are backscattered through the entrance
window in the direction of the detector. The expected neutron background in the
detector, however, is small. In total around 33000 neutrons per BX hit the iron yoke
from the outside but less than 100 actually reach the HCAL. Less than one neutron
per BX is expected from this source in the tracking detectors.

Beamstrahlung photons are another possible source of neutrons. Due to the design
of the beam extraction system (compare section 7.6.2 in part II of this TDR) the
number of neutrons produced by beamstrahlung photons hitting beamline elements is
negligible [10]. The neutrons which are produced in the beamstrahlung dump 240m
downstream of the IP are well confined. Only very few neutrons leak back through the
entrance window which is small (20mm diameter) compared to the one of the main
beam dump. No significant neutron background is expected in the detector from this
source.

A total number of 2.8 · 105 neutrons with Etot = 1.3 · 103 GeV is produced by
radiative Bhabhas. This leads to a small background contribution; details are given in
table 7.1.6.

7.1.3.5 Muon induced background

Muons are produced in electromagnetic beam-nucleon interactions in the beam delivery
system (BDS). Electrons from the halo of the beam interact with beam line elements
and may produce muons. The production processes which have been investigated are
the Bethe-Heitler process (eA → Aµ+µ−e′), direct annihilation (e+

beame− → µ+µ−),
pion decay (eA → π± + X; π± → µ±ν), and muons produced from secondaries in
showers in the beam-line elements [3, 11]. Altogether 7 × 104 beam particles have to
be lost to produce one muon in the detector.

If 104 beam particles are in the halo of the beam this results in 0.3 muons per BX.
As the TPC (which covers roughly 1/4 of the detector cross section) samples around
160BX the total number of muon tracks per TPC readout is expected to be 11.

A muon protection system can be installed to reduce the muon rates in the detector.
A system consisting of 3 large magnetised iron spoilers would reduce the muon rate by
a factor of 200 − 500, a system of 20 toroids results in a gain of 1000 − 3000.
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Source Ntot

(Etot)
VTX (CCD)
Nhits/mm2

SIT
Nhits

FTD
Nhits

TPC FCH
Nhits

ECAL HCAL

Beamstr. γ 6.4 · 1010

2.6 · 1011 GeV
No direct beamstrahlung background in detector

Pairs (@ 4T)
129 000
E=361 TeV

L1: 36·10−3

L2: 3.1·10−3

L3: 0.7·10−3

L4: 0.3·10−3

L5: 0.2·10−3

SIT1: 23
SIT2: 7

D1: 17
D2: 17
D3: 12
D4: 8
D5: 8
D6: 7
D7: 6

Ntracks = 5
Nγ = 1336
Eγ,total =
3.13GeV

63
Ne±,γ = 1176
NE>3MeV = 192

n/s

Hadrons
pt ≥ 2.2GeV/c

0.02 events
E = 2.07GeV

L 1: 34·10−6

L 2: 6.6·10−6

L 3: 4.2·10−6

L 4: 2.9·10−6

L 5: 2.3·10−6

n/s n/s

Ntracks = 0.7
Nγ = 7.1
Eγ,total =
18.5MeV

n/s ECAL and HCAL: Etot=6GeV

rad. Bhabhas
3.9 · 104

1.7 · 106 GeV

Nhits=2
(L 1)

negligible Nγ = 3 negligible

n from RB
2.8 · 105

1.3 · 103 GeV
< 0.5 · 108

n/cm2/y
n/s n/s 110 n/s 90 3160

n from Pairs
70 000
E= 322GeV

O(109) 1MeV
n/cm2/year

439
both lay.

478
all discs

14551 n/s
Nn = 8024

Etot =
6.1GeV

Nn = 4669
Etot =

8.5GeV
n from
BS+dump see text negligible

Muons 7 · 104 Ne
Nµ

104 beam halo particles: Full detector: 0.3/BX; TPC: 11 Tracks / 160 BX.

Sync. Rad. 2.0 · 1011

2.0 · 108 GeV
60 γ/cm2/BX negligible

Beam-Gas 3 · 10−3

0.15 GeV
negligible

Table 7.1.6: Summary table of backgrounds for one BX at
√

s =500 GeV. n/s: not studied.
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7.1.3.6 Synchrotron radiation induced background

Synchrotron radiation is produced by both beams in the magnetic fields of the last
bending magnets and the final quadrupoles. The collimation system has been designed
so that no direct synchrotron radiation can hit any part of the detector. Backscattered
photons are however a potential background source. The main source for these photons
is the first collimator at a distance of 19m from the IP. The total number of synchrotron
radiation photons hitting the first collimator is of the order of 1011 photons per BX. The
calculation of backscattered synchrotron radiation [3] yields about 60 photons per cm2

per BX in the vertex detector with the photon energies below 1MeV. No backscattered
photons reach the TPC or the ECAL.

7.1.3.7 Beam-Gas background

The vacuum system of the beam delivery system and the interaction region has been
designed to maintain an average rest gas pressure of 10−8 mbar CO equivalence (com-
pare section 7.2.8 in part II of this TDR). Simulations have been performed to study
the effects of beam-gas interactions [3]. Tracking was performed through the last 600m
of the beam line including quadrupoles, collimators, mask, and the beam pipe itself.
Assuming a residual gas pressure of 5 · 10−9 mbar of CO, a number of 3 · 10−3 electrons
per BX leave the beam pipe near the IP which is negligible.

7.1.4 Background summary

The different background sources and the expected background rates in the detector are
summarised in table 7.1.6. The detector is shielded well from all background sources.
With respect to the chosen fine granularity of the detector elements the expected
background rates are small. We expect no problems with the total background rate,
the feasibility of recognising and subtracting the background, and with respect to
radiation hardness of detector elements.

7.1.5 Cost

Table 7.1.7 gives a summary of the cost estimate for the mask elements.

7.2 Polarimeter

A full exploitation of the physics potential of TESLA must aim to employ polarised
electron and positron beams with a high degree of longitudinal polarisation at full
intensity. The technology of polarised electron sources of the strained GaAs type is well
established [12, 1] and TESLA is therefore likely to deliver a state of the art polarised
electron beam with about 80% polarisation from the very beginning. The prospects for
the polarisation of the positron beam are under investigation. The proposed scheme of
Balakin and Mikhailichenko [13, 14, 1] to upgrade the envisaged wiggler type positron



7.2 Polarimeter IV-139

Source Cost estimate [kEUR]

Tungsten (material) 1200
Tungsten (processing) 250
Contingency 50

Total for one side 1500
Total for both sides 3000

Table 7.1.7: Cost estimate for the mask elements. A price of 100 EUR/kg for tungsten
has been assumed. The cost for the mask calorimeters LCAL and LAT are given in
section 3.5.

source of TESLA for the generation of polarised positrons will require R&D before it
can be implemented. A positron polarisation of 45-60% is expected (see section 4.3.7
in Part II of this TDR).

Equally important to the generation of high beam polarisation will be its pre-
cise measurement and control. The quantity of basic interest is the longitudinal spin
polarisation of the two beams at the interaction point. Since a precise polarisation
measurement at the e+e− interaction point itself is either impossible or difficult, the
point of measurement should be chosen such that beam transport and beam-beam
interaction effects are either negligible or small and well quantified. Other important
factors relate to the level of radiation backgrounds and to the technical infrastructure
and accessibility.

In the following, we shall give a brief description of the TESLA Compton Polarime-
ter. A detailed description is given in [15, 16]. The concept of the polarimeter is based
on the well established laser backscattering method, as it was already envisaged in the
TESLA CDR [1, 17]. The proposed location of the Compton IP, where the laser beam
crosses the electron or positron beam, is 630 meters upstream of the center of the e+e−

detector, near the end of the BDS tuning segment. Although the polarisation vector
experiences large rotations (due to the g-2 effect) as the beam traverses the ±3mrad
bends of the BDS, the beam and spin directions at the chosen polarimeter site are pre-
cisely aligned, except for a parallel offset, with the e+e− interaction and detector axis.
A polarisation measurement at the proposed upstream location will therefore provide
a genuine determination of the quantity of interest, as long as beam-beam effects are
negligible or correctable. This is indeed the case. We estimate the beam-beam induced
depolarisation at TESLA to be 0.5%.

We have also considered the possibility of downstream polarimeter locations, which
would in principle permit to investigate beam-beam effects experimentally, as was done
with the SLD Compton polarimeter at SLAC. However, the envisaged geometry of the
extraction beamline at TESLA appears to be unfavourable for beam polarimetry.
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Figure 7.2.1: Plan layout of the Compton polarimeter.

7.2.1 Compton polarimeter

The long straight tuning section of the BDS is foreseen for general beam diagnosis and is
also ideally suited for high quality beam polarisation measurements. Figure 7.2.1 shows
a plan view layout of the Compton Polarimeter. The laser beam crosses the electron or
positron beam with a small crossing angle of 10mrad at z = -630m, just upstream of
10 C-type dipole magnets (BFCH0) which bend the beam horizontally by 0.77mrad.
The transverse placement of the individual dipoles has been adjusted to accept a large
fraction of the recoil electron spectrum. The electron detector is a segmented gas
Cerenkov counter, similar in design to the one in use at the SLD polarimeter [18]. An
optional calorimetric photon detector can also be employed further downstream.

The energy spectrum, the associated spin asymmetry and the scattering angles
of the Compton scattered electrons and photons are shown in Fig. 7.2.2 for a beam
energy of 250GeV and a green frequency-doubled YAG or YLF solid state laser (photon
energy 2.33 eV). This configuration allows for good coverage of the most interesting
part of the electron spectrum with the spectrometer described earlier. In order to
accomplish this also for much higher or lower beam energies, it will be advantageous to
change the wavelength of the laser. At a beam energy of 400GeV, the laser should be
operated at the fundamental infrared wavelength (1.165 eV = 1064nm). At the Z-pole
(45.6GeV), fourth harmonic UV operation (4.66 eV = 266nm) will be advantageous.
The corresponding spectra and other relevant details can be found in [15].
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Figure 7.2.2: Energy spectrum (top), spin asymmetry (middle) and scattering angles (bot-
tom) of Compton scattered electrons and photons.

Since the optical elements of a laser beam line can only be optimised for a specific
wavelength, one should preinstall multiple laser beam lines in the tunnel, as indicated
in Fig. 7.2.1, if such a large change of the beam energy must be accomodated with
minimal polarimeter downtime.

The longitudinal polarisation of the electron beam is determined from the asym-
metry of two measurements of Compton scattering with parallel and antiparallel spin
configurations of the interacting electron and laser beams. In order to achieve good
statistical precision in a short time, the laser should ideally be pulsed with a temporal
profile that matches the pulse and bunch pattern of the TESLA linac.

A laser system with such exceptional properties is not commercially availible, but
has been developed at Max Born Institute for the Tesla Test Facility (TTF) photo
injector gun at DESY, where it has been in operation since some time [19, 20]. This
multi-stage laser system employs Nd:YLF and operates at a fundamental wavelength
of 1047nm in the infrared, which is converted in two steps to 2nd and 4th harmonic,
for a final wavelength of 262nm in the UV. The laser has delivered up to 250µJ (IR)
and 50µJ (UV) per bunch, with associated pulse widths σt of 16 and 8ps.The mean
IR power is ≤ 2W.

A variant of this TTF laser system would also be well suited for the Compton po-
larimeter. The luminosity that can be achieved with such a laser is typically six orders
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of magnitude higher than with a cw laser of similar average power. The statistics of
Compton produced events is very high, about 103 per bunch and 107 per second, for the
conditions listed in Table 7.2.1 and Fig. 7.2.2. Not all of this will be detected, never-
theless, it is clear that statistical errors will not matter in comparison with systematic
errors. We expect a performance similar to the SLD Compton polarimeter, with an
overall precision of ∆P/P ∼ 0.5% for the measurement of the beam polarisation.

e+/e−–beam laser beam

energy 250GeV 2.3 eV
charge or energy/bunch 2 · 1010 35µJ
bunches/s 14100 14100
bunch length σt 1.3 ps 16ps
average current(power) 45µA 0.5W
σx · σy (µm) 10 · 1 50 · 50
beam crossing angle 10mrad
luminosity 1.5 · 1032 cm−2s−1

cross section 0.136 · 10−24 cm2

events produced/s 0.2 · 108

events produced/bunch 1.4 · 103

∆P/P stat. error/s negligible
∆P/P syst. error ∼ 0.5%

Table 7.2.1: Compton Polarimeter Parameters at 250GeV

7.2.1.1 Cost of Compton polarimeter

The estimated cost of the Compton Polarimeter, based on year 2000 prices, is sum-
marised in Table 7.2.2. This cost table is figured on the assumption that the laser
and the electronics and data acquisition system (DAQ) will be located in a dedicated
surface building (Polarimeter Lab) at z = -615m in close vicinity to the polarimeter site
in the tunnel. It provides access to all critical laser and electronic elements and min-
imises the length of the laser beam transport and the cables. This scenario is therefore
strongly preferred for technical as well as economical reasons. The incremental cost of
an optional second laser beamline, which may be desirable to accommodate very differ-
ent electron beam energies with minimal polarimeter downtime, would be 150 kEURper
polarimeter.

7.2.2 Møller polarimeter

A different beam polarimeter concept based on Møller and Bhabha scattering has
been investigated [21]. As this method employs a thin ferromagnetic foil target in
the beam line, it could not operate in conjunction with physics data taking, but only
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Cost Estimate (kEUR)

Surface Building 250
Laser 400
Vertical Shaft 25
Laser Beamline and Optics 125
Vacuum Chambers 75
e-Detector 50
Cables 10
Electronics and DAQ 165

Total for one beam 1100
Total for both beams 2200

Table 7.2.2: Cost estimate for Compton Polarimeters

intermittently, if it is located upstream of the e+e− detector. In principle, it could be
located downstream in the extraction beam line, but it would have to confront the very
difficult conditions in this area and a feasible solution has to be found. The polarimeter
is based on a new target concept [22] which allows to obtain a systematic uncertainty
below 1%. With this precision it can be used to check regularly the absolute calibration
of the Compton polarimeter.

7.3 Energy Spectrometer

The measurement of the top quark mass with an error of less than 100MeV (which
is comparable to the error resulting from theory) requires the knowledge of the beam
energy of both beams (e+ and e−) with a precision of ∆E/E≤ 10−4. We propose two
different designs for an energy measuring device, a magnetic spectrometer and a setup
which makes use of Møller scattering. The second alternative could be combined with
a Møller polarimeter.

7.3.1 Requirements

Since a linear accelerator has no depolarising resonances, the method of resonant depo-
larisation (e.g. used at LEP) cannot be used to calibrate a beam energy spectrometer.
A calibration can only be done at the – due to the precise LEP measurements well-
known – mass of the Z. Therefore a method should be preferred which can provide an
absolute measurement of the beam energy.

The energy spectrometer cannot be installed in the extraction beam line as the
beam is very hard to control in this region and high background is expected there.
Thus we propose to use up to 50m of free space in one of the straight sections of the
final focus beam line. More space (≈ 100m) is available in the last 300m before the IP
but a very large background from beamstrahlung originating from the IP is expected
there.
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7.3.2 Magnetic spectrometer

Magnetic spectrometers with energy resolutions of a few 10−4 have been used for pre-
cision energy measurement at LEP [23] and SLC [24]. We propose a design which is
similar to the LEP spectrometer (fig. 7.3.1).

spectrometer magnet

ancillary magnet

1.8 m 10 m

25.4 m

5 mm
α= 0.5 mrad

Figure 7.3.1: Magnetic spectrometer. The circles indicate the beam position monitors
(BPMs). Not to scale.

The setup for TESLA should consist of a magnetic chicane of two deflection magnets
(B = 0.37T/m) and one spectrometer magnet with a magnetic field of B = 0.74T/m
and a length of 1.8m for all magnets. The field of the spectrometer magnet has to be
mapped to a resolution of ∆B/B≤ 3 · 10−5 which has shown to be feasible at the LEP
energy spectrometer [23]. Three beam position monitors (BPMs) on each side of the
spectrometer magnet are foreseen to measure the beam deflection angle (θ = 0.5mrad
@ 400GeV) with high precision. The beam energy is then given by

Ebeam =
ec

∫

Bdl

θ
. (7.3.1)

A spatial resolution of better than 1µm is required for the BPMs (comparable to
the BPMs used at the LEP spectrometer [23]). The BPM offset can be measured
by switching off the magnets and using the calculable ballistic path of the beam. As
the range of the BPMs might not be large enough to cover the then expected beam
displacement of ≤ 5mm the position of BPMs will be re-adjusted mechanically with a
position accuracy of better than 1µm.

We estimate the energy resolution of such a magnetic spectrometer to be a few
10−4. This can be improved by using BPMs with a resolution of ≈ 100nm, e.g. cavity
type BPMs. An energy resolution of ∆E/E ≈ 10−4 is then feasible.
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7.3.3 Møller (Bhabha) scattering

For electroweak precision measurements at TESLA in the vicinity of the Z mass peak
an accuracy in the energy calibration of 10−5 is needed (see Part III, Chapter 5). Møller
scattering has been studied as a possibility to measure the beam energy at LEP to a
resolution of a few 10−5 [25, 26]. The advantage of this method is the use of a physical
scattering reaction which does not disturb the beam like using a bend. Our proposal
foresees to use a hydrogen gas jet as electron target. Fig (7.3.2) shows the conceptual
setup of a Møller scattering spectrometer which can be installed in the electron linac.
A similar setup can be used to detect Bhabha scattering in the positron beam.

Θ1

Θ2

TESLA

Gas Jet

Silicon Microstrip Detector
ECAL

d

L

Recoil Proton Detector

Figure 7.3.2: Møller spectrometer. Not to scale.

With a gas jet of a few 1014 atoms per cm2 (typical for a cluster jet target, com-
pare e.g. [27]) luminosities in the order of 1031 cm−2 s−1 will be reached. The scattered
electrons will be measured near the symmetric angle (where θcms = 90◦) in a detector
setup of silicon microstrip detectors in combination with high resolution electromag-
netic calorimeters. The beam energy can be calculated from a precision measurement
of the scattering angles. The determination of the energies of the scattered electrons
allows a measurement independent on transverse beam displacements. The expected
resolution can be improved significantly, however, by an additional measurement of the
transverse beam positions. This could be realised by detecting the recoil protons of
elastic electron-proton scattering in a dedicated detector close to the target [26].

The accuracy of the energy measurement depends linearly on the precision of the
angle measurement. A precision aim of ∆E/E≈ 10−5 requires a resolution in the
angular measurement of the same order. With typical distances of L ≈ 20m and d ≈
20 cm, this requires accuracies of ∆L≈ 150µm and ∆d≈ 1µm (refer to Fig 7.3.2 ). It
has been shown [26] that (for LEP energies) errors originating from binding effects of
the electrons, finite energy resolutions of the calorimeters and radiative corrections are
small enough that an overall error on the energy measurement of a few 10−5 can be
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reached.
The Møller scattering method should reach a precision of 10−5 in a relative mea-

surement when it is cross calibrated using the well known Z mass [26].

7.3.4 Cost

The estimates for the magnetic and the Møller scattering energy spectrometer are
summarised in table 7.3.1.

Source Magnetic Spectrom. [kEUR] Møller Scatt. [kEUR]

Magnet 200 -
Field mapping 200 -
Cluster Jet Target - 750
Instrumentation 300 500
Mechanics 300 300

Total for one beam 1000 1550
Total for both beams 2000 3100

Table 7.3.1: Cost estimate for the magnetic and the Møller scattering energy spectrometers.
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8 Detector Integration

In this section a concept is presented for the experimental hall and for a procedure
to install, service and access the detector. Particular emphasis has been given to the
development of a concept which allows the access to the inner part of the detector,
without removing the detector from the beam line.

The size of the detector and these requirements lead to the following experimental
hall dimensions:

• hall width in beam direction 30m,
• hall length perpendicular to the beam 82m,
• beam height 8m above the floor,
• crane hook 19m above the floor.

The beamline divides the hall into a long 66m section and a short 16m section. The
long section will allow detector assembly, detector maintenance or detector upgrade
with the interaction region shielded by movable 2m thick concrete blocks. Commis-
sioning of the linac and machine studies are therefore completely independent of the
detector assembly status in the parking position. The length of the short section is
defined by the open position of the detector in the interaction region to allow access
to the vertex region. Two cranes with a capacity of 80 tons each are foreseen for the
handling of heavy items. Fig. 8.0.1 shows a sketch of the detector assembly arrange-
ment in the parking position with the installation area shielded against radiation from
linac operation by a system of concrete blocks.

8.1 Detector Mechanical Concept

The main design criteria when developing the mechanical concept of the detector were
to allow easy access to the innermost parts of the detector without moving the whole
detector into the parking position. To this end the detector has been divided into five
parts moving independently on air pads. The central yoke ring holds the coil cryostat
with the calorimeter and the central tracking chamber inside. The four corner half-
shells close the iron return yoke. The vertex detector and inner tracker are fixed to the
central beampipe. This concept allows access to the vertex and inner tracking systems
while the detector is in the interaction region with the central detector beampipe still
connected to the linac machine vacuum. The main idea behind this concept is that
after opening the yoke and removing the calorimeter endcap, the TPC is moved in the
beam direction by about one length, sliding over the mask system. In this way access
is possible to the innermost Si tracking detectors, the mask system and the beampipe
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Figure 8.0.1: View of the detector hall with the detector in the parking position. The beam
line is shielded with concrete blocks, so that the machine operation and the detector work
can proceed in parallel.
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in the interaction region. Fig. 8.1.1 shows the detector in the open position with the
four half shells opened and the TPC removed in the beam direction to clear the central
beampipe section.

A particularly difficult part of the mechanical design is the support and control of
the tungsten tube which is used as a shield and as a support for the final focusing
quadrupoles. During normal operation the tube is supported at its two ends, outside
the detector through the cantilever system shown in Fig. 8.1.2, and inside the detector
through a system of spokes to the cryostat of the coil. The distortion of the tungsten
tube in this situation is shown in Fig. 8.1.2, indicating, that the mask bends at most
250µm . The situation is very different during the opening of the detector. The
support at the tip of the mask has to be released. As a result the tip of the mask
will sag by around 20mm. This is counteracted by a system of cantilevers, so that the
tip at the mask remains stable, thus making sure that the inner detector which is in
part suspended from the mask is not destroyed. During movement of detector parts
an active system has to ensure that the tip of the mask does not move.

The technical solutions for the mechanical detector concept and the different assem-
bly and maintenance scenarios including support and moving mechanisms are described
in detail in reference [1, 2].

The detector is designed to be self-shielding. A layer of concrete about 1m thick
is added on the outside of the muon filter to stop slow neutrons. The machine sec-
tions between detector and linac-tunnel are shielded by movable concrete blocks. The
detector electronics are located in a 3-story trailer coupled to the detector at a fixed
distance. Fig. 8.1.3 is an isometric view of the detector in the beam position (with one
detector quadrant cut out and part of the shielding left out to show the structure of
the detector arrangement).
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Figure 8.1.1: View of the detector in the service position in the beam line. The yoke has
been opened, and the endcap HCAL has been removed with special tooling. The TPC has
been moved in the direction of the beam to clear the inner detectors and to allow access
to them.
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8000

0.2

Figure 8.1.2: Top: View of the mask and its support and cantilever structure. Bottom:
Results from a finite-elements calculation showing the deformation of the mask during
normal running operations. Scales are in mm. The mask is shown in the running position,
where it is suspended from the tip and at the base.
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Figure 8.1.3: View of the detector in the beam position.
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9 Detector Performance

In the relevant detector subsections the technical performances of the different com-
ponents are shown. As explained in Chapter 1 the four main requirements of the
detector are an excellent momentum resolution, flavour tagging capability, energy flow
reconstruction and hermeticity .

This section summarises the performance of the detector system for a set of bench-
mark physics reactions characteristic for the diversified TESLA physics programme.

9.1 Simulation Tools

To assess the performance of the detector two types of simulation programs have been
written. For detailed detector studies a full simulation program, BRAHMS, based on
GEANT3 [1] has been developed [2], which produces hits in the different subdetectors.
These hits are reconstructed with a pattern recognition and track fitting software,
largely based on code used by the LEP experiments [3, 4]. To allow physics studies with
high statistics the outcome of the full simulation is parameterised in a fast simulation
program, called SIMDET [5]. This program outputs measured tracks and calorimeter
clusters which are subsequently used in the physics studies.

9.2 Momentum Resolution

For the model independent analysis of the Higgs cross section, branching ratios and
mass, using the recoil mass against a leptonic Z-decay (see Part III, Chapter 2), it
is important to have very good resolution on the reconstructed Z- and recoil-mass to
minimise the background. The momentum resolution reached by the detector in the
central region is ∆1/p = 5 · 10−5 (GeV/c)−1. Figure 9.2.1 shows the generated and
reconstructed Z-mass and recoil mass at

√
s = 350 GeV. Due to the large natural

width of the Z the generated and reconstructed mass are practically indistinguishable.
The resolution on the recoil mass for single events is 1.2 GeV/c2. The long tail to
larger masses is due to initial state radiation and beamstrahlung. The width of the
reconstructed distribution is similar to the generated one, which is caused by a 0.1%
beam energy spread. Therefore also here the degradation of the signal due to the
detector is modest.
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Figure 9.2.1: a): Generated and reconstructed Z-mass and b): recoil-mass for e+e− →
ZH → '+'−H events at

√
s = 350 GeV (mH = 120 GeV/c2).

9.3 Flavour Tagging

For many analyses the performance of the flavour tagging is of utmost importance.
A light Higgs-boson decays predominantly into bb and top quarks decay in almost
all cases into a b-quark and a W-boson. In some analyses multi-b final states, like
ttH or ZHH, need to be separated from a large background. This requires a very
high b-tagging efficiency combined with a large rejection power against light and c-
quarks. In addition the measurement of the branching ratio of the Higgs into c-quarks
requires an efficient c-tagging with a very high rejection of b-quarks. Figure 9.3.1
shows the efficiency–purity curves for b– and c–tagging for jets from Z-decays [6]. The
b-purity stays above 90% for efficiencies up to 80% and also c–purities of > 90% can
be reached with around 30% efficiency. As indicated by the blue filled circles especially
the rejection of b-jets, needed for the Higgs branching ratio measurement, can be kept
high up to very high efficiencies. These are large improvements compared to what has
been achieved with present detectors. It has been checked that the performance of the
flavour tagging is essentially independent of the jet-energy up to at least 200GeV.

Figure 9.3.2 shows the precision that is reachable on the Higgs branching ratios
with the proposed detector [8]. The separation between H → bb̄, H → cc̄ and H → gg
is entirely due to the capability of the flavour-tagging.
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Figure 9.3.1: Efficiency versus purity of the b- and c-tagging for jets from Z-decays. The
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background has been suppressed artificially to indicate the tagging performance in the
Higgs branching ratio measurement. The green stars show the working points of the SLD
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Figure 9.3.2: Possible precision of the Higgs branching ratio measurement as a function
of the Higgs mass. For details see Part III, Chapter 2.
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9.4 Energy Flow

The third important task of the detector is the accurate measurement of the energy
flow. The energy flow algorithm has to provide an optimal estimate on the energy and
direction of partons, mainly to measure jet-jet invariant masses and to estimate the
momentum of unseen particles like neutrinos. Unlike at LEP, constrained fits are only
of limited use, since the initial state is less well defined because of beamstrahlung and
since many interesting channels end up in multi-jet final states where fewer constraints
are present. The resolution needed can only be reached by adding the momenta of
the charged particles, measured in the tracking system, to the energies of the neutrals,
measured in the calorimeters. To achieve this goal sophisticated software is needed
to separate overlapping showers from charged and neutral particles. At present a
jet energy resolution of ∆E/E = 33%/

√
E is reached [4], compared to ∆E/E =

60% · (1 + | cos θ|)/
√

E which has been achieved at LEP [9]. This is a remarkable
improvement made possible by the high granularity of the detector. The present energy
flow software does not yet use a true three dimensional reconstruction and better
methods are known. The goal of ∆E/E = 30%/

√
E should thus be reachable with

the calorimeters presented in chapter 3. Due to the high granularity of the detector
no dependence of the resolution on the polar angle is expected. The energy flow
performance of the detector at present is given in Fig. 9.4.1, which shows the difference
between the generated and the reconstructed visible mass in hadronic Z-decays at rest.
The jet-jet mass resolution in the central part is 3.1GeV.
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Figure 9.4.1: Mass resolution for hadronic Z-decays at rest.

Some interesting physics signals decay through intermediate resonances, which in
turn decay hadronically. To identify them, a good jet-jet mass resolution is important.
One example is the measurement of the trilinear Higgs coupling from the process
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e+e− → ZHH [10]. A signal of about 0.5 fb has to be separated from a huge background.
One handle is the jet-jet mass resolution to identify two Higgs- and one Z-boson.
Having reconstructed six jets a distance of the event to a signal event can be defined
as Dist =

√

(m12 − mH)2 + (m34 − mH)2 + (m56 − mZ)2. This variable is in general
larger than zero and exactly zero only when the invariant masses of all three jet pairs
are exactly equal to the expectation for the signal. The width of the distribution
for the signal is given by the energy flow resolution of the detector. Figure 9.4.2
shows this distance variable for simulated signal and background events for the energy
flow resolution as reached at LEP and for the TESLA goal. The separation improves
significantly with the better resolution. Figure 9.4.3 shows the achievable significance
for several assumptions on the resolution. This measurement is only possible if the
energy flow performance is extremely good. At least ∆E/E ≈ 35%/

√
E is needed to

establish the signal with an integrated luminosity of 1 ab−1.
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Figure 9.4.2: Distance variable for signal and background assuming a): ∆E/E = 60%(1+
| cos θjet|)/

√
E or b): ∆E/E = 30%/

√
E. For details see text.

If no elementary Higgs exists the structure of the mechanism that provides elec-
troweak symmetry breaking can be accessed analysing WW scattering in events of the
type e+e− → ννWW and e+e− → ννZZ. To do this analysis not only backgrounds
need to be suppressed but also the two types of reactions need to be separated. Due to
the two neutrinos escaping detection no constrained fits of the events are possible so
that the mass resolution is purely given by the resolution of the detector. Figure 9.4.4
shows the reconstructed masses for the two types of events with ∆E/

√
E = 30% and

∆E/
√

E = 60% [11]. Figure 9.4.5 shows the dilution factor, d, as a function of the cut
on the average mass of the two two-jet systems for both energy resolutions. This factor
gives an indication of the loss in statistical precision due to the selection efficiency
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Figure 9.4.3: Obtainable significance for the ZHH signal as a function of the energy flow
resolution for an integrated luminosity of 1 ab−1. The horizontal line is the significance
for the energy resolution reached at LEP (∆E/E = 60%(1 + | cosθjet|)/

√
E).

and the non-zero background from the other channel. The improvement going from
∆E/

√
E = 60% to ∆E/

√
E = 30% is equivalent to an increase of 30%-40% in the

luminosity, which is important for an analysis which is largely statistics limited.
In models with gauge mediated Supersymmetry breaking a long lived neutralino

can decay inside the detector into a photon and an invisible gravitino. These events
are characterised by a photon that is not pointing back to the interaction point. Using
the high granularity of the SiW-calorimeter the direction of an isolated photon can be
measured with a precision of ∆Θ = (8 + 68/

√
E)mrad (see Fig. 9.4.6). For a 20GeV

photon this corresponds to an impact parameter resolution at the IP of about 4 cm.

9.5 Hermeticity

Supersymmetric events are often characterised by a large missing energy, carried away
by the undetectable lightest Supersymmetric particles. For this reason these events are
easily confused with two-photon reactions where the electrons are lost in the acceptance
hole around the beam direction. Since the transverse momentum of the two-photon
event has to be balanced by the outgoing electrons, the veto angle for the electron
translates directly into the sensitivity to events with missing pt. One of the main
reasons to instrument the mask is therefore to reduce the acceptance hole for ener-
getic electrons as much as possible. As an example Fig. 9.5.1 shows the reconstructed
transverse momentum of muon pairs from two photon interactions with and without
the instrumented mask, compared to a possible smuon signal from Supersymmetry if
the mass difference between the smuon and the lightest neutralino is very small. The
sensitivity in the mass difference increases by more than a factor two if the veto angle
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Figure 9.4.4: Reconstructed masses for e+e− → ννWW events and e+e− → ννZZ events
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for electrons can be brought down from 83mrad to 25mrad with the help of the LAT.
Another important task of the LAT is the measurement of the absolute luminos-

ity. The luminosity at an e+e−-collider is most conveniently measured from Bhabha
scattering in the forward region which is a high cross section QED process. Due to
the steep angular dependence (dσ/dθ ∝ 1/θ3) the most important requirement for a
precise luminosity measurement is an excellent position resolution to define the inner
acceptance border. Using SiW calorimeters at LEP a precision of < 0.1% has been
reached and there is no reason why this should not also be possible with the LAT [12].

9.6 Other Topics

For many analyses like threshold scans or high precision measurements in the contin-
uum a good knowledge of the luminosity spectrum is required. This spectrum can be
measured from the acolinearity of Bhabha events in the forward region [13]. In the
same analysis also the beam energy spread can be measured.

Figure 9.6.1 shows the differential luminosity reconstructed from Bhabha events
in the FTD [14]. Without including the beam energy spread a small dilution due to
detector resolution can be seen, however the smearing due to the beam energy spread
is much larger than detector effects. Already with 3 fb−1 the average fractional centre
of mass energy after beamstrahlung,

√

s′/s, can be measured to 5 · 10−5, better than
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Figure 9.4.6: Directional resolution of the Calorimeter for isolated photons as a function
of the energy.

the precision on the beam energy. The error on the fraction of events in the peak at√
s′ =

√
s is 5 · 10−3 with this luminosity. As an example, the top-pair cross section

near threshold is < 0.5pb resulting in at most a few thousand events per scan point,
so that this accuracy is also largely sufficient.



9.7 Conclusions IV-165

tp /Eb

fb
 p

er
 b

in
fb

 p
er

 b
in

1010
-2-2

1010
-1-1

11

1010

1010 22

1010 33

1010 44

1010 55

00 0.020.02 0.040.04 0.060.06 0.080.08 0.10.1 0.120.12 0.140.14 0.160.16 0.180.18 0.20.2

~ m/m = 11.2%µ Δ

m/m = 2.8%~
~ m/m = 5.6%µ Δ

µ Δ

+ LAT veto2γ

, ECAL veto2γ

2γ

Figure 9.5.1: Reconstructed transverse momentum distribution for muon pairs from smuon
production with a small mass difference, ∆m, to the lightest neutralino compared to the
background from two–photon interactions with different angle cuts on the outgoing elec-
tron. The simulation was done with

√
s = 189 GeV and mµ̃ = 90 GeV. However all cross

sections follow approximately the same scaling if ∆m/m and mµ̃/
√

s are kept constant.

Another important task of the detector is particle identification, especially to sep-
arate leptons from hadrons. Leptons in jets can identify semileptonic b- and c-decays
and help to tag the quark charge. Isolated leptons signal W- and Z-decays and mea-
sure the W-charge without ambiguities. Isolated pions can stem from τ -decays and in
many analyses it is important to separate τ ’s from electrons and muons. Figure 9.6.2
shows the efficiency to identify isolated electrons and pions with the ECAL and muons
and pions with the digital HCAL. Since the output of the identification algorithms are
binary the misidentification efficiency in the wrong channel is one minus the efficiency
in the correct one. For momenta above 3GeV isolated electrons, muons and pions can
be separated with an efficiency of more than 99%.

If TESLA runs on the Z-peak with large luminosity (GigaZ) CP-violation in the B-
system can be analysed [15]. For the measurement of sin 2α from B0 → π+π−-decays
the decays B0 → π+π− and B0 → K+π− need to be separated. Figure 9.6.3 shows
that this separation can be done with a very high purity using only the invariant mass
resolution of the detector and the remaining background can be rejected using the
dE/dx measured in the TPC.

9.7 Conclusions

The detector for the e+e−-interaction region has been optimised to fulfil the require-
ments set by the physics goals of the project: hermetic tracking down to 100mrad
with excellent momentum and angular resolution, unprecedented flavour tagging capa-
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bilities, and hermetic calorimetric coverage down to 25mrad, with high granularity to
reconstruct the energy flow in multi-jet final states.

The detector can be used over the full TESLA energy range, i.e. 90 GeV to ∼ 1 TeV
making it cost effective and reducing simultaneously the systematic uncertainties in the
measurement of the energy dependence of physics observables.

In this section the performance of the detector has been demonstrated using a few
challenging physics reactions. As seen in these examples the analyses are in general
not limited by the detector and the detector resolution affects the expected results only
marginally. However the detector cannot be downgraded substantially without losing
important physics opportunities.

The total cost of the detector will be in the range of 160-280MEUR. The exact price
depends on the technology option chosen, which can be decided only after intense
further development work and simulation studies.
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Figure 9.6.2: Identification efficiency for isolated electrons (a) and hadrons (b) with the
ECAL and muons (c) and hadrons (d) with the HCAL.
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