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Abstract 

The ATLAS collaboration proposes to build a ge11eral purpose proton-proton detector for 
the Large Hadron Collider, capable of exploring the new energy regime which will become 
accessible. The detector would be fully operational at tl1e startup of the new accelerator. 
Tlie detector concept, the research and developmc11t work l1nder way to optimize the de
tector design, and its proposc<l implementation arc described, together with examples of its 
discovery potential. 
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1 Introduction aud Overview 

The ATLAS Collaboration proposes in this Letter of 
Intent a general-purpose pp experiment which woul<l 
be operational at the startup of the Large Hadron 
Collider (LIIC) in order to exploit its full discovery 
potential. The LJIC offers a large range of physics 
opportunities, among which the origin of mass at the 
electroweak scale is a major focus of interest. The 
detector optimization is therefore guided by physics 
issues such as scnsitivity to the largest possible Higgs 
mass range, but also for exftmple hy detailed studies 
of top quark decays, Supcrsymmetry searches, and 
sensitivit.y to large compositcness scales. The abil
ity to cope with a broad variety of expected physics 
processes also demonstrates 1nost importantly the de
tector's potential for unexpected new physics. 

Many of the interesting physics questions at the 
LTIC require high luminosity, and so the primary goal 
of the experiment is to operate at the standard high 
luminosity for LHC of 1.7 · 1031 cm- 2s-1 with a de
tector that provides as many signatures as possible of 
new physics using electron, gamrna, muon, jet, and 
missing transverse energy measurements. 

Emphasis is also put on the performance neces8ary 
for physics accessible during the initial lower lumi
nosity running. The experirnent. \viii address more 
complex signatures including ta11 detection and heavy 
flavour tags to as high a luminosity as practicable. 

Finally, for a restricted set of signatures, the de
tector is conceived for safe performance even at the 
highest possible lun1inosities which could be delivered 
by the LHC. 

1.1 Basic Design Considerations 

The Standard ~1odel (S1l) Higgs search can be used 
as a fir8t benchmark for the detector opti1nization. 
The search strategie8 and methods are rather ¥-"ell 
known from general studies. In order to cover the 
full rr1ass range above the expected discovery li1nit at 
LEP of about 1n11> 80 GeV one needs sensitivity to 
the following processes (£ = e or 11): 

JI -11 from ''1H, ZII and tt II using a e± tag, 
mass range 80 < mtt < 130 GeV; 

H ___. ~II direct production, 
mas8 range 90 < mtt < 150 GeV; 

TI ___.zz* ___. 4£± 
mass range 130 Ge\! < mtt < 2mz; 

H-zz___,:Jf±, 2c±211, 
mass range 21nz < mtt < 800 GeV; 
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H --.WW, ZZ--. e±v 2 jets, 2£± 2 jets, 2e±211, 4e± 
from WW, ZZ fusion using tagging of forward jets 
for mtt up to about 1 TeV. 

The expected observable cross-sections at LIIC are 
small both for the low (mH < 2mz) and very high mH 
range, hence the need to operate at high lun1inosities. 
Also it is well documented that good mass resolution 
i8 irr1portant for efficient Higgs searches in the range 
mtt < 2mz. 

As a second benchmark one may use the search for 
particles of the Minimal Supersymmetric extension of 
the Standard Model (MSSM). In addition to signa
tures similar to the ones for the S~.f Higgs, one needs 
sensitivity to processes like: 

A___. r+r- ----> eµ plus v's 
- e± plus hadrons plus v's; 

In particular JI± searches from the reaction tt -
H±b\V=fb, are strongly enhanced by b-quark tagging 
as are t-quark studies in general. These processes 
are expected to have observable cross-sections even 
at lower luminosities (1033 cm- 2s- 1 ). 

Other LHC benchmark processes like Super8ym
met.ry (SUSY) and effects of quark compositeness in
clude as further signatures the missing transverse en
ergy (ET;'') from undetected lightest stable SlJSY 
particles (LSP) and deviations in the jet cross-section 
frorr1 the QCD expectations for very high pr jets re
spectively. 

These few examples, along with many others, show 
that sensitivity to a variety of final st.ate signatures is 
required. The basic design considerations are there
fore: 

• very good electromagnetic calorimetry for elec
tron and photon identification and 1neasure
rnents, c.omple1nented by hermetic jet and 1niss
ing Er calorimetry; 

• efficient tracking at high luminosity for lep
ton momentum measurements and for enhanced 
electron and photon identification, and tau and 
heavy flavour tagging capabilities at lov.'er ]umi
nos.ity; 

• prec1s1on muon mornentum rneasurements with 
stand-alone capability at highest luminosity. 

In order to maxin1ize the physics reach and to opti
mize the exploitation of the LIIC it is a180 irnport.ant 
to achieve: 



• large acceptance in 1/ coverage; 

• triggering and measurements of particles at low 
thresholds 

The performance goals are summarized in Ta
ble 1.1. They have been chosen primarily as a re
sult of detailed physics performance studies as well 
as seeking to stay within cost-effective and feasible 
technologies which fulfil the essential physics require
ments. 

1.2 Overall Detector Concept 

The magnet configuration has a major influence on 
the overall detector concept and on how well the per
formance goals can be met. Careful studies have 
led us to the conclusion that a toroid muon magnet 
system complemented by an inner superconducting 
solenoid offers the best solution: 

• almost no constraints on calorimetry and inner 
detector allowing non-compromised technologi
cal solutions; 

• a large acceptance and robust stand-alone muon 

for jet and ET""••measurements is extended from the 
central region (TJ = ±3) into the forward regions by 
separate detectors covering the range 3 < 1'71 < 5. 

The main dimensions are indicated in Figures 1.1 
and 1.2. The overall weights are 6 kt and 30 kt for 
the two toroid options respectively. 

1.3 Detector Subsystems 

The choice of specific detector subsystems will be 
based on the results and extrapolations from R&D 
activities. At this early stage of preparation for LHC 
instrumentation, it is not yet possible to make a def
inite selection of the technology in all cases, and fur
ther R&D results and design work are needed. Wher
ever sufficient studies are already available, a baseline 
design with the preferred technology is presented in 
this document, with a brief mention of alternative 
solutions. Decisions on open choices will be made 
before the Technical Proposal. 

A summary of the detector subsystems is given in 
Table 1.2, with quantitative performance figures 1n 
the corresponding chapters. 

detection system. 1.3.1 Calorimetry 

At this stage both a superconducting air-core and 
a warm iron-core magnet are options for the barrel 
and end-cap regions. Although the superconducting 
design offers superior performance, further studies of 
technical feasibility, operationa1 safety and cost im
plications are needed before a final choice is made 
between the two magnet options. A combination of 
a long superconducting air-core barrel toroid with 
warm iron-core end-cap toroids is also an attractive 
solution, considering possible large background rates 
in the forward directions, as well as cost arguments. 
The open choice for the optimum muon magnet tech
nology does not greatly influence the conceptual lay
outs of calorimetry and inner detector at this stage. 
However, in view of its impact on the future detailed 
design of the overall detector, the decision will be 
made as early as possible well before the Technical 
Proposal. 

The generic overall detector layout is shown in 
Fig. 1.1 with a superconducting air-core toroid and 
in Fig. 1.2 with a warm iron-core toroid, with the 
corresponding configuration of the muon chambers. 

The inner detector is confined to a cylinder of 
length 6.80 m and radius 1.10 min a field of 2 T pro
vided by a superconducting solenoid. The thin coil 
is integrated into the inner cryostat wall of a Liquid 
Argon (LAr) preshower detector and electromagnetic 
sampling calorimeter. Hermetic hadron calorimetry 
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The baseline technology for the electromagnetic part 
is a highly granular LAr sampling calorimeter with 
Pb absorber, including an integrated preshower de
tector for 'Y - "/To separation. In the barrel region the 
recently developed 'Accordion' structure is used as 
baseline design whereas both the 'Accordion' and the 
'Thin Gap Turbine' (TGT) structures are currently 
options for the end-cap regions. 

Iron absorbers will be used for the hadron calorime
try. The technology choice is still open and will be 
made among the options under active investigation 
with LAr, scintillating fibre or scintillating tile read
out media. Depending on the solution, the central 
solenoid flux return yoke will be integrated into the 
hadron calorimeter or surround it. 

The separate forward calorimeters have a replace
able read-out medium in order to survive extremely 
high radiation doses. Ongoing tests with liquid scin
tillator and with high pressure gas designs will be 
used to make a selection. 

1.3.2 Inner detector 

The basic functions of the inner detector, namely pre
cision momentum measurements of leptons and elec
tron (and photon) identification at high luminosity 
as well as r and b tagging at lower luminosities, are 
achieved in the baseline concept by combining three 



technologies adapted to the LHC tracking environ- 1.4 
ment. 

Construction, 
Cost 

Installation and 

The interaction region is surrounded by Si micro
strip detectors extending up to a radius of about 
35 cm and 1'71 < 1.5. Their purpose is to provide 
an initial high precision track vector and with the 
innermost pixel layer to give impact parameter mea
surements. GaAs micro-strip detectors will be used 
to extend the coverage to larger 1/ where the radiation 
dose is highest. 

At larger radii, pattern recognition and tracking 
are based on integrated designs of straw tubes with 
transition radiation detection (TRD) capability and 
high precision track vector measurements in Si and 
gas strip and pad detectors. Highly efficient Si track
ing is well suited for the very central region (1111<1) 
whereas radial micro-strip gas counters (MSGC) are 
well adapted for the forward tracking. The optimiza
tion of the inner detector layout is not finalized at 
this stage, neither in terms of performance nor costs, 
and alternative layouts are also studied. 

1.3.3 Muon detection 

In the toroid magnet configuration the muon trig
gering and identification can be made entirely out
side the calorimetry, after a substantial thickness of 
absorber material, without using the inner detector. 
This feature, together with the stand-alone momen
tum measurement capability of the muon system, will 
allow the safe use of muon signatures up to the high
est possible LHC luminosities. Excellent stand-alone 
performance is achieved for the superconducting air
core option, whereas still adequate, though multi
ple scattering limited performance is obtained with 
the warm iron-core option. An independent muon 
momentum measurement is provided by the inner 
detector, and the best resolution is reached with a 
combined measurement in the inner tracking and the 
muon system. 

The superconducting air-core design is based on 
a twelve-fold symmetry with individual coils provid
ing a field integral of 3 Tm at 1/ = 0. A sagitta 
measurement is made with three pairs of superlayers 
of chambers. The warn1 iron-core toroid option has 
2.5 m of iron magnetized at 1.8 Tat '1 = 0. Entrance 
and exit angles are measured with four superlayers of 
chambers. 

Performance tests and design studia<; are under
way to choose among the following high precision 
chamber technologies: high pressure drift tubes, hon
eycomb strip chambers and drift chambers with jct 
cell geometry. Trigger signals are either derived from 
the same detector or provided by additional resistive 
plate chambers. 
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It is the firm goal of the Collaboration to have the de
tector fully operational at the start-up of the LHC. It 
will be installed into a longitudinal experimental hall 
through a large diameter shaft in large pre-assembled 
units. Assembly and accesses exploit longitudinal dis
placements of the end toroids as well as of detector 
components inside the barrel toroid. 

The physics requirements, rather than a fixed cost 
target, have been the primary design criteria for the 
detector concept, with the aim however of meeting 
them with cost-effective and feasible technologies. 
The ATLAS Collaboration is still at an early stage 
of cost estimates and optimization. The preliminary 
material cost of the complete detector is estimated 
to be in the range 370-450 MCIIF depending on the 
final choices of the detector subsystem options. Sce
narios with deferred installation of parts of detector 
subsystems and the resulting reduced physics perfor
mance would have to be considered, should financial 
or time constraints impose a need for it. 

1.5 Layout of the Letter of Intent 

The three main subsystems of the ATLAS detector 
concept, calorimetry, inner detector and muon spec
trometer, are discussed first. These chapters are fol
lowed by a discussion of the trigger and data acquisi
tion aspects. After that, experimental area, installa
tion, safety and radiation environment are considered 
briefly in two chapters. The expected physics perfor
mance is presented in the final major chapter with 
examples of processes representative of the physics 
potential of the proposed experiment. Finally, R&D 
needs, preliminary costs and schedules, collaboration 
structure and construction responsibilities are briefly 
summarized in the last chapter. 
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Table 1.1: Performance goals 

Detector component Resolution, characteristics 1J coverage 
Measurement Trigger 

Em calorimetry 10%l{E E& 1% ±3 ±2.5 
Preshower detection Enhance 'Y - 71"

0 separation ±2.5 
Jet and missing Ey 
Calorimetry 
- barrel and end-cap 50%/v'E E& 3% ±3 ±3 
- forward 100%/v'E E!l 7% 3 < 1.1 < 5 3 < l•I < 5 
Inner detector 5·lO"'PTE!l1% ±2.5 

Enhance electron identification ±2.5 
r and b tagging ±1.5 

Muon detection 20% or better at PT - 1 TeV ±3 ±2.5 
Stand-alone capability 
at highest luminosity 

Table 1.2: Subdetector summary 

Subdetector T/ coverage Ba..;;eline design Alternatives Comments 
Inner detector ±2.5 
- vertexing ±1.5 Si pixels Si micro-strips Removable at high £ 
- innermost tracking ±1.5 Si micro-strips if necessary 

> 1.5 GaAs micro-strips 
- outer forward tracking > 1 MSGC and TRD straws 
- outer central tracking ±1 Si strips and pads MSGC or Further studies needed 

TRD straws scint. fibres to optimize layout 
Superconducting solenoid Integrated in I,Ar cryostat Separate cryostat 2T 
Calorimetry ±5 
- em with preshov.•er 

- barrel ±1.5 LAr Accordion LAr 'l'GT 
- end-caps 1.5-3 LAr Accordion or TGT or scint. fibres 

- hadronic Possibly a tail 
- barrel and end-caps ±3 LAr, or scintillating fibres catcher calorimeter 

or scintillator tiles in case of LAr 
- forward 3-5 Liquid scintillator 

or high pressure gas 
Muon system ±3 
- magnet ±3 SupPrconducting air-core 

or warm iron-core toroids 
- tracking detectors ±3 Iligh pressure drift tubes 

or honeycomb strip chamb. 
or jct cell drift chambers 

- trigger ±2.5 Resistive plate chambers Combined with 
tracking detector 
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2 Calorimeter System 

2.1 Introduction 

The study of the physics accessible at LUC has led 
to the following design criteria for the calorimetry 
system: 

• good electromagnetic (em ) calorimetry for iden
tification and measurement of photons and elec
trons in the energy range from 7-10 GeV up to 
a few TeV; 

• hermetic jet and missing transverse energy mea
surement; 

• ability to operate and trigger at luminosities in 
excess of 1034 cm- 2s- 1 ; 

• ability to tolerate the radiation level accumu
lated during at least 10 years of operation. 

This leads us to propose a system as shown in 
Fig. 2.1. Calorimetry covers a rapidity range 111\ < 5 
with full coverage of azimuth. The barrel and end
cap parts (1111 < 3) consist of a lead/liquid argon 
(LAr) electromagnetic (em) calorimeter, followed by 
a hadronic calorimeter, thick enough to contain the 
very high energy jets which will be produced at LHC. 
In the forward region (3 < 111\ < 5) where speed and 
radiation hardness are crucial, a separate detector 
with somewhat lower performances is used. 

The superconducting solenoid, providing the cen
tral field, is placed in front of the em calorimeter, 
with its coil being integrated in the cryostat of the 
barrel calorimeter. The position of the solenoid coil, 
in front of the em calorimeter rather than behind, 
results from detailed simulation studies. The loss of 
resolution due to an increase in the dead material in 
front of the calorimeter is found to be less serious 
than the disadvantages which would result from the 
coil being placed behind the em calorimeter: shower 
widening due to the presence of a magnetic field, 
degradation of the jet energy measurement due to the 
dead space occupied by the coil, and higher costs. 

The choice of the LAr technology for the 
em calorimeter is motivated by: 

• the radiation hardness of this technique; 

• the significant progress which has recently been 
achieved in the readout speed by the RD3 col
laboration [1]; 

• the ease of segmenting the calorimeter in small 
cells to reduce pile-up; 

• the stability of the detector response and its uni
formity which make energy calibration easier. 

It is supported by the successful building and opera
tion of large-scale detectors like JI 1 [2] and DO [3]. 

A preshower detector, located between the 
cryostat-coil assembly and the calorimeter, serves for 
particle identification and photon direction measure
ment. It allows us also to correct for the energy lost 
in the upstream material. 

A lead-fibre em calorimeter, following the tech
nique developed by the RDl collaboration [4], is kept 
under investigation as an alternative. 

For hadron calorimetry, three options are being ac
tively studied: iron-LAr or iron-scintillating fibres or 
iron-scintillator tiles. The flux return yoke of the 
solenoidal coil is integrated in the calorimeter struc
ture of the scintillator options. In the case of LAr, 
the possibility to instrument the yoke outside of LAr 
as a tail-catcher calorimeter is being investigated. 

2.2 Physics Requirements 

2.2.1 Electron and photon calorimetry 

The search for processes such as the production of the 
SM Higgs or of a heavy Z' (see Chapter 8) puts severe 
requirements on the em calorimetry in terms of dy
namic range, acceptance, energy resolution, direction 
measurements and particle identification. 
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2.2.1.1 Acceptance 
The efficiency for the detection of the decay of a 

low-mass II --> ZZ* -+ 4e increases rapidly with de
creasing ET thresholds. On the other hand, very en
ergetic electrons up to...., 3 TeV need to be measured 
for a heavy Z1 -+ ee. The detector should thus be 
able to cover the energy range from 7-10 GeV up to 
3 TeV. 

To maintain the acceptance to processes with small 
measurable rates, like H -+ ZZ* -+ 4e or H -+ "f"f, 
measurement and triggering ability should cover the 
rapidity range 1111 ~ 2.5. 

2.2.1.2 Energy resolution 
The energy resolution of em calorimeters can be 

expressed as the quadratic sum of three terms: 

The constant term a, which dominates the energy 
resolution at high energy, is affected by the qual
ity of the mechanical assembly and of the detection 
medium, by the uniformity of response and stability 
with time, and by the cell-to-cell calibration. The 
depth of the em calorimeter also sets a limit to the 
resolution: the fluctuation on the shower leakage at 
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Figure 2.1: Barrel, end-cap and forward calorimeter. In the barrel and end-cap regions lead-LAr 
ern calorimetry is followed by hadron calorimetry: either iron-LAr as shown in lite upper part or 1ron
scintil/afor (tile.~ or fibres) as shown u1 the lower part of the figure. The separate solenoid flux return {or 
tail catcher calorimeter) is not .shown in the case of the full LAr ver.~ion. 

the back of a 26 Xo deep calorin1eter is :::::: 0.5% for 
a 500 GeV electron [7]. A constant term a of 1% or 
better is the design goal. 

}'or lower cnf'rgics, the sampling term b beco1nes 
more irnportant. Relevant prorcsscs arc the low-mfl..<is 
Higgs decays H --+ ZZ* --+ tic and II -+ ~;r. V\Tith a 1 % 
constant. term, a sampling tern1 b of 10% or better is 
required [8]. 

Electronics and pile-up noise contribute to the 
noise term c. 1'he distribution of the probability of 
having more than a given transverse energy (ET;") 
coming frorn the pile-up of an average of 40 mini
mum bias events in D..77 X Llrf; = 0.08 X 0.08, the typ
ical cluster size to contain an em shower, is shown in 
Fig. 2.2. The ~O events correspond to the pile-up of 
2 bunch-crossings, 15 ns apart, in the sensitive time 
ofa typiral detector at full LllC luminosity. 1'he dis
tribution of pile-up energy has an rms of,..., 21.') 1\-IeV 
and exhibits large tails affecting the resolution of a 
very precise em. Cfllorimctcr. To a first approx1ma-
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tion, the rms of the pile-up energy increases linearly 
\¥ith the lateral size of the cell while the probabil
ity of having events above a certain energy increases 
much faster, roughly linearly, with the cell area [9]. 
In order not to be dominated by pile-up effects, the 
detector should be fast, and have a granularity of typ
ically 6..77 x b..¢ = 0.025 x 0.025, such that a 3x3 cell 
cluster contains more than 95% of the shower energy. 
Additional contributions to the term c, such as elec
tronics noise, should be kept at or below the pile-up 
level. 

The rnany Z's decaying to electrons produced at 
LHC will provide an absolute calibration of the 
energy scale and fl check of the resolution of the 
calorimeter. 

2.2.1.3 Direction rncasurcmcnt 
To reconstruct a r1 mass at high luminosity, in 

cases where the event vertex is not known the mea
surement of the photon direction must come from the 
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Figure 2.2: Probabd1ty that the transverse energy 
piled up in an em cluster is larger than E'l', (see text} 

calorimeter. Given an energy resolution of~ EB 1%, 

an angular resolution of D..6 = 10\m""d or better is 

sufficient in order not to further degrade the two
photon mass resolution [10]. Such an angular mea
surement can be obtained with the transverse seg
mentation given above and an at least 2-fold longitu
dinal segmentation of the em calorimeter. Using in 
addition the presho¥lcr detector \vill further improve 
the angular resolution. 

2.2.1.4 Particle identification 
The dominant background in electron and pho

ton identification comes from jets. Longitudinal and 
transverse segn1entation of the em calorimeter give 
a measure of the shape of the cluster. This is an 
essential tool in rejecting jet backgrounds (11, 12]. 
Increasing the transverse segmentation of D..ry x D..¢> 
from 0.02 x 0.02 to 0.06 x 0.06 degrades the jet re
jection by a factor of 2 to 3 at trigger level. To veto 
leakage at the back of the em section and to apply iso
lation criteria, the hadronic calorirneter should also 
be segn1ented (D..'7 x 6.¢,..., 0.1 x 0.1 ). A longitudi
nal segmentation of the ha<lronic section would re-
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duce the sensitivity of these cuts to backgrounds and 
to the presence of nearby jets. 

Isolated energetic em clusters with no high PT 
charged tracks pointing to them are photon candi
tates. The remaining background to photons comes 
from 11"0 's. ~1ulti-11" 0 's are re1noved using the fine gran
ularity of the calorimeter. To reject single 11"0's up to 
,..., 70 GeV Er, ¥:hich is typically ¥:hat is needed for 
the H --+ II search, a very fine grain preshower detec
tor positioned after 3 X0 of material is required (13]. 

2.2.2 .let calorimetry 

The jet energy defined by the energy flow in a cone 
of opening angle D..R = J(D..ry) 2 + (8¢> )2 around the 
jet direction is subject to several uncertainties: 

• fragmentation effects which depend on the na
ture of the jet (light-quark, heavy-quark or 
gluon); 

• the energy carried away by non-interacting par
ticles (v orµ); 

• the amount of energy swept in and out of the 
cone by the solenoidal magnetic fleld; 

• the pile-up energy from minimum-bias events 
(5.8 GeV rms in a cone D..R = 0.5 for an average 
of 40 minimun1-bias events). 

\Vith these limitations in mind, several processes 
have been studied to determine the required perfor
mance of the hadron calorimeter. 

2.2.2.1 Incl11sive jet cross-section 
The measurement of the inclusive jet cross-section 

at LTTC will test the validity of QCD by searching 
for deviations from its expected QCD behaviour, as 
introduced by quark co1npositeness (sec Section 8.7). 
The understanding of possible non-linearities of the 
calorimeter response as a function of energy is the 
most important issue for such rneasuremcnts. 

2.2.2.2 Jet spectroscopy 
Several examples of multi-jet signals are discussed 

in Chapter 8. They are particularly import.ant 
for top-quark physics which can be studied in the 
1033 cm- 2s- 1 lumi11osity range. In this case pile-up 
effects are srr1all and the calorirnetric jct resolution 
has a significant impact on the multi-jet mass resolu
tion. The constant term of the jet energy resolution 
affects in particular the search for high-mass objects 
such as a heavy Z' decaying into two jets where pile
up effects are negligible, even at high luminosity, as 
discussed in Section 8.6. A jet energy resolution of 



,;CJ!) = ~ EB 3% has been adopted as design goal 
for the barrel and end-cap calorimeters. 

Energy leakage at the back of the calorimeter af
fects the resolution. Simulations show that the reso
lution does not improve significantly with calorirneter 
depth beyond,...., 9 ..\. 

In the case of two-jet final states fron1 high-PT W 
or Z, e.g. from a heavy IIiggs decay, good granu
larity is important to resolve the nearby jets. Given 
the fine em calorimeter granularity the requirement 
on the hadronic part is AT/ x 6.¢ ;S 0.1 x 0.1 as dis
cussed in Chapter 8. 

2.2.3 Missing transverse energy 

As detailed in Chapter 8, the measurement of ET;,, 
is important for the search of Higgs and SUSY par
ticles; it also helps in top physics. Figure 2.3 shows 
that the calorimeter should cover at least four units 
of rapidity to reduce the Z + jet background in the 
search for the process H ---> zz- f+ f- vi/ (MH ? 
500 Ge V) to an acceptable level. 

Cracks between active components of the detec
tor (for instance around I'll ~ 1.4 and ['II ~ 3.0) 
must be kept small. Energy leakage can also occur in 
case of a too thin calorimeter. The minimal required 
calorimeter depth has been chosen by matching the 
energy leaking at the back of the calorimeter to the 
irreducible level of energy loss due to prompt neutri
nos and muons, using simulations and extrapolations 
of lower energy data [14]. Energy leakage effects be
come negligible for a minimum depth of 9 >. in the 
barrel and 10 >. in the end-caps, even for highest jet 
energies. 

2.2.4 Jet tagging 

Jet tagging at high rapidity (I'll? 3) is important to 
identify WW /ZZ fusion processes where final-state 
quark jets with an energy of a few TeV are produced 
in the forward direction. Here a moderate energy 
resolution ,;Cf) = 1,jif' EB 7% is adequate. The 
transverse granularity should be equal or better than 
0.15 x 0.15. 

2.3 Liquid Argon Calorimeter Design 

At present, two designs for integrated LAr em and 
hadronic calorimetry are under study: 

• the 'Accordion' design, based on test beam re
sults [1] and 

• the 'Thin Gap Turbine' (TGT) design [15]. 
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Figure 2.3: Effect of calorimeter coverage 

For the em barrel the Accordion is the baseline de
sign, the TGT an alternative. Both are options for 
the em end-caps. 

Prototypes of both em and hadron calorimeters 
with all the features of an LHC detector are being 
built for the Accordion design for testing at the end 
of this year. 

For the TGT design, an em prototype is under con
struction to be tested in spring 1993. 

2.3.1 Overall system aspects 

This section describes the system aspects common to 
both calorimeter designs. 

The calorimeter is housed in three large indepen
dent cryostats, one for the barrel and one for each 
end-cap. The proposed design of the cryostats aims 
at reducing dead material and dead space to a mini
mum. 

The solenoid coil is integrated inside the vacuum of 
the cryostat, and a liquid argon preshower detector is 
placed between the coil and the em calorimeter. This 
configuration is optimum in a number of ways: 



• The total radial space for the coil and cryostat 
is only 220 mm. 

• The preshov.•er detector is located outside the 
magnetic field, thus it can achieve its best per
formance. 

• The coil and cryostat walls are used as part of 
the material for the preshower detector. 

The amount of material in front of the calorimeter 
varies from 1 X0 at 17 = 0 to 2.5 Xa at the end of 
the barrel (17 ~ 1.4). Simulations and beam tests 
have shown that the energy resolution is not degraded 
by the presence of this material if the energy can he 
measured in the presho,ver after 2 and 3 X 0 . For 'Y/11"0 

identification, the best thickness for the preshower 
detector is between 3 and 4 Xo. 

The discontinuity between barrel and end-rap 
calorimeters is minimized by: 

• flat and thin end-walls of the cryostats; 

• integrating the service lines for the coil into the 
vacuum of the cryostat; 

• placing the feed-throughs for the large number of 
channels of the em calorimeter at the outermost 
radius of the hadron calorimeter. 

For the hadronic part, a transverse segmentation of 
t:.11 x fl¢ :=:; 0.0fl x 0.05 has been chosen, some,vhat 
finer than required in Section 2.2. This is motivated 
by considerations of electronics noise and the effec
tiveness of the software weighting technique in LAr 
calorimetry [16]. 

In order to measure the hadron energy leaking out 
of the LAr calorimeter and to help identify muons 
among the hadronic debris of high-energy jets or 
those which have suffered catastrophic energy loss, 
the iron structure of the return yoke could be instru
mented. A possibility is to equip the gaps between 
the iron plates with plastic streamer tubes with ca
pacitive readout pads and strips parallel to the wires. 

The pads read out by analogue electronics are 
used for hadron energy measurement. The strips 
track muons through the iron and recognize punch
through. 

The position of the transition between precise LAr 
calorimetry and the tail-catcher 'votild be optimized 
for performance and cost. 

2.3.1.l Tl1e cryostat 
The necessity of holding the hydrostatic pressure 

of the liquid usually leads to having either thick flat 
walls, or thinner but bulged walls. In the novel 
cryostat design, as shown in Fig. 2.1, the stainless 

steel cold wall is tied to the ends of the hadronic 
calorimeter modules, which allows it to be flat and 
thin (10 mm). The vacuum is contained by a thin 
stainless steel wall (8 mm) spaced from the cold wall 
by insulating pods and an epoxy lattice. A flexible 
connection between the warm end-wall and the warm 
tubes allows for relative longitudinal movements of 
the inner and outer vessels during cool-down. This is 
provided at the inside and outside radius by two thin 
(2 mm steel) rings of llR = 200 mm, slightly bulged. 

Care has been taken to minimize the thickness (in 
Xo) of the central tubes. The \Yarm tube can easily 
be made of aluminium (10 mm). However, the use 
of aluminium for the cold tube is more difficult be
cause of the connection between the aluminium tube 
and the steel walls. Onr proposal is to use a 27 mm 
alurninium support tube and, for tightness, a 2 mm 
thick skin of steel welded to the body of the cryostat. 

2.3.1.2 Tl1e solenoid coil 
The solenoid is a single-layer superconducting coil 

123 cm in radius and 630 cm in length. The curr~nt 
is 7500 A and the stored energy is 50 MJ. Owing to 
the small radius-to-length ratio the field homogeneity 
is good down to very low polar angles, as discussed 
in the tracking section. The coil is supported at the 
ends hy tie-rods. Horizontal rods hold it in place 
along the z-axis. The coil connections (Ile, power, 
vacuum) run along the end-walls of the calorimeter 
inside the vacllnm. There is a separate vacuum for 
the coil, in order to reach a lower pressure than in 
the calorimeter vacuum. This enclosure is closed at 
its ends by a flexible membrane similar to the one 
discussed above (sec Fig. 2.1). 
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2.3.l.3 Tl1e Cryogenics 
The barrel and the two end-caps are contained in 

three independent vessels. The barrel cryostat con
tains......, 120 m 3 of LAr. It is foreseen to have no gas 
phase inside the main vessel and to use an expan
sion vessel (12 m3

). lleat exchangers with a liquid 
nitrogen flo,v are placed inside the main vessel at the 
inner and outer circu1nferences and possibly at loca
tions with high po\ver dissipation. The operalion is 
regulated with respect to the temperature in the main 
vessel and the pressure in the expansion vessel. In the 
Accordion design, the power consumption for the bar
rel is 6.5 k\\.' for radiation losses, 6 k\V for the feed
throughs, and 12 k\V for the em preamplifiers if these 
arc in the argon (the consumption for the preshov.'er 
electronics is yet unknown, but v.·ould not exceed 
6 kW). 1.'he cool-down ti1ne for the barrel calorinieter 
(1200 t) will be of the order of two 1nonths. 

The safety aspects of the LAr system are discussed 



Figure 2.4: Close-up view of the end-corner of lhe 
barrel {longitudinal cut) showing: a) warm tube, b} 
thermal screen, c) coil, d) Ile collector, e) cold tube, 
f) em calorimeter, g) warm end-wall, h} epoxy lat
tice, i} cold end-tvall, j) flexible ring {warm wall), k} 
flexible ring (coil vacuum separation) 

in Section 6.5. 

2.3.2 Fast LAr calorimetry 

The operation of calorimeters at LHC imposes un
precedented requirements on the readout speed of the 
detectors. 

During the time ionization electrons drift in the 
liquid, many events pile-up and may spoil the energy 
resolution of the detector. This can be overcome, in 
principle, by exploiting the rapid rise time ( ..... 1 ns) of 
the ionization current in the LAr. In practice this is 
done by electronic shaping; the price to pay is a wors
ening of the signal-to-noise ratio. To limit safely the 
contribution of the pile-up noise, without increasing 
the electronics noise too much, the peak of the re
sponse of the shaping circuit to a 6 current pulse t! 
must be ..... 20 ns for the em calorimeter. The drift
ing electron signal then would have a peaking time of 
,..., 40 ns, provided there is no time constant longer 
than ..... 10 ns in the connections between the detector 
cell and the preamplifier. 

Both LAr designs considered use techniques which 
attempt to overcome the above-described difficulties. 
The RD3 collaboration has shown that a fast LAr 
readout and therefore the use of LAr calorimetry in 
LHC conditions is indeed feasible. This work is de
scribed in the following sections. 

2.3.2.1 The Accordion and EST concepts 
The RD3 collaboration has recently developed and 

tested an attractive solution to overcome this diffi
culty, based on a new calorimeter geometry in which 
the electrodes and converter plates (separated by 
honeycomb) have an accordion shape with waves par
allel to the direction of the incident particles. Read
out towers are naturally defined by cutting the elec
trodes in longitudinal strips through which the sig
nal propagates to the calorimeter front or back faces. 
With preamplifiers directly mounted there, no addi
tional cables are needed and the most favourable con
figuration for high speed, low noise and small cross
talk is reached. At the same time the absence of dead 
space between towers gives a hermetic detector and 
allows high granularity. 

For hadronic calorimetry, the accordion structure is 
complemented by the electrostatic transformer (EST) 
readout scherne in which several argon gaps are con
nected in series. This allows fast readout of large 
towers and optimizes the signal-to-noise ratio [17]. 

2.3.2.2 Test beam results of the Accordion 
The feasibility of the Accordion approach to fast 

I.Ar calorimetry has been proven by the performance 
of cm prototypes extensively tested at the CERN 
SPS in muon, electron and photon beams [18, 19]. 

Fast output signals (Fig. 2.5) were observed. With
out optimizing the shaper performance, the mea
sured electronics noise was about 70 MeV /channel 
(,..., 300 MeV contribution to an em shower) and the 
muon signal was at three standard deviations above 
the noise. 

The Accordion geometry gives rise to a small re
sponse modulation transverse to the accordion waves 
(Fig. 2.6). This effect is well reproduced by a Monte 
Carlo simulation of the calorimeter including the 
charge collection mechanism; it is contained within 
1·-2% and can be easily corrected for. The resolution 
(Fig. 2.7) obtained by reconstructing the electron en
ergy in a 3 X 3 cell cluster (each cell was 2.5 x 2.7 cm2) 
· . <7(E) _ (9.6±0.3)% ff\ (0 3 ± 0 l)f"d = 0.326±0.015 
IS.E- JEW· .70'1.I E 

where Eis in GeV and the last term is the contribu
tion of the electronics noise. No degradation in the 
sampling term is observed due to the fast shaping. 
The resolution of the cluster position measurement is 
..... 5 mm/JE(GeV) in both directions. 

2.3.2.3 Integrated LAr preshower detector 
A small size (6 x 6 cm2 ) LAr preshower proto

type [20] has been tested in front of the projective 
LAr calorimeter prototype discussed above [19]. It 
consisted of two 10 mm thick LAr layers, instru
mented for x/y readout (granularity 2.5 mm), pre-
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Figure 2.5: Fast shaped signal from a 60 Ge V electron 
hitting one calorimeter cell. The 400 ns electron drift 
time is clearly visible. ( 50 ns x 50 m V per square ) 

ceded by 2.1 Xa of material and separated by 1.2 X0 

of lead. 
A signal-to-noise ratio of about 10 and a space res

olution of 340±40 µm were measured with muons. 
When the preshower detector is placed in front of 

the calorimeter the Accordion energy resolution is 
preserved (Fig. 2.7), provided that the signal released 
in the active preshower layers is used to recover the 
energy lost by the electron in the upstream material. 
The combined preshower-calorimcter system is linear 
within ±1% in the range 10-200 GeV. 

The shower barycentre reconstructed by the 
preshower detector (resolution "'2 mm/JE(GeV)) 
can be combined with the position measured by the 
calorimeter to determine the direction of the incident 
particle. The angular resolution achieved with elec
trons and photons (Fig. 2.8) is better than 5 mrad 
above 40 GeV. From the longitudinal segmentation 
of the calorimeter alone, the angular resolution is 
somewhat worse "' 8 mrad above 50 GeV. A rejec
tion factor of more than 3 against 50 Ge V 71'

0 for a 
single 1' efficiency of 90% was obtained using results 
from photon data. 

2.3.3 Accordion design 

2.3.3.1 The em barrel calorimeter 
Taking advantage of the Accordion geometry, 

we present below a design in which the barrel 
em calorimeter has a cornplete <P symmetry, with
out cracks. The detector is made of 1024 converter 
plates, all identical, interleaved with multilayer read-
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Figure 2.6: Normalized calorimeter response to 
90 Ge V electrons along the direction perpendicular 
to the accordion wa11cs, over half a cell 

out Kapton electrodes. Each readout electrode cov
ers a pseudo-rapidity interval of 0.3. For the barrel 
calorimeter there are 10 different readout electrodes. 

For the purpose of assembly and testing, converter 
and readout electrodes are grouped in 32 modules 
each containing 32 converter plates. Each converter 
plate is 6.4 m long and about 45 cm wide and is 
built from 1.8 mm thick lead sheet clad with two 
layers of 0.2 mm thick stainless steel. In order to 
work with a constant argon gap (2 x 1.9 mm) and 
a constant sampling fraction in depth (24%), plates 
are folded with a varying angle from 76° at the inner 
radius (1.43 m) to 103° at the outermost radius. In 
order to keep the variation of the effective absorber 
thickness with T/ at an acceptable level, the amount of 
lead in the electrodes is decreased for lril > 0.9 from 
1.8 mm to 1.2 mm. The effective radiation length of 
the calorimeter is 18 mm. 

The readout electrodes are divided, along 'f/, in 12 
strips spanning the same T/ interval, chosen to be 
0.025. In the azimuthal direction a similar granu
larity (0.0245) is obtained by ganging together 4 ad
jacent strips. The readout is divided in three longitu
dinal sections, typically 8 Xo each. For the purpose 
of limiting the channel count, the last section would 
have a coarser granularity (0.05 x 0.025). 

All modules are precisely positioned in a stainless 
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Figure 2.7: Energy resolution of Accordion prototypes 
versus electron energy 

steel cylinder reinforced by flanges at each end, and 
tied to a set of rings at the inner radius. Vertical 
mounting is foreseen. Preliminary estimates of de
formations indicate that, under the calorimeter load 
("'"" 100 t), the I cm tl1ick cylinder would sag longitu
dinally by about 1 mm. Converter plates close to the 
horizontal plane would also sag under their weight, 
by about 0.6 mm. However, such a deformation, be
ing continuous from vertical to horizontal positions, 
would maintain the gap constant within narrow tol
erances (0.05 to 0.1 mm). 

A detector of similar geometry, 2 m long and span
ning 27° of azimuth is currently being assembled 
(beam tests in autun1n 1992) by the R.D3 collabo
ration. Figure 2.9 shows a schematic view of the con
verter and readout electrodes of this prototype, and 
Fig. 2.10 is a picture of the prototype taken during 
assembly. 

2.3.3.2 Presl1ower detector 
The em calorimeter is preceded by a preshower sec

tion of high granularity, integrated in the LAr. Using 
tapered material the total thickness of the preshower 
detector, irrespective of T/, is chosen to be 3 Xo. The 
readout is organized in two 'shells' of ministrips, per
pendicular to each other and located after 2 and 3 Xo 
for the ¢- and ri-shell respectively. The granularity 
chosen is 0.002 x 0.1. The detector would be built in 
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Figure 2.8: Angular resolution of the combined 
presho1oer-calorim.eter system {in the T/ direction) 

modules, tied to the corresponding calorimeter mod
ule. The precision mounting system of the calorime
ter should allow position measurements in both the 
calorimeter and the preshower detector with an abso
lute accuracy of about 0.2 mm. The geometry of the 
detector, locally, follows closely the recently tested 
prototype, except for longer strips (12 cm). A sketch 
is shown in Fig. 2.11. 

The most challenging problem with the preshower 
detector concerns the readout which should combine 
radiation resistance, low noise and low power dissipa
tion while maintaining a large enough dynamic range. 
A R&D programme, within the framework of RD3, 
has recently been approved [21]. 

2.3.3.3 The em end-cap calorimeter 
Each end-cap is made of two coaxial wheels, cut 

at a radius of about 700 mm (T/ = 2.3). Each 
wheel is ¢ symmetric, without cracks, and made 
of accordion-shaped electrodes with a folding angle 
which varies from about 70° at the inner radius t.o 
110° at the outer radius. The converter electrode 
structure (lead-stainless steel sandwich) must be ad
justed to give the detector a constant thickness (in 
Xo) as a function of radius. The larger wheel has 768 
converter plates, leading to the same granularity as 
the barrel: 0.0245 x 0.025. In the inner wheel there 
arc only half the number of plates, and the granu-
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F'igure 2.9: (a) Transverse view of the em prototype 
module, with r11diai dimensions ef 1.43-1.95 m (b) 
a Kapion readout electrode (c) perspective view of a 
!! m long module 

larl.ty v1ould be half. A preshower detector, using 
two layers of ministrips, as in the barre!, would sit 
i.11 front, of the calorimeter. The granularity would be 
kept constant a.t typically 3 mm x 10 cm. 

The number of cha.'1.ne!s is summarized in Ta
ble 2.1. "fhe povver dissipation of electronics and 
the location of the feedt.hroughs are gi.ven in Sec
tion 2.3.i. 

2.3.3.4 The hadron calorimeter 
1'he bru-rei haciron calorimeter is made out of 

accordion-shaped stainless steel plates (12 mrn thick) 
with the folds along the z~axis, as in the ern part. The 
total thickness intluding the em calorimeter is ,..., 9 A 
at 11 = 0. The hadronic part is divided into proj~tive 
cells with an Mea of b,:q x !!;.¢ = {J.05 x 0.05 and in 
depth into two modules of tv;>o samplings each, see 
Fig. Z.12. In ord:er to aUow fast readout with a good 
signal-to-noise ratio the el.ectrodcs are ecnnected in 
the EST series-parallel mode. 

The structure contains two types of 12 mm thick 
plates: ground and readout plates, both folded. in an 

Figure 2.:J.O: Picture of ihe errt .4ccordion prototype 
under cvnstruciion (stack of two modules} 

Figure 2.11: Structure and sketch of a preskQwer 
module 

accordion shape. The angles of the accordion change 
wi.th radius, and singl.e folds are curved in order to 
keep the argon gap constant at 2.5 mm. To imple
ment the EST concept, the readout plates are cu~ 
to form the readout cells. Then the pieces, sepa
rated by insulating material, are re-assembled as a 
tile and clad with Kaptcn, for ineuiation, and a resis
tive coating connected to high voltage. Ir.. the inner 
(outer) two samplings, & calorimeter module is ob
tained by aesembling 5 (7) readout plates hetween 2 
ground plates (Fig. 2.12). The central readout pie;;:e 
of eac...~ ceH is connected to a preamplifier, readir..g 
out 6 (8} argon gaps, in a 2 parallel X 3 series tvay 
(2 pal'a.!lel x 4 series). As fo~ the em calorimeter 
preampHfiers are located at the frori.t and back faces 
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Tfl.ble 2.l: M"ain :::haructeristics of the Accordion 
design. Xn the end-cap section, hadO deno~es the 
citiorimeter it!fiich surro<HldJ" the em seciio'!L 

IT: t! : u0ise I Xu fChan-netSl 
H ns l &feV /cell j i 

1
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' ' ':' ' I ! PS2 I 43 : 0.2 mip 1 9Z 200 : 
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'I

I ~ :1 ::; ~~ i ~~ LI ;~t ;~ ~;~ ! 
a .,I h-,-11 so : -~_r-x . ~-~·-; 
z ~ : w I 1.~ -f wo: 

I I, ~I h&<l2 , 80 : lOG j 1.6 6 100 i 
'l h.a<l3 80 200 ! 2.4 5 400 [ 

) --~ ha<l1 ! 80 220 t 2 4 6VD ; 

I' J_ 1X-0 ; 
I !: PSl I 40 0.3 mip 1 2 39 400 : 
! E 1 PS2 40 0.3 mip ! 1 39 400 ~ 
l N 1 eml 20 6C B 12 500 ; 
' D I! em2 20 60 

1
! 8 12 500 j 

- em3 20 90 9 5300 1 

~ hadO so 200 -f-2\ +---uoo -~ 
P ii hadl I 80 150 j 2.3 2 600 j 

I ha<l2 I so mo 
1

2.a 2 600 1 

I
i had3 i 8D 150 2.3 2 400 J 

hacl<i 8D 150 , 2.3 2 200 I 

of each n1oc.!ule. 128 such modules form a complete 
rir,g without any azimuthal i:;racks. 

The er.cl-cap hacl.rcn calorimeters have a depth of 
11 ,\ (em i11.::luded). The granularity is identical to 
the barrel except at h.igh rapidity, the s1naEest si.ze of 
a cell being ~~ 8 x 8 cm2. Each eud-cap is made by 4 
\Vhee!s in depth. Each vwhee1 is divided into 4 sectors 
in -¢. Each of these sec~ors is bu.Ht ai'"Oll.nd a straight 
accordion structure, ·with folds parallel to the median 
plane of the sector. I:Ieni:;e the cells axe projective 
only in this plane. Psevdo-.-projectivity in the other 
direction is achieved by ro.erging cells through thf: 4 
wheels i.n depth. 

2.3.a.5 Froni;·end electronics 
·Three solutions are now bein.g developed in parallel 

for the front-end elet.:tron.i.:s. In tloe first two, charge 
p1ea.>nphfier.s (;,ising tl.ESFE1' GaA .. s [22] or JFET .sil
icon [23:] t:ransistors) are directly mounted en the 
calorimeter and used at LA r temperature. They 
·.vo1;1d be expooed to radiation, 'fbe third scheme, a. 
cu.rrerrt preamplifier, uses bipoiar transistors located 
outside of the t.:a:orimeter cryostat, connected to the 
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Figure 2.12: Profile view of (t sector of the accordion 
hadron calorimeier; 4 barrel modules are shown. The 
radia! dimensions are r; = 2 .. 08 and r 0 = 3.60 m 

calo;imeter cells by 50 D cables [24]. In ail three 
case.s, tb.e noise spectral density is smaller th.an 0.0 
n V/ \/(l'"lz) ..:ons;.:;tent with test beam results (see Se<> 
tion 2.3.2). 

Sevei·a] tests of tadiatio;i resistan1'.'.e have been done 
by the RD3 Collaboratio1L Some Si a.'1d GaAs pream
pfifiers have received at room temperature a flux of 
4.5. 1014 n/cm.2 and a dose of23 kGy. correspond
ing to the dose to which the barrel calorimeter wouid 
he exposed in more than 20 years running at full de· 
sign l.uminosity. Measuren1ents virith a peaking time 
t! of 2() ns shotv that the noise increased by less than 
103 for Si prerunps (Fig. 2.13) and by 403 fer Ga.As 
preamps. The rise-time deterioration was less tha11 
2 P..S. Some measurements »vere done {also at room 
temperature) ·.vith a 6flCo source at a d~e of DOG kGy 
( ccrrespoilding to rnore tha:1 t\vo years in the end-



cap). 'fhe noise increased by a factor 2 for GaAs 
preamps and by a negligible factor for Si preamps. 
It is planned to repeat these measurements at LAr 
temperature. 

-;;; 40000 
0 

Si JFET before irradiation g • 
~ 0 4.6 iot4 n/cm2 and 23 kG 

• 3()()()() • 1 MGy Cobalt 60 •• 0 
0 

20000 

10000 

o+-~~~~~~~~~~~~.....-< 

The distinct features of the TGT design are: 

• the thin LAr double-gap of 2 x 0.8 mm; 

• the flat absorber plat.es, arranged at 45° with 
respect to the incident particles; 

• the small independent modules; 

• the integrated preshower and position detector; 

• VLSI electronics with a high degree of multiplex
ing in the cold. 

Table 2.2: De.~ign goals of the 1'GT calorimeter 

Electromagnetic Hadronic 

10 100 
!'.E/E ('y) 9"Jl' EB 0.5% ...., Te EB 2.0% 
b.ry x 1:::.¢ 1p Ii (ns) 

Figure 2.13: 1','/ectronics noise increase under se1,ere 
irradiation as a function of shaping lime 

'l'he calibration system aims at a precision of 
........ 0.2%. A first design 'vith active elements at LAr 
temperature, and a second one with only precision 
resistors inside the cryostat are being developed in 
the RD3 Collaboration. Both ·will he tested in the 
autumn of 1992. 

For the preshower detector, ,..,, 200 000 electronics 
channels have to be built and operated in a limited 
volume. Several solutions for the front-end preampli
fiers are under study [21], such as an extrapolation of 
CMOS monolithic chips 'vhich "''ere designed [25] for 
silicon detectors. Solutions with Si JFETs or GaAs 
transistors are also envisaged using for instance the 
new radiation-hard DMILL technology [26]. The use 
of optical links is being evaluated; in particular light 
emitting diodes or modulators working in the cold, 
such as the ones being developed by the R.023 Col
laboration [27]. 

2.3.4 TGT design 

In the following the 'Thin Gap Turbine' (TGT) de
sign of a LAr calori1netcr is presented, as an alterna
tive to the 'Accordion' concept. The basic arrange
ment of the 1'GT calorimeter is shown in l''ig. 2.14 
and its design goals are listed in Table 2.2. A de
tailed description of the TG'l' calorimeter is given in 
[28] and the related R&D proposal {15]. 

0.025 x 0.020 0.05 x 0.04 
Signal uniformity ±0.5 % ±2 % 

The thin LAr gap allows for a short charge collec
tion and signal processing time (""'150 ns) and safety 
against high-voltage problems (operational voltage 
<;800 V). 

The absorber and readout planes are arranged at a 
constant angle with respect to the particle direction 
chosen to be 45°. This guarantees uniform energy re
sponse and constant energy resolution over the entire 
1'/ range. 

The si1np\c and modular mechanical structure 
eases design and construction, with a potential cost 
reduction. Each readout element(...., 60 x 40 cm 2) 

is a separate mechanical and electrical entity which 
can be tested independently prior to installation. The 
independence of the TGT elements offers a large flex
ibility of the pad segmentation (both longitudinally 
and transversally). It allows for the integration of a 
preshower detector and a strip detector for the preci
sion measurement of position at its optimal location 
in the em shower. 
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The readout electronics consists of arr\ plifiers ''lhich 
are integrated as \'LSI chips on the readout board in 
the LAr, and of summing amplifiers and shapers on 
the outside of the calorimeter. The latter form the 
signals from the readout channels and perform a non
linear compression of the signal. The triggf'r signals 
are derived from the summing amplifiers. lt is fore
seen to locate integrated pipelines and a high degree 
of multiplexing in the ],Ar. Thus the number of signal 
cables leaving the cryostat and thereby the n11n1ber 
offeed-thronghs will be reduced to a minirr1um. 



Figure 2.14: Basic arrangement of the TGT 
calorimeter; lines show the orientation of the mod
ules 

2.3.4.1 Layout of the calorimeter system 
The overall layout of the integrated em and hadron 

calorimeter TGT design is shown in Fig. 2.14. The 
same cryostat dimensions as for the 'Accordion' de
sign are assumed. The TGT design then allows for a 
somewhat larger amount of absorber material to be 
housed inside the cryostat (,..., 9.6,\ in the barrel). 

The azimuthal segmentation was chosen to be 24-
fold, adjacent radial units being rotated in </J by half 
a segment (see Fig. 2.14). The basic mechanical unit 
is a wheel of 24 identical calorimeter modules, me
chanically stable and self-supporting. It is positioned 
on rails in two azimuthal places. The tower building 
electronics is located at the perimeter of the wheels. 
There will be 10 separate wheels, four in the barrel 
a.ud three in each end-cap. The overall weight of the 
calorimeters is 3000 t. The cryostat and cryogenics 
have been described in Section 2.3.1. 

2.3.4.2 The em calorimeter design 
Lead is used as the absorber material for the 

em calorimeter. The total thickness is 28 Xo at 11=0. 

Because of the 45° angle between the impact direc
tion of a particle and the readout board orientation, 
the longitudinal segmentation is correlated with the 
l"j - segmentation. Five longitudinal segments (two 
larger segments at the shower maximum) yield a pre
cise angular reconstruction of -y's and a good e/7r sep
aration. The thickness of one readout cell defines 
the minimal bin size in I"/· Depending on (}, up to 
four readout cells are added to form one IJ·bin. Be
yond a depth of,..., 22 Xo there is only one segment, 
with the lateral granularity reduced by a factor of 2. 
To correct for energy losses in the passive material 
in front of the em calorimeter (preshower detector), 
the pad board extends beyond the absorber plates by 
,..., 20mm. 

The readout cell is designed for fast signal trans
port and to avoid direct cross-talk. The total thick
ness of the readout cell (Fig. 2.15) is 16.0 mm, cor
responding to 0.89 Xo. The sampling ratio is 8.9%. 
One readout cell contains four absorber plates, two 
outer stainless steel plates (2.0 mm) and two inner 
lead-plates (1.6 mm). The lead-plate is coated with 
0.1 mm stainless steel sheets. Rivets keep the me
chanical structure fixed, spacers between absorber 
plates define a double liquid argon gap of 2 x 0.8 mm 
with high precision. Three pad boards collect the de
posited charge and are directly connected to a multi
layer board which carries the amplifiers and the cal· 
ibration inputs. The amplified signals are fed to a 
summing board, located close to the outer end of the 
multilayer board (see Fig. 2.15). An example of a 
pad structure, including the strip pattern, is shown 
in Fig. 2.16. The segmentation in depth is given by 
the '1 binning; up to 30 readout cells define one l}

channel The total dead area due to the electric con
nections and the rivets/spacers (HV guard zones) is 
below 1% on average. The pad board (copper-clad 
GlO board, 0.5 mm) is coated with a layer of high 
resistivity connected to high voltage. 

Additional strips, located within the second Jon· 
gitudinal segment (Fig. 2.16), improve the angular 
resolution of single i's and offer good 7fo rejection. 
One of the three pad boards has 0-strips (see board 
(a) in Fig. 2.16) while the two others carry </J·strips 
(board (b) in Fig. 2.16). Five strips (3.5 mm wide, 
length corresponding to il.<P = 0.06) cover the ac
ceptance of one readout cell. The relevant projected 
9-strip width is thus 2.5 mm. The pad board (b) has 
¢>-strips with every second strip ganged to one chan
nel for a distance of il.</J = 0.06. This 'double-comb 
structure' thus yields two ¢-channels for a distance of 
il.</J = 0.06. The third pad board has a similar struc
ture, but shifted by half a </J-strip width. A local 
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Figure 2.15: Principle of readout structure and read
out cell in the em calorimeter 

¢-resolution of3.7 mm is obtained, but with ambigu
ities at the scale of 4 ¢strips. To resolve these ambi
guities, a finer ¢-segmentation for the neighbouring 
longitudinal segment is required: 6.¢ = 0.01 instead 
of 0.02. Adding the strips to the segmentation of the 
em calorimeter, ¥/e estimate an angular 0-resolution 
of 4-5 mrad for a"( of 50 GeV. 

2.3.4.3 The hadron calorimeter design 
The hadron calorimeter has 10 mm thick stain

less steel plates, arranged in two layers, each 3.9 >. 
deep. The lateral granularity is given in Table 2.2 
and the longitudinal segmentation is eightfold. The 
rather fine longitudinal and lateral segmentation of 
the hadron calorimeter is mainly required to apply 
the '1r0-weighting technique' [16] in order to achieve 
compensation. 

The readout cell is located in the gap between two 
absorber plates and is formed by two stainless steel 
plates (2 mm) with a pad board in the centre and 
a double liquid argon gap of 2 x 0.8 mm. The sig
nals are amplified and summed in close similarity to 
the em design. The thickness of the readout cell is 
7.8 mm, it corresponds (including the 10 mn1 ab
sorber plate) to 0.09 ,\ (0.83Xo). The sampling ratio 
is 1.9%. 

J: :I j :I ± j_ .l_ 

- (0,.p)-strips 

a b 

l lf I lf lf lf 

Figure 2.16: Schematic layout of a pad board of the 
em ca/o-rimeler including the strip detector 

2.3.4.4 The TGT electronics 
The electronic chain has to be designed with a 

large number of amplifiers (227 000 VLSI-chips) and 
readout channels (1 080 000) in mind. The chain of 
readout electronics for the 'l'GT calorimeter consists 
of three basic building blocks: an amplifier unit, a 
summing, shaping and pipeline unit, and a level-2 
pipeline and multiplexing unit. 

The amplifier unit is located on the multilayer 
board of each independent readout cell. Several am
plifiers are grouped into one VLSI chip, the number 
(.....,16) depending on the position in the calorimeter. 
A fir.st chip is in production. 

In the summing, shaping and pipeline unit the sig
nal for the readout channels is formed by first sum
ming over lhe amplifier signals of different readout 
cells. It is then shaped by a fast deconvolution fil
ter. A pulse wi<lth of....., 20 ns is expected. For each 
bunch crossing the result of the deconvolution is non
linearly cornpressed to the required resolution. It is 
then stored into a switched capacitor pipeline which 
is long enough to take care of the lat,ency of the level-
1 trigger. Sixteen channels are grouped into one chip. 
After a \evel-1 trigger signal, the information of the 
corresponding bunch crossing is transferred to the 
pipeline and multiplexing unit without stopping the 
filling of the level-1 pipeline. In parallel, the shaped 
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signals of the 16 channels are summed to form an 
input signal to the level-1 calorimeter trigger. 

Several of these chips are positioned on a summing 
and merging board which is located in the LAr at the 
outside of the calorimeter stack. Experience with a 
similar chip was gained in the Hl experiment [29]. 

The design goal for power consumption is 20 mW 
per readout channel. This leads to a total power con
sumption of 9 kW in each of the end-caps and of 
27 kW in the barrel cryostat. 

2.4 Hybrid Calorimetry Designs 

In comparison to the em calorimeter, the require
ments for the hadron calorimeter are less stringent. 
Also the radiation level is lower by a factor of,.... 5. 
With a LAr em section in front, hybrid solutions are 
being investigated, \Vith the goal of obtaining a good 
performance and a fast readout at lower cost. 

2.4.1 Scintillating tile hadron calorimeter 

Scintillator tile calorimetry with wavelength shifter 

plifies the mechanical construction and the assembly 
procedure and contributes to cost reductions. 

2.4.1.1 Design 
The central barrel part [30] consists of 61 sector 

modules of 6.8 m length (Fig. 2.17). 1'he absorber is 
a compressed stack of thin punched iron sheets leav
ing staggered slots for the insertion of 3 mm thick 
trapezoidal scintillator tiles of 10 to 20 cm height. 
The tiles couple on both ¢edges to 1 mm Vi/LS-fibres 
running straight in the radial direction to light detec
tors mounted on the outside face of the module. The 
¢granularity corresponds to the module width (ll¢ 
= 0.1). The granularity in 1J is 0.1 as well. In depth 
a 4-fold segmentation is chosen such that pointing 
towers can be formed from the rectangular r x z cells 
(Fig. 2.18). The individual cells of each tower may ei-

4m 
4-cell tower 

('VLS) readout is a relatively simple and well- 3 
established technique. Reading out the tiles with 
WLS-fibres leads to excellent hermeticity and re-
quires only a small overall photodetector surface. 
Usually the tiles are positioned about normal to the 2 
traversing particles. Simulations indicate that behind 

Figure 2.17: Structural layout of a barrel module of 
the scintillating tile calorimeter 

the em calorimeter (1.8 >.) the orientation of the tiles 
relative to the direction of the primary particles does 
not affect the energy resolution for hadrons or jets 
provided they are staggered in depth. In the pro
posed layout (Fig. 2.1) the tiles are orientated nor
mal to the beam line in the barrel and normal to the 
radial direction in the end-plug. This greatly sim-
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Figure 2.18: R-z segmentation of the scintillating tile 
barrel calorimeter 

ther be read out independently or partially combined 
by common light detectors. Independent readout of 
the two edges of the tiles allows for ofHine correction 
of the light attenuation. Optimum light collection is 
achieved by inserting the fibres into grooves in the 
3 mm wide faces of the til€8 and by cutting their out
side edges at 45Q. Tiles are injection-cast into their 
final shapes. 

Each of the recessable end-caps consists of an ex
tended barrel part for 2 m< R < 3.5 m, structured 
like the central barrel, and a plug part for R < 2 m. 
The plug consists of 32 sector modules (Fig. 2.19). 



Absorher nlatcs and st.a!!1>:ered scintillator tiles arc 

-.> 
/ 

ri=1 5 

ri=2_0 

-.,_ "1=2.1. 

Figure 2.19: A scintillating tile calorimeter end-cap 
module showing the r-¢ seg1nentation 

stacked in the radial direction \Vith the WLS-fibres 
running parallel to the beam axis. The granularity 
varies from 1:::.1] X !:::.¢ :::: 0.1 x 0.1, for 1111 < 2.4, to 
0.2 X 0.2 for 2.4 < 1111 < 3. This small inner part, 
which is most exposed to radiation, may easily be 
made exchangeable. 

2.4.1.2 Readout channels 
The total number of readout channels with two 

light detector elements per cell is ,.._, 24 000. This 
number can be reduced by partially combining the 
readout of the layers of each tower (e.g. layer 2 and 
3) and/or by reducing the granularity of the 4th layer. 

2.4.1.3 Radiation damage 
The dominant radiation effect for polystyrene

based materials with radiation-hard dopings is the 
increase of light absorption in the scintillator tiles 
and a sn1aller increase in the \VLS fibres [31]. No 
visible effects are expected up to doses of a few kGy. 
Around 10% signal reductions will occur after about 
10 kGy. Given the doses discussed in Chapter 7 no 
effects are expected in the barrel for more than 30 
years of operation. An annual recalibration in the 
end-cap will probably be needed for 1111 > 2.4. 

2.4.2 Scintillating-fibre hadron calorimeter 

2.4.2.1 Design 
The detector consists of scintillating fibres embed

ded in an absorber matrix and running longitudinally 
along the axis of projective towers. The performances 
of this technique for hadron calorimetry have been 
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Figure 2.20: General layout of the scintillating fibre 
hadron calorimeter 

demonstrated by extensive test-beam studies by the 
SPACAL and RDl Collaborations [32, 33]. Their 
approach provides a very high degree of uniformity 
and hermeticity, with an attractive solution to a seg
mented readout in a projective geometry. A particu
lar advantage of this technique is the direct collection 
of scintillating light, without the mechanical and op
tical complications of more conventional techniques. 
In this way a large light yield can be obtained. 

Figure 2.20 illustrates the design of the hadron 
calorimeter. Scintillating fibres are arranged longi
tudinally in a regular pattern inside a laminated iron 
absorber. The calorimeter is mechanically organized 
into 60 'orange' slices, covering the pseudo-rapidity 
region 1111 < 3. The projectivity in ¢ is ensured by 
a 'staircase' geometry (Fig. 2.21) allowing a constant 
sampling ratio. Each sector is divided into towers, 
the projectivity in T} being provided hy using shorter 
fibres. The proposed design is mechanically stable 
and features low material and manufacturing cost. 
\\'ith the iron plates running parallel to the central 
solenoid axis, the proposed option provides a fully 
integrated magnetic flux return. In order to ensure 
the flux return continuity, the extraction of cables 
and cryogenics from the central detectors is obtained 
by allo\ving a non-projective crack between the barrel 
and the end-raps in a lirnited number of modules (see 
Fig. 2.20). 

With a passive-to-active material ratio of 20:1, 
appropriate for compensation, and 3 mm fibres ar
ranged with a pitch of 12 mm, the calorimeter ha:J 
a fully instrumented depth of 10 >.. The limited 
arnount of scintillator volume is very cost effective 
from the point ofvie\V of both fibre cost and photode
tcctor surface. Each tower corresponds to 0.1x0.1 in 
d17 x !:::..¢. Since the readout granularity is in<lepen-



Figure 2.21: Sketch of a scintillating fibre calorimeter 
module; r-¢; view showing the staircase geometry 

dent of the mechanical modularity a finer granularity 
could be easily achieved, if required. Reading out 
shorter fibres separately could also provide a pseudo
longitudinal segmentation. 

The high degree of modularity of the proposed de
sign makes it very suitable for industrial fabrication. 
A preliminary engineering study with cost estimates 
including supports and installation has been carried 
out by industry [34]. 

2.4.2.2 Radiation damage 
In the hadron calorimeter the radiation problem 

is much less critical than in the em part (see Sec
tion 2.4.4). One expects a degradation of 1% in the 
hadron resolution after 10 years running, in the rapid
ity range 2.5 < 1111 < 3. The corresponding light loss 
would be,...., 10%. An even smaller effect is expected 
from damage due to neutrons. 

2.4.3 Calibration, ligl1t detectors and R&D 

Several similar questions and developments have to 
be addressed for the t'vo hadron scintillator calorime
ter options. 

2.4.3.1 Calibration 
Experience with previous scintillator calorimeters 

has shown that a combination of several methods [35) 
can be used to achieve an uncertainty of less than 2%. 

• Radioactive sources: RDl is testing movable Cs 
sources to monitor the calibration and to evalu
ate possible effects of radiation damage, partic
ularly in em modules. 

• Energy flow: This method measures the average 
energy deposited from all pp interactions into all 
cells and can be used to monitor the calorimeter 
response, and, using ljJ symmetry, to transfer the 
absolute calibration of a few sample modules in a 
test bearn to the full calorimeter. It is envisaged 
that the measurements can be perforrned during 
normal runs by integrating the photodetector dc
currents as a function of the luminosity. 
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• Light flasher system: Monitor short-term fluctu
ations of the photodetector sensitivity. 

2.4.3.2 Light detectors 
The RDl Collaboration is investigating new light 

detectors as an alternative to conventional photo
multipliers. Among these devices, Avalanche Photo
Diodes (APD) and Proximity Focused Hybrid Pho
todiode Detectors (PFHPD) [36] look very promis
ing because of large dynamic range, low sensivity to 
magnetic fields and small sizes. In PFHPD, the dyn
ode chain is replaced by a silicon detector in close 
proximity (- 1.5 mm) to the photocathode. A large 
electrical field ( ..... 10 kV) is applied between both elec
trodes. The main features of this light detector are 
a gain of up to a few thousand varying linearly with 
the applied high voltage, a power consumption close 
to zero and a rnultipixel capability. The APDs also 
offer an internal gain up to a few hundred. Recent 
advances in fabrication technology have resulted in 
commercially available low-noise devices \vith sensi
tive areas up to 180 mm2• 

2.4.3.3 ll&D efforts 
Pre-prototype calorimeter modules of both options 

will be constructed to assess the performance in a 
test beam. As an important part of the R&D for a 
hybrid calorimeter, an engineering design of a cryo
stat for the stand-alone em LAr calorimeter with its 
feedthroughs is needed. 

2.4.4 Lead/Fibre cm calorimeter alternative 

The lead/fibre technique i"' also kept as an alternative 
to the LAr designs for the em calorimeter. 

2.4.4.1 Design 
The basic design consists of a matrix made up of 

grooved extr11ded lead plates stacked together and 
soldered with a low melting point alloy, in which 
1 mm diameter scintillating fibres are embedded. The 
lead-to-fibre ratio is 1.8/1 in volurne. The fibres stick
ing out of a module are bunched together and coupled 
via a light mixer to a light detector (see previous S€C

tion). This technique allows for a large flexibility in 
segmentation. It is D..ry x Di.¢; = 0.04 x 0.04 in the 
basic design, but can be reduced later using focusing 
readout. The projectivity in "I and ljJ is ensured by 
a 'staircase' geometry (Fig. 2.22). The modules are 
arranged in orange slices and tilted by 6° in ¢;. The 
support is made by an outer shell taking the forces 
(- 300 t) via a honeycomb structure at the back of 
the modules. 



300mm 

'-....: 
173 mm 

Figure 2.22: Sketch of a module of the 
em scintillating fibre calorimeter 

2.4.4.2 Performance 
We review here the most significant results on 

electron response as obtained by the SPACAL and 
RDl collaborations [32, 33]. The energy resolution 
is 10.9%/JE EB 1.1%. A small crack effect has been 
seen at the boundary between modules. The non
uniformity inside a module is '.:::::: 2% and is now un
derstood to be a mechanical problem. The impact 
point resolution scales as U:r,y = 4 mm/VE+ 0.1 mm. 
The signals are fast, allowing a satisfactory response 
in 30 ns collection time. 

2.4.4.3 Radiation damage 
Both the light emission and transmission of the fi

bres are affected by irradiation from em showers. We 
use the experimental measurements [37] on the dam
age to commercial fibres increased by a factor 2 to 
account for low dose rate effects. Table 2.3 shows the 
number of years of running at LHC (for an integrated 
luminosity of 2 x 105 pb- 1 per year) which would 
result in an increase of 0.8% of the energy resolution 
and the annual light loss. 

These conservative numbers, obtained with today's 
fibres, show that the problem of radiation damage is 
critical only in a small region of the end-caps where 
a replacement of the fibres would be affordable. 

2.4.4.4 Preshower detector 
RDl is also testing a preshower detector based on 

the thin, high-gain wire chambers used for OPAL [38]. 
With dedicated electronics yielding a good sensitiv
ity to minimum-ionizing particles and allowing for a 
high-rate environment, this technique could represent 

Table 2.3: Radiation effect on scintillators for hy
brid calorimeters for an integrated luminosity of 
2 x 105 pb- 1 per year (see text) 

l"I Years Annual light loss (%) 
0.0-1.5 14 0.4 
1.5-2.0 6 1.1 
2.0-2.5 1 5 
2.5-3.0 0.5 14 

a cheap and efficient alternative. 

2.5 Forward Calorimetry 

The main challenge for a forward calorimeter design 
is the high radiation dose it must withstand up to 
1 MGy/year at l7JI = 5, for an integrated luminosity 
of 105 pb-1 . This implies the use of radiation-hard 
materials and an appropriate protection of readout 
electronics, as well as a protection (or replaceability) 
of parts that cannot be made radiation hard. Simu
lations show that the hadronic energy resolution and 
the lateral granularity are not critical parameters for 
forward calorimetry. Because of the high occupancy, 
fast response is of more importance. The main design 
parameters of the forward calorimeter are listed in the 
Table 2.4. Currently, two options are under consid
eration: liquid scintillator [39] and high-pressure gas 
ionization calorimetry. In both cases the replacement 
of the active medium is foreseen. 
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Table 2.4: Forward calorimeter design parameters 

Fiducial coverage 
Energy resolution 
Time response 
Distance from l.P. 
Depth 
Outer radius 
Readout channels per side 

3.0 < 1111 < 4.5 
< 100%/yE EB 7% 

$30 ns 
15 m 

2m(10.I) 
190 cm 

1000 

At the highest LHC luminosities, the innermost 
part of the forward calorimeter (1111 >4.0} could, if 
necessary, be protected by a passive 15 Xo plug to 
absorb primary i''s causing the main radiation dam
age. The corresponding deterioration of the energy 
resolution will have little effect on most ET;,, signa
tures above,,..., 100 GeV. 

Mechanically, the forward calorimeter will be built 
as two identical stand-alone retractable units. 



2.5.1 Liquid scintillator option 

The advantages of this technique are fast response 
and low noise. Conceptually, the calorimeter module 
consists of a sealed 200 x 6 x 6 cm3 absorber matrix 
instrumented with thin glass tubes and filled with 
circulating liquid scintillator. Glass is known to be 
radiation-hard while liquid scintillators can stand a 
dose of about 100 kGy (in some cases up to 600 kGy 
[40]). The photodetector housing is attached to each 
module equipped with a light-guide mixer to trans
port the light from the tubes. The lateral size of the 
module is determined by the considerations of pho
tocathode area, liquid flow uniformity, the module 
mechanics and weight. The calorimeter unit is com
posed of 3000 such modules, arranged in layers, wit.h 
half a 111odule staggering and held by a 380 cm diam
eter cylindrical steel support. The beam pipe comes 
through a hollo\V insert with an inner diameter of 
30 cm. 1'he calorimeter unit will weigh about 200 t 
and contain about 5 m3 of liquid scintillator. Signals 
from the modules are combined into patterns vary
ing frotn a single module at the highest TJ to 7 mod
ules at lril :S 3.5 to forrn readout cells of 6.t} x l:J..¢; 
:::::'. 0.15 x 0.15. 

'1Ve have built prototype modules with lead and 
iron absorbers, 50 crn long and 6.2 x 6.2 cm 2 

wide, containing 56 3.6 mm glass tubes arranged 
in a hexagonal pattern with 8.2 min spacing and 
filled 'vit.h methylnaphtalene-based scintillating liq
uid. 1'he modules were exposed to 5 Ge\! test-beam 
particles. Figure 2.23 sho,vs some of the observed 
signal distributions. The measured energy resolu
tion ff(E)/E is 23% for electrons at {}z > 3° and 
51% for pions [41]. 'fhe latter ¥lould correspond to 
ff(E)/E :::::'. 30% in the case of full hadronic shower 
containment. The construction of full-scale proto
types and the testing of them in high-energy bearns 
is envisaged in a future R.&D programme. 

2.5.2 High-press11rc gas ionization option 

'l'his technique is expected to be radiation hard. The 
calorimeter geometry is similar to the one described 
ahove. The design involves high-pre88ure gas ioniza
tion tubes parallel to the beam, with 2 mm gap be
tween the inner tube wall and the outer surface of the 
central rod. The ga.<; mixture 95% Ar + 5% CF 4 at 
20-100 atm will be used. The signals from all charge 
collection rods in one 10 x 10 cm 2 module are com
bined into a single readout cell. Several prototype 
modules with different tube parameters and spacing 
are currently under test (42]. 
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Figure 2.23: Response of the liquid scintillator module 
to minimum ionizing particles {MIP) and electrons 

An alternative design involves planar absorber 
plat.cs with pad readout, embedded in a high-pressure 
gas volume [43]. 

2.6 Readout Electronics 

This section deals with the readout electronics V·:hich 
is nearly independent of the calorimeter option finally 
chosen. As usual for calorimeters, the readout elec
tronics has to provide data to the level-1 and level-2 
trigger processors. ln addition, several new require
ments have to be met: 

• the number of channels is large("-' 105); 

• the dynamic range from a high-mass Z1 --> 2e 
to the acceptable quantification noise lin1it is 
- 50 000; 

• the linearity and stability of the response must 
be better than 1 %; 
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• the information has to be pipelined with the 
complication i11troduced by the above items. 

Several approaches for the digitization and read
out of the data are currently being investigated. One 
possible scheme has been already presented in Sec
t.ion 2.3.4. 

Another possibility is the FER1II (Front-End 
Readout Mlcrosystem) [44], a digital implementa
tion of the front-end and readout electronic chain 
for calorimeters. It is based on dynamic range 
compression, a high-speed ADC, a programmable 
pipeline/digital filter chain, local storage and trigger 
functions. FER1-JJ also acts as the interface to the 
Trigger and DAQ systems. 

Digital pulse-shaping for calorimetric purposes is 
also being studied by the RD12 collaboration 1Nhich 
reported the successful operation of an 8-bit digital 
filter at 60 MJTz [45]. A 16-bit demonstrator is fore
seen by the end of this year. 



Still another approach uses an extension of the ana
logue CMOS pipeline developed for the RD2 Collab
oration (16]. Owing to the large dynamic range, two 
(12-bit) pipelines are needed in parallel. A limited 
number of electronic channels (in particular fast ana
logue summing circuits and ADCs) would be needed 
to feed the level-1 trigger processor. 

2.7 Calorimeter Performance 

A large simulation effort has been undertaken and is 
still going on to assess the performance of the pro
posed calorimeter systems including as much as pos
sible the known imperfections due to the integration 
of the calorimeters in a large detector system. The 
simulation results are backed up by results obtained 
in test beams by the R.&D teams. 

As an example, Fig. 2.24 shows the expected en
ergy resolution for a 60 GeV transverse energy ")'as 

function of TJ in the LAr Accordion barrel calorime
ter. For a 120 GeV mass Higgs the average photon 
transverse energy is,..., 60 GeV independent of TJ (af
ter kinematical cuts). All effects due to electronics 
noise, pile-up, dead material (coil and cryostat) have 
been included [10). 
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The performance of the various options for the 
hadron calorimeter are being studied with GEANT 
3.15. All the hadronic models present in this version 
have been tested (NUCRIN, GIIEISIIA, FLUKA). 
Differences of up to a factor of 1.2 in the value of 
the sampling term in the energy resolution are found. 
This underlines the importance of beam tests to ac
curately measure the performance of a detector. 

For the hybrid options, complete simulations have 
been performed using the }~LUKA model, which re
produces experimental data from the SPACAL and 
RDl Collaborations in the case of fibres, and from 
the ZEUS Collaboration for tiles. In the LAr/fibre 
case, light-quark jets from 40 to 1000 GeV have heen 
passed through the combined calorimeter system, in 
the absence of a magnetic field. The resolution is ¥lell 
described by a straight line: 30%/./E + 2%. A si1ni
lar study has been pursued for the LAr/scintillator 
tile option where, due to the simple geometry, a 
full simulation within the detailed, complete detec
tor environment was possible. The resolution values 
are fitted best with 27%/./E + 2%. In the case of 
the full liquid argon solution (1'GT), jets in the 50-
1000 GeV energy range have been simulated using 
the GHEISJTA model (backed up by results obtained 
with the Hl calorimeter) and the '1r0-,veighting tech
nique [16]. This predicts an energy resolution of (30-
35)%/v'EEB2%. In all cases, no source of systematics 
has yet been included. For single hadrons, the results 
are worse by typically 20%. 

The perforrnance of the forward calorimeter has 
been simulated for jet tagging. The Er resolution is 
found to be 9% for jets with an energy of 750 GeV 
measured in a cone with t:i.R = 0.5. 

The effect of cracks in the calorimeter was studied 
using GEANT simulations of charged-pion and pho
ton showers in the regions bet\veen the barrel and 

0.0 0.2 0.4 0.6 0.8 LO 1.2 

rapidity 
1.4 end-cap calorimeters and also between the end-cap 

Figure 2.24: Energy resolution for a 60 Ge V Er pho
ton as a function of rapidity 

The ability of the calorimeter to select electromag
netic clusters for photons and electrons has been sim
ulated [10]. Above 20 GeV, a rejection factor of 
,..., 1000 against jets can be achieved by requiring a 
cluster of cm energy in an area of 0.1x0.1 and reject
ing those which deposit more than 10 GeV in the sur
rounding em and all hadronic calorimeter cells over 
an area of0.18 x 0.18. 'fhis selection rnainlaius an ef
ficiency for photons and electrons of 95% even in the 
presence of pile-up at 1.7 · 1034 cm- 2s- 1 luminosity. 
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and forward calorimeters. This study was performed 
in the case of the full LAr calorimeter design de
scribed in Section 2.3.3. 

The expected average energy response as a func-
tion of TJ, for charged pions and photons is shown 
in Fig. 2.25 (a) for the barrel/end-cap and in (b) 
for the end-cap/forward cracks. From Fig. 2.25a, 
'"e conclude that energy losses in the barrel/end-cap 
crack are small. However, for 1.10 < 1'11 < 1.45, the 
em. calori1neter resolution is degraded significantly, 
implying that in the case of searches for H - ii or 
H --> ZZ* --> 1e decays, a fiducial cut is needed to ex
clude photon or electron candidates in this region. 

Figure 2.25b shows that a large fraction of the 
sho¥ler energy may he lost in the passive mate
rial of the end-cap calorimeter cryostat. The im-



pact of these losses on ET;,, measurements is dis
cussed in Chapter 8, both for H __,_ ZZ __,_ lfvIJ and 
squark/gluino searches. Despite the currently crude 
and non-optimized design of this region, the impact 
of this crack on ET'~• measurements is expected to 
be small. 
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Figure 2.25: Relative energy response near crack re
gions {see text) 
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3 Inner Detector for electrons from W decay (see Section 5). The pos-
sibility of a level-1 track trigger was considered and 

3.1 Physics and Performance Targets its physics potential was not judged sufficiently re
warding to warrant its implementation. 

In this section, we briefly review the requirements set 
on the inner tracking detector by the physics at LHC. 
We discuss both the high luminosity requirements, 
which are the main goals to be achieved, and the de
sired performance at initially lower luminosities, for 
which the inner tracker is expected to play a major 
role in extracting interesting physics (see Section 8). 

3.1.1 Performance goals at nominal l1igh lu
n1inosity 

3.1.1.1 Reconstruction of l1igl1-PT charged 
tracks The inner tracking system should efficiently 
reconstruct isolated high-PT charged tracks, and in 
particular those of electrons and muons. The pat
tern recognition should be as insensitive as possible 
to pile-up, and should reconstruct these tracks as 
efficiently as possible. At very low transverse mo
menta, electron and muon identification becomes in
creasingly difficult., and therefore the goal of the in
ner tracking system is to identify electrons and muons 
down to transverse momenta of 7 to 10 Ge V. The ac
ceptance for a possible four-lepton signal from Higgs 
decay, for m11 < 150 GeV, is quite sensitive to this 
lower PT threshold. 

3.1.1.2 Electron identification In contrast to 
existing hadron colliders, where the isolated electron 
to jet ratio at transverse momenta of order 10 GeV is 
about 10-3 , this ratio is expected to be much lower 
at LIIC, of the order of 10- 5 . The expected calorime
ter rejection of hadronic jets, while retaining a high 
efficiency for electrons, is of order 103 . The inner 
tracking system must therefore bring an additional 
rejection of 102 to 103 in order to reduce the jet 
backgrounds to less than 10% of the inclusive iso
lated electron signal. These jet backgrounds consist 
mainly of 11" 0 mesons, which carry most of the jet en
ergy and are not matched to a high-pr charged track, 
but also of electron pairs from Dalitz decays of 11"0 /TJ 
mesons or conversions of photons from 11"

0 /ri decays, 
and of high-pr charged hadrons yielding an electro
magnetic shower in the calorimeter. Most of these 
backgrounds can be rejected by simple tracking al
gorithms requiring the presence of a charged track 
matching the calorimeter cluster position, and with 
momentum matching its energy. Such tracking algo
rithms provide sufficient rejection at the level-2 trig
ger to bring the single electron trigger rate down to 
a manageable level whilst retaining a good efficiency 

3.1.1.3 Lepton momentttm measurement 
The inner tracking system should provide a mea.<Jure
ment of the electron charge sign up to momenta of 
500 Ge V. This is dictated mainly by the need to reject 
opposite-sign dileptons from tt decays, when search
ing for a possible excess of same-sign dileptons which 
might arise from high-mass same-sign W boson pair 
production. In the case of a possible asymmetry mea
surement in Z' decay, where the Z' mass is in the TeV 
range, a more modest electron momentum resolution 
would be sufficient, since each event is known to con
tain an electron-positron pair. At low momenta, the 
inner tracking systern can provide the most accurate 
estimate of electron and muon momPnta. 

3.1.1.4 Reconstruction of low-PT tracks near 
a 11igh-PT lepton candidate The rejection of var
ious dangerous backgrounds can be greatly improved 
if the inner tracking system is able to reconstruct low
Pr charged tracks in the vicinity of a high-pr lepton 
candidate track: 

• Requiring that no such charged track be found 
within a li1nited cone around the lepton candidate, 
additional rejection is obtained against backgrounds 
from non-isolated leptons originating from b-decay. 
Two good examples are the Zbb and tt to 4-lepton 
backgrounds to a possible signal from an intermediate 
mass Higgs boson decaying to four leptons. 

• The reconstruction of low-pr partners of elec
trons from Dalitz decays or conversions provides addi
tional rejection against these backgrounds to prompt 
electron signals. 
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• Finally, in the search for Higgs decays into two 
photons, hard photons from electron bremsstrahlung 
may be a major source of background if the Higgs bo
son mass is close to the Z mass. In this case, the iden
tification of the low-PT electron from which the hard 
bremsstrahlung occurred is again a powerful tool to 
reject such backgrounds. 

3.1.2 Performance goals at lower luminosity 

At the lower LHC luminosities expected at start-up 
(1032 to 1033 cm-2s- 1 ), the inner tracking detector 
will be a powerful tool in studying the rich and diverse 
physics expected from the very large samples of top
quark decays, which should be collected even at these 
lower luminosities. In addition, it is hoped that the 
abundant rates of b-quarks expected at LHC may 



lead to a rich field of TI-physics, such as CP-violating 
decays of B 0 mesons, which will still be a topic of 
intense interest at the end of the century. 

3.1.2.1 Identification of jets originating from 
b-quark decay Tagging of b-quarks will be a pow
erful tool to reduce combinatorial background from 
light-quark jets when reconstructing the top-quark 
mass, or to reject backgrounds from processe-.s other 
than top-quark production when searching for new 
and/or rare top-quark decays such as t - bH+ de
cays. 

We note here that b-tagging at I,HC for lumi
nosities below 1033 cm- 2s- 1 is expected to result in 
single-hit and impact-parameter resolution require
ments similar to those for LEP and the Tevatron, 
since the b-quark energies and therefore the charged 
particle multiplicities inside b-quark jets are similar. 
For these reasons, it is expected that silicon micro
vertex detectors similar to those used at LEP and 
the Tevatron, but with sufficient speed and radiation 
hardness, should yield similar performance in terms 
of b-quark tagging efficiency and light-quark back
ground rejection. 

3.1.2.2 Identification of hadronic r decays 
Jladronic r decays are of particular interest to iden
tify a possible signal from charged Higgs decay or 
from a pseudoscalar Higgs expected in some SUSY 
models. The use of a micro-vertex detector combined 
with the possibility of reconstructing tau decays will 
provide a useful tool to reject the much more abun
dant backgrounds from light-quark jets, which cannot 
be sufficiently reduced using calorimetric cuts alone. 

3.1.2.3 R.econstruction of CP-violating B
decays The expected rates of triggered and recon
structed B~ - J/lf'K~ decays arc quite large at LITC. 
The inner tracking detector should be able to recon
struct leptonic J/¢ decays down to low lepton mo
menta, and more importantly reconstruct K~ decays 
to charged pions. The precision with which the B~ 
mass can be reconstructed will also be an important 
tool to reject backgrounds from the more abundant 
B~ - J/1/;K* decays. 

3.1.3 Summary of performance req11irements 

The design goals for the inner tracking system are 
briefly summarized below: 

• efficient track finding over a pseudo-rapidity 
range of ±2.5 for isolated electrons and muons with 
transverse momentum above 7 to 10 GeV; 
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• momentum accuracy of 20 to 30% for PT = 
500 GeV over this pseudo-rapidity range; 

• efficient reconstruction of charged tracks with 
PT > 1 GeV in a localised area around a high-pr 
lepton candidate track; 

• good efficiency for tagging hadronic b-quark and 
r decays at as-high-as-possible luminosity; 

• the possibility of unambiguously reconstructing 
exclusive final states from B-meson decays; 

• enhanced electron identification for overall 
physics performance and level-2 triggering; 

• control of the amount of material for minimizing 
radiation length causing conversions and energy loss 
of electrons due to bremsstrahlung. 

The Inner Detector has to be designed to per
forrn robustly up to the highest LIIC luminosity, 
l.7·1034 cm- 2s- 1 • 

3.2 General Operating Conditions 

3.2.1 Tracki11g volume 

The inner tracker will occupy the space inside the 
inner vacuum shell of the solenoidal coil. The length 
of the tracking volume is 6.8 m and its radius is 1.06 
m (see Section 1). The 2 T solenoidal field is uniform 
over the central part. Because of the finite coil length 
the field integral decreases at the end of the tracking 
volume; thus the momentum resolution is degraded 
by ""' 20% in this region (i.e. for tracks with 1111 > 
1.9). 

3.2.2 Flux of cl1arged particles and occupa11-
c1es 

The charged particle flux at an LHC luminosity of 
l.7·1034 cm- 2s- 1 is N ~ 2 x 109 /r2 cm-2s- 1 at a 
radius of r cm with respect to the beam axis. Par
ticles with a transverse momentum PT :::; 0.3 GeV 
are trapped in the sensitive area of the inner detector 
by the 2 T solenoidal field in a radius of 1 m; they 
loop inside the Tnner Detector and contribute to the 
occupancy. 

A small flux of charged particles will result from 
'backsplash' from the neutron moderator, the coil and 
the calorimeter - it will add more hits to the detectors 
and increase the occupancy. This is under study. 

3.2.3 Neutron albedo 

The neutron flux above 100 keV in the cavity of the 
Inner Detector, coming from a Pb-LAr electromag
netic calorimeter and, for example, a Fe-LAr hadron 
calorimeter has been calculated [1] and it is expected 
to be in the range 1.7 to 6 x1013 n cm- 2 for an in
tegrated luminosity C = 1041 cm- 2 • These neutrons 



are a potential source of radiation damage. To reduce 
this flux the Inner Detector will be surrounded by a 
moderator of 5 cm polyethylene (nCH2) or equiva
lent. The neutron fluxes expected in this case are in 
the range 1.7 - 2.7 x 1012 n cm-2 (see Section 7). 

3.3 Tracking System 

3.3.1 General considerations 

The design goals for the tracking detector are listed 
in Section 3.1. No single tracking detector satisfies all 
these requirements, and the best features of several 
detector techniques are used. Figure 3.1 shows the 
baseline option for the full tracking detector. In the 
barrel region two design concepts, A and B, represen
tative of existing studies and used for optimization, 
are shown. The overall tracker design is still evolv
ing and, therefore, different options are considered. 
The required momentum reconstruction accuracy for 
charged lepton tracks implies a measurement preci
sion of< 20 Jlm for the inner tracker, and< 60 µm 
at the calorimeter entrance. The detectors have to 
be fast and they have to stand the expected levels of 
occupancy. They also have to survive and operate in 
high fluxes of charged and neutral particles. So far 
the best match to these requirements is provided by 
solid-state detectors (Si and possibly GaAs) and mi
crostrip gas chambers (MSGC). These detectors are 
shown in Fig. 3.1. At small radii, in the barrel part, 
silicon microstrip (2] and pixel [3] detectors give pre
cision tracking information. In the forward direction 
GaAs detectors [4] are used to increase the acceptance 
for high-resolution track measurement (the choice of 
GaAs is dictated by the high radiation levels in this 
region). At larger radius the required accuracy is pro
vided by silicon pad and strip detectors [5] or MSGCs 
[6]. Scintillating fibres are also considered as an al
ternative [7]. 

The high-precision measurements can be supple
mented by measurements of accuracy:::: 150 µm per 
hit using a multi-layer straw drift tuhe array. 1'his 
kind of tracker has the additional advantage of being 
able to be used as a Transition Radiation Detector 
(TRD) for electron identification [SJ. 

Efficient pattern recognition of high-PT charged 
leptons with a low ghost-track rate demands a few 
layers of high-gran1i\arity detectors (Si, 11SGC; i.e. 
'vector tracking'), and/or a large number of detector 
planes on the track (TRD/T; i.e. 'continuous track
ing'). Each pattern recognition method gives good 
results, even in the stand-alone case for the concepts 
A and B (see Section 3.5). Both low occupancy and 
continuous tracking elements are useful for the recog
nition oflow-PT conversion partners, or the secondary 

decays of long-lived particles (for example K0 's). 
An essential aim of the inner tracking detector is 

the efficient identification of isolated electrons, with a 
rate of fake signatures small compared with the true 
isolated electron rate. The dominant background 
sources to electrons are from Dalitz decays or exter
nal '11"0 conversions, and hadrons. Electrons are identi
fied by the reconstruction of a high-PT track pointing 
to the electromagnetic preshower/calorimeter cluster 
and transition radiation. More details on rejection of 
fake electrons can be found in Sections 3.5. 

Electron and photon candidates are defined by the 
level-1 trigger from isolated electromagnetic energy 
depositions in the em calorimeter. The Inner Detec
tor can contribute efficiently to the level-2 trigger as 
shown in Section 5. 

3.3.2 Layout of tracking system 

3.3.2.1 Detectors The inner tracker system con
sists of the elements described separately in Sec
tion 3.4. In order of increasing radius they are (see 
Fig. 3.1)' 
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1. The Silicon Tracker/Vertex (SITV) detector 
which covers the pseudo-rapidity region l'l'JI < 1.5 
and consists of two layers of double-sided silicon 
microstrip detectors, which are placed at radii 
20 and 30 cm to give precise tracking informa
tion. An additional layer of pixel detectors is 
placed at a radius of about 10 cm to give ac
curate and unambiguous measurements and to 
ensure good pattern recognition for primary and 
secondary vertex finding. As an alternative a 
layer of double-sided strip detectors can be used. 
The forward region is covered by GaAs detector 
rings to improve the momentum measurements 
beyond 1'71=1.8. 

2. Rings of MSGC counters at radii from 40 to 50 
cm with azimuthal strip orientation and 15 mrad 
stereo provide accurate track measurements for 
lryl > 1.5. 

3. For radii greater than 50 cm the tracking system 
includes two parts: 

• The end-cap part (8 > 45°, 0.9 < l'l'JI < 2.5) 
consists of a TRD/tracker arranged a'3 a num
ber of r,P layers of 4 mm straw drift tubes with 
radiator foils in between (50 < r < 100 cm). 
The outer MSGC rings extend radially between 
r = 84 and 100 cm and are interleaved with the 
TRD/tracker 'wheels'. In the forward direction, 
three full MSGC disks at z between 330 and 
340 cm extend radially from r = 40 to 100 cm. 
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Figure 3.1: Layout of the Inner Detector with two design concepts; concept A above and B below the beam 
line {dimensions in cm} 

•In the barrel part (0 < 45'\ \111 < 0.9), variants 
of two tracking concepts are being considered. 
Concept A consists of a silicon tracker (SIT) with 
an axial strip orientation. Four strip layers be
tween radii r = 70 cm and r = 100 cm provide 
¢-measurements, while two pad layers provide 
good space-point pattern-recognition capability. 
Concept B consists of a barrel TRD/tracker with 
axially oriented straw drift tubes (60 < r < 
95 cm) for pattern recognition and particle iden
tification, and six layers of the SIT at r > 95 cm. 
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To match the precision of the tracking detectors 
(20-60 µm) a rigid and stable mechanical construc
tion is needed. The material of the Inner Detector 
contributes to multiple scattering, conversion of pho
tons and bremsstrahlung of electrons. Hence, the 
material content should be minimized, especially at 
small radius, where these effects are most critical. 
Figure 3.2 shows the radial distribution of material 
as a function of pseudo-rapidity for concept B. 

3.3.2.2 Readout electronics The on-detector 
front-end electronics must be ofhigh density and sat
isfy many constraints: 

• high reliability and fault tolerance; 
•good radiation tolerance (up to 100 kGy or more); 
• minimal power dissipation, while maintaining 

maximal on-detector functionality (including possi
ble digitisation of analogue signals); 

• 2 µs pipeline buffers for analogue or digital signals 
corresponding to the maximum latency of the level-1 
trigger; 

•minimal readout dead time(< 1%); 
• good stability to eliminate the need for time

dependent calibration constants; 
• easy testing and monitoring. 
Candidate front-end chip developments are noted 

in specific detector subsections; both analogue 
(SITV, SIT) and binary (TRD/T, MSGC) front-end 
developments are being pursued. In all cases, data 
will be stored on-chip until a level-1 decision is taken, 



follo"'ing which only relevant data will be trans
ferred. The baseline design foresees a readout archi
tecture consistent with present technology; groups of 
chips (typically 10-20) would be arranged on detec
tor boards, with the data from each chip transferred 
to a board buffer before transfer off the detector by 
an optical fibre. Preliminary studies of average data 
rates indicate that transfer rates of~ 100 Mb/s over 
such fibres are sufficient. The final number of paral
lel read-out boards will be determined from an opti
mization of occupancy and readout speed to achieve 
minimal dead time. More ambitious opto-electronic 
readout schemes including analogue readout [9] are 
also being considered, and their suitability depends 
on future technical development. Input clock, trigger 
and calibration signals will he common to all tracking 
detectors [10]. 

3.3.3 Radiation resistance 

In silicon detectors, neutrons as well as at.her parti
cles damage the crystal structure causing an increase 
of the leakage current and consequently an increase 
of noise [11]. A further consequence is a change of the 
effective doping concentration [12] "'hich affects the 
operating voltage. Charged particles and gammas 
also create ionization in dielectric materials, which 
may accumulate to significant levels and influence 
the electrical field in the material beneath [13]. It 
has been shown that silicon strip and pad detectors 
can work in neutron fluences up to 1014 n cm- 2 [5] or 
higher [12] and radiation doses up to 100 kGy [12, 13]. 
Most of the phenomena are understood, but the per
formance depends strongly on the specific design. A 
careful choice of the operating conditions is currently 
the subject of several R&D projects [5]. The result 
of recent measurements is sho"'n in Fig. 3.3 [13]. 

GaAs detectors arc less well understood but they 
have operated at fluences np to 1014 - 7 · 1014 n cm- 2 

and radiation doses up to 200 kGy [14]. 

Gaseous detectors are sensitive mostly t.o charged 
particles and are much less sensitive to hard photons 
and neutrons. We have verified that the TRD/T pro
portional tubes operate 'vithout significant degrada
tion up to a charge deposit above 5 C/cm [15, 16]. "\Ve 
are actively involved in the development of radiation
hard MSGCs through the RD28 collaboration [17], 
(see also [18]). 
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Figure 3.3: Landau distributions from Si counters be
fore and after irradiation with 1013 neutrons cm- 2 

(five LHC years at r ,.._, 100 cm ) 

1'he components of the Inner Detector will be 
equipped with VLSI electronics, which has to with
stand the same level of radiation as the detectors. 
Standard technologies of industrial electronics have 
insufficient radiation hardness. However several tech
nologies exist which are radiation hard and which 
are now becoming available at a cost of about 2-3 
ti1nes that of the standard ones. Leading examples 
are MOS devices, which are favoured from the point 
of view of low power, high density and wide range 
of applications. Radiation-hard MOS electronics is 
offered by several companies1 . Transistors and ana
logue circuits from these companies have been tested 
up to 50 kGy [19, 20] and some of the VLSI digital 
devices have been operating up to 500 kGy [21]. An
other possible choice is bipolar or JFET technology, 
which is less frequently used as it ha'l more li1nitcd 
design possibilities but which is inherently more ra
diation resistant. Such devices have been tested up 
to doses of 100--200 kGy [22]. Again, several R.&D 
projects are being pursued to demonstrate the ap
plicability of these different technologies to front-end 
electronics of particle detectors [23]. 

1'he remaining materials used for the detectors and 
electronics (epoxy resins, Kapton, ~'fylar, ceramics, 
etc. - with the exception of Teflon!) are much less 
sensitive to radiation and moderate or severe damage 
starts above 0.1-1 :rv1Gy [24]. 
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1 UTMC and Harris in USA, Thomson and ABB IIAFO in 
Europe. 
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Fig11rc 3.4: SITV conceptual design 

3.4 Description and Performance of 
Proposed Technologies 

3.4.1 Silicon Tracker/Vertex (SITV) 

Precise measurements close to the interaction point 
allow the measurement and identification of primary 
and secondary vertices as "'·ell as improving the over
all momentum measurement. Studies have shown 
that a measurement precision of 10-20 µm at radii 
of 10-30 cm is required to satisfy these goals [25, 26]. 

Because of the high resolution required and the se
vere conditions near the interllction point (high track 
densities and radiation levels) the most appropriate 
technology is silicon micropattern detectors, in the 
form of strips and/or pixels, ¥:ith the following fea
tures: 

• high spatial resolution: precisions of 5-10 pm 
have been achieved in large-scllle co\lider applica
tions [27]; 

• high speed: the full charge collection time is 
about 20··-30 ns, for detectors of thickness 300 11m 

with most of the charge collected in the first 5-10 ns 
[28]; 

• good two track separation: typically 150 µm or 
twice the readout pitch [29]; 

• high radiation resistance (see Section 3.3.3). 
There are currently several ri.-IOS and bipolar full 

custom readout chips being designed with the nec
essary speed and radiation resistance to satisfy the 
needs of the LlIC. Of particular interest to the SI'fV' 
is the RD20 front-end chip, which consists of a low
noise preamplifier (45 ns peaking time), an analogue 
delay buffer (ADB) and an analogue pulse shape pro
cessor (APSP), to restore the time tag of the interac-

tions by deconvolution of the CR - RC shaped pulse. 
Prototypes of the amplifier, the ADB and the APSP 
chips exist and have been tested successfully. The 
results indicate that a signal-to-noise ratio (referred 
to the charge of a minimum-ionizing particle on one 
strip) of better than 15:1 can be maintained over the 
entire lifetime of the experiment [13, 30]. Radiation
hard versions of this electronics are currently being 
produced2 • 

The conceptual design for the SITV is presented 
in Fig. 3.4. The detector consists of three cylindri
cal layers of silicon micropattern detectors at radii 
between 10 and 30 cm plus several forward disks of 
similar detectors. The 1J coverage is ±1.5 units of 
rapidity and could be extended at additional cost. 
The most relevant numbers related to this design arc 
presented in Table 3.1. 

1'he inner layer's rnain function is to allow the tag
ging of short-lived particles, b's and r's (sec Sec
tion 3.5) especially at the lower lurninosities expected 
at the start of LllC operation. The layer consists 
of silicon pixel detectors with a spatial resolution of 
15 µmin ref; and about 60 µmin z, which 'viii allow 
the reconstruction of the impact parameter of stiff 
tracks with a resolution of about 25 Jlm. As an al
ternative a layer of double-sided microstrip detectors 
with a high resolution in ref; and z directions could be 
used. 'l'he two-dirnensional readout of pixel detectors 
simplifies pattern recognition and the small sizes of 
individual diodes would be an advantage under the 
harsh radiation conditions. To ensure complete cov
erage and redundancy this shell \viii be construc.t.ed 
out of t .. vo layers of detectors (a 'superlayer'). Pixel 

2Harris and ABB HAFO. 
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Table 3.1: SITV components and performances(£= 1.7. 1034 cm- 2s- 1) 

Layer Type of #of Si Diode size #readout Resolution Resolution Occupitncy 
detector detectors in mm2 channels in r¢ in z(r) 

Inner pixels 372 0.05 x 0.2 8 -10' 15 µm 60 µm < 0.1% 
Middle strips 804 0.05 x 60 1.9. 106 15 µm 1 mm <1% 
Outer strips 1632 0.1 x 60 2.0. 106 15 µm 1 mm <1% 
Forward pixels/strips 400 0.05 x 0.2 2 · IO' /8 · IO' 15 µm 0.06/1 mm < 1% 

detectors are being developed by the RD19 collabo
ration [31] and radiation-hard electronics3 is under 
development [23]. 

Taking into account expected doses and presently 
known limits on radiation resistance, one could ex
pect that, after several years of operation at high lu
minosity, detectors and/or electronics could fail. For 
this reason the inner layer is designed to be removable 
and can be exchanged if necessary. 

The outer layers serve mostly to improve the pre
cision of the momentum measurement. They will be 
built from single- and double-sided silicon microstrip 
detectors, with dimensions chosen on the basis of 
allowed occupancies, leakage currents and signal-to
noise ratio, as well as to maximize the production 
yield and hence minimize the cost. As the perfor
mance of silicon detectors depends very much on the 
design and the operating conditions, a systematic 
study of single- and double-sided silicon strip detec
tors (especially their behaviour under radiation), fab
ricated by a selection of manufacturers using different 
processes and different sources of silicon, is underway 
in the RD20 collaboration [13}. Detectors of 60 mm 
length and widths between 30 and 60 mm are cur
rently considered. The readout pitch is 50-100 µm. 
For the z-coordinate a combination of small stereo 
angle (10-20 mrad) and orthogonal strips is consid
ered to ensure both accurate coordinate measurement 
and good pattern recognition. Again, for redundancy 
reasons, the shells are built as double 'superlayers'. 
The final choice of the number of layers will be made 
on the basis of cost, stand-alone track-finding capa
bilities and alignment. Studies on these subjects are 
in progress. 

Because of the large number of sensitive elements, 
data reduction and sparsification will be done locally 
at the detector. The data from one or more detectors 
will be read out serially on a single optical fibre. 

The forward disks will be constructed out of sili
con strip and pixel detectors. The current preference 
is for pixels, due to their better pattern recognition 
capability and potentially better radiation resistance, 

3 Thomson SOI and DMILL. 

but microstrip detectors of 50 µm pitch could also be 
used. 

One of the principal difficulties faced in such a 
high-granularity detector with a corresponding high 
density of electronics is cooling. The SITV detector 
will dissipate about 10-15 kW of power in a small vol
ume. Furthermore the operating temperature should 
be lower than the ambient temperature (close to 0°C) 
in order to reduce detector leakage currents and the 
temperature gradient across a single wafer should not 
be larger than a few °C. A number of options arc un
der study - liquid cooling, evaporative cooling and 
gas cooling, which all seem capable of removing the 
heat. Each technique leads to a different mechanical 
construction and to a different distribution of intro
duced material [32]. A choice will be made only after 
full-scale prototyping and detailed simulation studies. 

For the construction of the support cylinders we 
plan to use beryllium and/or carbon-carbon com
posites: thin sheets of material separated by dis
tance/support ribs [13]. 

3.4.2 Galli11m Arsenide detectors (GaAs) 

The technology for making microstrip detectors from 
gallium arsenide (GaAs) is currently being developed 
by the RDS collaboration [4]. The main advantage 
of GaAs is its radiation hardness (see Section 3.3.3). 
Microstrip detectors have been routinely made with 
a signal-to-noise ratio of""' 7 : 1 in a test beam using 
AMPLEX readout [33]. While this is already accept
able, it is hoped that the performance will improve 
in the near future. 
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Vl/e propose to install GaAs microstrip detectors 
to improve the momentum resolution in the range 
1111 > 1.8 where the radiation levels are largest. The 
detectors will be in the form of wheels, centred on 
the beams, covering the radial region 15 < r < 25 cm 
and positior:ied at z values of z1 = 57 - 70 cm and 
z2 = 96 - 109 cm from the interaction region (see 
Fig. 3.1 and Fig. 3.4). 

The wheels will be covered by GaAs microstrip de
tectors in the form of tiles 53 x 23 mm2 with mi
crostrips of pitch 60 µm. The tiles overlap each other 



to make a hermetic detector. Each wheel consists of 
t\vo layers with the radial microstrips offset from each 
other by an angle of 1° for small-angle stereo recon
struction. This provides a spatial resolution of 20 µm 
in r¢ and an angular resolution of ±2 mrad in B. 

Monte Carlo studies show that the occupancy of 
such a system at a luminosity of 1.7 x 1034 cm-2s- 1 

is < 1 % per readout channel. 

3.4.3 Silicon Tracker (SIT) 

The outer barrel tracker (SIT) in conjunction "'ith 
the STTV detector provides precision mon1entum 
measurernents for charged particles in the central ra
pidity region, space-point rneasnrements for efficient 
pattern recognition in a high-multiplicity environ
rnent, and a fast, efficient, level-2 tracking trigger. 

T'o demonstrate a practical realisation of silicon 
technology for LIIC detectors, extensive develop
ments at the material and electronics levels have been 
made by the RD2 collaboration [.5]. 

The concept A design shown in Fig. 3.1 consists 
of six detector layers at radii r = 70 - 100 cm. The 
active length of each detector layer is± 95 cm, there
fore covering about ± 1 unit of rapidity in the cen
tral region. Each double layer is mounted on a thin 
but rigid carbon-fibre support cylinder. This support 
cylinder, designed to match the thermal properties of 
silicon detectors, \viii enable the precision mounting 
of independent 'mother hoards' or modules contain
ing typically 10-20 silicon detectors that are fully as
sembled and tested outside the detector. These mod
ules overlap in ¢ (Fig. 3.5 (a)) to provide hermetic 
coverage. As already demonstrated by CDF and the 
T.EP experiments, an alignment precision of< 10 µm 
on individual boards can he achieved. 

Two types of detectors will be mounted on the 
n1other boards. Single-sided strip detectors (60 mm 
length by 50 1nm \vidth) will consist of 256 strips of 
195 11m pitch aligned to give a¢ measurement with a 
precision of60 µm. Four layers \Vill be equipped \vi th 
these detectors. 1'v.·o layers will be equipped with 
detectors of the sa1ne size, but with a pad layout of 
10-20 rnm 2 in the present design giving a z precision 
of 300 11m. The final pad dimensions will be mini
mized subject to constraints of cost and the density 
of low-power eh~ctronics. A nu1nber of possible lay
outs for each 1nother board arc now being studied [31] 
and one such layout is shown in Fig. 3.5 (b). Each 
motherboard is attached to the support cylindf'r by 
a thin graphite frame. Each layer will contain 3500 
detectors and 4f10 000 readout cl1annels. 

[Sjf]OTHEllBOARO I 

Figure 3.5: Possible layout of an ,'iJT 's11perlayer' 
(top) and a 'motherboard' (bottoin) 

'fhe RD2 collaboration has measured radiation ef
fects in silicon detectors [35] (see also Section 3.3.3). 
By operating the detectors at a te1nperature of 0-
5 °C, the leakage current after 10 years LHC opera
tion is expected to remain belov.· 2 11A due to bulk 
damage, with a detector depletion voltage of< 150 V. 
Given this result, the design aim of a signal-to-noise 
ratio of 10 is achievable for rninimnm-ionizing parti
cles. Prototype detectors have performed as expected 
in beam tests, both before and after irradiation. 
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Cooling is also essential for the dense \'LSI C'lec
tronics chain mounted on the detector. It will be pro
vided by circulating an inert ftuorcarhon compound 
(fluorinert FC72) through cooling pipes built int.a 
each module (see Fig. 3.5 (b)). The pipes hav<' 11n 
internal cross-section of 1 mm2 , and make direct con
tact \vith silicon detc:ctors and electronics. Prototype 
test8 [34] have shOl'-'ll that the cooling po"'cr mC'ets 
the design requir!"ments. 
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Figure 3.6: Example of the front-end readout archi
tecture 

The current design foresees analogue front-end 
electronics based on the HARP architecture [36] 
and further developed in the RD2 project [37] - see 
Fig. 3.6. The target for a 64 (or 128)-channel chip is 
to achieve, using a 2 J1S 'pipeline', a signal-to-noise ra
tio for minimum-ionizing particles of 10 (for 10 years 
of operation), 8-bit resolution and a power consump
tion of < 5 mW per channel. Current R&D goals are 
to develop the integrated functionality of this archi
tecture, and in parallel to reach design performance 
levels. Considerable progress has already been made. 
A chip with 32 channels, each with a fast low-noise 
preamplifier, a 64-cel\ analogue memory, and com
mon control logic has been designed and fabricated. 
A three-counter silicon telescope "'as equipped with 
this pipeline electronics and tested in a particle beam. 
The test showed satisfactory operation and full chip 
functionality [37, 38]. 

This electronics is foreseen for both the pad and 
strip detectors. However, in the case of pad coun
ters as part of an optimization of maximum detector 
granularity at reasonable cost and low power con
sumption, the possibility of binary electronics is being 
investigated. Data from several chips are collected 
serially and transferred by light fibre to the level-2 
triggers and the off-detector trigger and DAQ system 
(see Section 5 and [39]). 

Studies to implement this design with radiation
hard technologies4 are in progress [23]. 

The pattern recognition and electron identification 
capabilities of this detector are excellent because of 
the high detector granularity ( < 0.5% mean occu
pancy at high luminosity for events selected by the 
level-1 trigger after taking into account charge shar
ing) and its ability to provide space-point reconstruc
tion. The results of extensive Monte Carlo studies 
are presented in Section 3.5. Even in the vicinity of 
jets, the mean maximum counter occupancy remains 
< 5%. 

4Thomson SOI, Harris and DMILL 

3.4.4 Microstrip Gas Counters (MSGC) 

Microstrip gas counters (MSGCs) are strong candi
dates for high-precision tracking detectors at LHC. 
All groups involved in R&D on MSGCs in prepara
tion for LHC experiments have recently formed the 
joint RD28 project [17]. 

A MSGC consists of an insulating substrate cov
ered by a thin metal film on which long, narrow cath
ode and anode strips are etched [40, 41]. 

Tests with various prototype detectors have shown 
that minimum-ionizing particles can be observed with 
a typical spatial resolution of 30 µm and a two-track 
resolution of 300 µm in the direction perpendicular 
to the strips. Ions produced in the avalanche pro
cess are captured quickly due to the short distance 
(50 µm) to the nearest cathode strip, thus allowing 
these detectors to be operated at rates up to a few 
hundreds of kHz per 1nm2. 

The }..fSGC geometry can be specifically adapted 
to meet the LHC operating conditions; only the reso
lution is slightly affected. The minimum track length 
in the counter gas has to be at least a few mm to ap
proach 100% detection efficiency. This track length 
must on the other hand be minimized to obtain a 
short charge collection time. Therefore the drift gas 
applied should both have a high primary ionization 
density and high drift velocity. One promising gas 
mixture is 60% dimethyl ether with 40% C02 which 
has a primary ionization density of 47 cm-1 and an 
electron drift velocity of 69 µm/ns at a field strength 
of 10 kV /cm. Using a 2 mm gas gap, the charge col
lection will take only 30 ns. This gas mixture has 
more attractive features, such as a > 104 gas ampli
fication, a very small transverse diffusion coefficient 
(ur = 50 µm/ .,/ill.ITi [42]) and a modest Lorentz angle 
at high magnetic fields (cliL:::::: 16° at R = 2 T). 

An optimal resolution is achieved using analogue 
readout of the strip signals. A coarse position mea
surement can be done using a digital readout. With 
a small transverse diffusion in the drift gas, only one 
or two strips will have a hit when a particle crosses 
at normal incidence. For an anode pitch of 200 µm, a 
resolution of 44 µmis measured using digital readout. 
The corresponding efficiency is 98.4 % at a threshold 
of 8 x noise [41]. 

MSGC strip signals are of the order of 20 000 e
and can therefore be read out with available pream
plifiers. Currently, prototype tests are made using the 
MX.5 chips developed for Si microstrip counters. The 
readout chips that are being developed by RD2 [29] 
and RD20 [28] match all criteria to be used for ana
logue readout of MSGCs at the LIIC. One candidate 
for a di_gital readout chip is the FASTPLEX chip now 
under development [43]. Data reduction and sparsi-
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fication will be done locally. The data of a group of 
detectors will be transmitted via an optical fibre to 
the DAQ system. 

Val'ious substrate materials and metallisations are 
being investigated. A good substrate candidate is 
borosilicate glass with a thickness of 150 µm and 
aluminium strips. A support structure of carbon 
fibre composite has been built and equipped with 
dummy detectors. The smallest MSGC unit is a dou
ble counter which will consist of two facing substrates 
with a cathode plane in between. This double counter 
has an effective thickness of 550 µm glass or 0.43% 
of a radiation length for particles incident along a 
normal on the plane. 

In the end-cap detectors counters will be assernbled 
in large rings or disks (see Fig. 3.7). The average 
thickness of one MSGC wheel, including supports, 
readout, overlap, cooling etc., is estimated to be 
1.5% X0 • The minimum size of an individual double-
counter is 10 x 10 cm2 with 2 x 512 anode strips. 
The strips will run radially but for a small stereo an
gle of about 15 mrad. They will be mounted to have 
253 overlap with their radial neighbours giving on 
average three measurements per 2 crossed wheels. 

TRD-ring 

MSGC-r i ng 

Figure 3. 7: Layout of AfSGCs in the end-cap detector 

In the forward part of the Inner Detector MSGCs 
and TRD/Ts are interleaved, as described in Sec
tion 3.3.2. A combined design is under study to min
imize support material. 
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Figure 3.8: Possible layout of MSGCs at large radius 
in the barrel part 

MSGCs also provide an alternative technology for 
precision tracking in the barrel region. The groups 
involved are studying several substrates including 
Si02 [44], and intend to develop MSGCs with douhle
sided readout, to measure also the second coordinate 
of a hit. Such detectors may be used in the barrel at 
a radius of about 46 cm with 200 µm anode spacing 
for the tf; coordinate and 0.5 mm u and v strips ori
ented at ±10°. The space-point accuracy is expected 
to be Ur¢"' 40 µm and u 2 ,...., 600 JLm (at T/ "' 0). A 
second part has been designed for a radius of about 
94 cm with an anode pitch of 300 µm and 1 mm wide 
u/v strips. The space-point accuracy is expected to 
be Ur¢,.._. 60 µm and Uz ,...., 1.2 mm (at T/ ,.._. 0). A 
possible layout is shown in Fig. 3.8. 

3.4.5 TRD /Tracker (TRD /T) 

3.4.5.1 The role of the TRD/Tracker The 
TRD /T plays a major role in: 

• Efficient pattern recognition over the pseudo
rapidity range ±2.5 at the highest LHC luminosities 
for charged tracks with PT> 0.5 GeV. 

• Particle identification over a wide rapidity range, 
namely, the efficient detection of electrons with the 
rejection of hadrons (using transition radiation), and 
")'-conve-rsions and Dalitz-pairs (by finding the part
ners). It is also possible to identify high-energy 
muons(> 100 GeV). 

• Providing level-2 trigger information to identify 
tracks of PT> 10 GcV, as discussed in Section 5. 

The TRD/T stand-alone momentum resolution is 
LlpT/PT = 8x 10-4 xpy for the pseudo-rapidity range 
±1.9, using drift-time information [48]. 

3.4.5.2 Overview of the TRD /Tracker sys
tem The TRD/T is a straw drift-tube detector with 
4 mm diameter Kapton straws spaced on average 
8 mm apart. The free space between stra¥;s is filled 



with polypropylene foils or foam which produce tran
sition radiation photons. 

The end-cap TRD/T is positioned radially between 
0.5 and 1.0 m and from 1.0 to 3.3 m in lzl, with 
radial straws of 50 cm length and 2 x 130 · 103 readout 
channels (sec Fig. 3.1 in Section 3.3). 

1'he barrel part (concept B), \•lith axial straws of 
total length less than 190 cm, is divided into two 
halves with independent readout (2 x 55 · 103 read
out channels), positioned radially between 0.6 and 
0.95 m, with a pre-radiator bet\',·ecn 0.5 and 0.6 m. 

The barrel and end-cap parts cover 1111 < 0.9 
(integrated with SIT) and 0.9 < 1111 < 2.5 (inte
grated with MSGC), respectively. The barrel-part 
radiator consists of polyethylene foam (density of 
0.05 g/cm3

) [45]. The radiator for the end-cap part 
consists of 15 pm thick polypropylene foils; the den
sity of foils and straws along z is adjusted in order 
to keep the average number of straws crossed by the 
particle between 40 and 70 and the total material 
thickness ofTRD/T at the level of 7 to 10% Xo over 
the full 17-range. The total a1nount of TRD/T mate
rial (with the mechanics and electronics) is included 
in Fig. 3.2. 

Substantial progress relating to straw properties, 
performance and design of the TRD/'1' has been made 
within the R06 collaboration [46] over the last t\',·o 
years. \Ve summarize below the most important re
sults from prototype measurements, detailed Monte 
Carlo simulations and engineering design. 

3.4.5.3 Straw tuhe and radiator properties 
Detailed studies of many types of straws and ra
diators have led us to choose multilayered Kapton 
\velded straws (Kapton + welded layer + Al + car
bon) and CH2 foan1 or foils with a high transi
tion radiation yield [16, 45]. Direct n1easurements 
in a nuclear reactor (0.8 rvlGy of ionization dose + 
2 x 1015 neutrons cni-~) indicate that stra\V and ra
diator components will operate stably for more than 
20 LJJC years [1.5, 16]. 

Studies of different gas compositions Jcmonstrate 
that a gas 1nixtnre consisting of70% Xe+ 20% CF 4 + 
10% C02 has a high drift velocity (60 µm/ns) [16, 46], 
efficient protection against spurious discharges (up to 
gas gains of 1.5 X 104), and shows no gain loss for a 
collected charge of more than 5 C/r:m corresponding 
to more than six I.RC years [16]. In the 2 T field, 
the total drift time is between 35 and 10 ns. The 
decrease of the gas gain due to space charge effects is 
'vithin 3% for the highest LIIC luminosities. 

Measurements using a neutron source showed that 
expected LTTC neutron fluenccs provide a negligible 
contribution to the straw occup<1ncy {due to proton 

recoils, neutron capture etc.) [46]. 

3.4.5.4 Prototype meain1rements A TRD/T 
prototype containing 1000 straws embedded in a 
polyethylene foam has been built and tested with and 
without a magnetic field (B = 0.78 T), using a t\',·o

threshold readout scheme with fast signal shaping 
(7 ns rise-time). The combined use of a low threshold, 
0.2 keV, for tracking and drift time measurements, 
and a high threshold,,..., 5 keV, for transition radia
tion detection, was evaluated [47]. 

• A track is measured with an accuracy of 28 µm 
(180 µm) in position and 0.12(0.15) mrad in an
gle with (without) drift time measurements. Us
ing drift time information, the position accuracy 
per straw is measured to be 140 µm, giving a mo-
1nentum rr~<;olution fl.pr/PT = 4 x 10-3 PT for 
J Bdl = 0.2 T·m, which agrees with the stand
alone momentum resolution quoted above, if ex
trapolated to the TRD/T at LHC [47, 48]. 

• The rejection, R, against hadrons has been mea
sured for different energies and straw occupan
cies. For example, for 30 GeV pions, R = 500 
for lo\'; stra\'; occupancy, and R = 30 for the ex
pected 20% straw occupancy at LHC [46, 47]. 

3.4.5.5- Expected performance Extensive I\IC 
simulations based on the test beam mea.<iurements 
have been performed to simulate as realistically as 
possible the 1'RD/T performance at LHC. The ex
pected occupancy per straw is ,..., 20%, as shov.•n in 
'fable 3.2, but the effective occupancy is significantly 
reduced (by a factor,..., 3) with the drift time measure
ment, at the expense of losing 10% of the hits. The 
transition radiation hit occupancy due to pile-up is 
,..., 2%. The expected electron/hadron identification 
perforniance is sho\vn in Fig. 3.9. The plot presents 
the pion efficiency for PT = 20 Ge\' and as a func
tion of T/ for different luminosities and an electron 
efficiency of !JO%. A rejection factor of 10 to 100 is 
provided by the TRD/T at the l1ighest luminosity in 
addition to the ralorimeter and E/p matching. The 
TRD/T performance in terms of tracking and overall 
electron idPntification is described in Section 3.5. 

3.4.5.6 F\111 scale prototype design As de
scribed in ref. [8, 46], the RD6 collaboration is de
signing a full-scale engineering prototype of a v,·heel 
of the endcap TRD/T. This wheel contains 16 planes 
of600 radial straws and the detailed design of all com
ponents is now cornplete. In addition a 30° azimuthal 
sector of several wheels is also being built, such that it 
fits in the magnet. nscd for test beam tncasurements, 

38 



TRD-tracker 

Electron efficiency= .90 L=2x1 o~ 

5x1033 

1x1033 

-· 10 LL~~~~~~~~~~~-'-C~~~~ 
0.4 0.8 1.2 .6 2 2.4 2.8 

Pseudorapidity (71) 
D 

Figure 3.9: Hadron rejection of TRD/T detector ver
sus TJ 

and will be equipped with ASIC electronics witl1 LlTC 
functionality (except for the drift time measurement 
and radiation hardness). The data will be read out 
via HIPP! into VME commercial modules (49], and 
will also be used to test a hardware implementation 
of a level 2 TRD/T trigger (see Section 5). Both the 
full-scale engineering prototype and the sector pro
totype with its electronics will be tested towards the 
end of 1993. 

3.4.6 Scintillating fibre Oltter tracker 

Scintillating fibres may provide an interesting alter
native technology for the outer barrel tracker. The 
device considered here follows the work of the RD7 
collaboration (50] and uses bundles of 60 µm diam
eter doped polystyrene fibres in a 1.7 µm cladding. 
Glass capillaries filled with liquid scintillator [51] are 
also studied. 

The outer tracker would consist of four layers of 
straight O" and 6° oblique (u, v) fibres each layer 
4 mm thick, mounted on a thin carbon-fibre cylin
der. For this configuration, the spatial resolution is 
better than 60 pm (and limited by the optoelectronic 
chain), the two-track separation is 80 µm, and the 
occupancy at a luminosity of 1.7 x 1034 cm- 2s- 1 is 

well below 1 %. Pattern recognition is enhanced by 
the vector obtained from the two <P measurements. 

The fibres are arranged in two half barrels, each 
read out at the centre by optoelectronic delay tubes 
coupled to the fibres by a fibre-optic plate. This ar
rangement compensates for light attenuation in the 
fibres by providing a longer path length in the fibre 
at larger distances from the tube. The bundles of 
fibres are rearranged at the ends to match the annu
lus of the fibres to the circle of the tube face. The 
two halves of the fibre system overlap so that there is 
always a good triplet (efi, u, v) for tracks around 90". 
With the photocathode used in the tests, the aver
age number of photoelectrons per millimeter depth 
of fibre is three. For 16 mm of fibres the number of 
opto-electronics tubes required for the \\'hole system 
is 140. 

Electrons liberated from the tubes' photocathodcs 
are drifted slowly up and down the tube, preserving 
the space and time precision of the image, until, on 
receipt of a trigger level-I 'yes', the tube selects the 
right 15 ns bucket and accelerates the electrons to 
a silicon pixel device at the end of the tube. The 
pixel size is 60 µmin azimuth (matched to the fibre 
size) and 600 11m in radius. The signal is eventually 
read out and the tracking information is available for 
a level-2 trigger. The in-built pipeline is a distinct 
feature of this tracker. At present, the tube delay is 
1 µs. Developments must be made to extend the tube 
delay to 2 ps. 

A further advantage of the fibre tracker is its fast 
response. Successive bunch crossings do not mix in 
the detector, hence the occupancies are very small 
and ghosting of tracks is very much reduced. One 
should also consider the very low po,ver consumption 
(no heat from fibres, pixels active only when level 1 
set). The fibres have been tested and are radiation
hard to 5 kGy, sufficient for several years of LIIC 
operation. 

3.5 Performance of Proposed Layout 

3.5.1 Introduction 

A summary of the principal characteristics of the pro
posed Inner Detector is shown in Table 3.2. 

The occupancy of the components of the Inner De
tector has been calculated at nominal luminosity, in
cluding the effect of loopers, 6-rays and secondary in
teractions, and is presented in Fig. 3. l 0 and Fig. 3.11. 

In the barrel region it was assumed that SITV sili
con detectors have clements with areas shown in Ta
ble 3.1. The SIT has strips of the same length every 
200 µm. The TRD/T straws are 95 cm long with a 
diameter of 4 mm. For the SI'fV a clustering factor 
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Table 3.2: Characlerislics of the proposed lracker 

Detector SITV GaAs SIT TRD/T MSGC TRD/T 
forward concept A barrel end-cap end-cap 

No.Elements 4.2 · IO'(IO')' 8. 10" 2.7. 15" I.I. 10" 5.15" 2.6 . JO' 
Hits/Track 6 4 6 40 4-6 40 

Occupancy(l,2) 0.1 - 1% <1% < 0.1% 25/2.5% < 1.5% 20/2% 
Rad. Length(3) 6% 5% 8% 12% 7.5% 12% 

Resolution (r4>)(4) 15 20 60 150 45 150 
Resolution (11) (5) 1(0.06)" 2 2 - 3 30 

(1) Occupancy per clement for B = 2 T and C = 1.7 · 1034 cm- 2s-1 

(2) For the TRD/T the first figure refers to a low threshold (0.2 keV deposited energy per straw), the 
second to a high threshold (5 keV per stra¥l). 
(3) Radiation length of total sub-detector at normal incidence. 
( 4) Resolution in r,P: in µm per measurement. 
(5) Resolution in 11: in mm in the z-direction for barrel detectors, and in the r-dircction for forward 
detectors. 
" The numbers in brackets are for pixel detectors. 

of2 was added, and similarly 1.5 for the SIT. For the 
TRD/T events were integrated over two bunch cross
ings. To include the effect of conversions a realistic 
amount of material \Vas taken for the beam pipe and 
the detectors. 

" ~ g 10 
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0 
u 
u 
0 

ID 

0 

(strips) 

SITV 

20 40 

~hits) 

TRD 

••••••••••••••••·• (TR hits) ....... , 
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40 and 50 cm and between 84 and 100 cm has been 
calculated as a function of z (see Fig. 3.11). 

----
Z (cm 

Figure 3.11: Occ11pancy for the forward detector in 
radial strips a.~ a function of radius and position along 
lite beam (for 40 m.inimum-bias events in lwo bunch 
crossings) 

'fhe Inner Detector reconstructs tracks and ver-60 
radius cm tices and identifies electrons. It measures momC'nta 

and impact paran1eters of the tracks. The relevant 
performance questions are therefore: 

Figure 3.10: Occ11pancy for the barrel detectors at '7 = 
0 a.~ a function of radius (20 mini1num-b1as events per 
bunch crossing). The upper and lo1ver curves for the 
TRD/1' are for lhe low and high threshold respectively 

In the forward region the response of tISGCs to 
charged particles was simulated and the events Vl'ere 
integrated over 30 ns (two bunch crossings). The ma
terial of the other detectors has been included. The 
number of hits in 200 µm pitch radial strips between 
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•pattern recognition capability; 
• momentun1 resolution; 
•electron identification and rejection of QCD jets; 
• impact parameter resolution; 
• level-2 trigger capability. 
'fhe large coverage in polar angle requires the Inner 

Detector to have a break in the geometry to avoid 
small angles of incidence. This break is at 4f1" i.e. 
1111:::-0.9, and <livi<les the Inner Detector into a barrel 
part and two end-cap parts. 



T>vo concepts of the barrel part were sl udied to get 
experience and understanding of the different factors 
that influence its performftnce. Concept A uses a 
small number of layers of highly granular detectors, 
and concept B also uses a barrel 'fRD/T to give many 
measurement points along the track and transition 
radiation information. 

3.5.2 Efficie11cy of pattern recognition and 
ghosts 

The inner tracker searches for tracks in trigger roads 
defined hy either the muon detector or by lhe elec
tromagnetic calorimeter. The sizes of thei;;e roads are 
b..TJ x b..efi::::: 0.0:1 x 0.01 and 0.20 X 0.06 for a 10 GeV 
muon and electron respectively. 'fhe figures of 111erit 
are the track-finding efficiency and ghost frequency 
in these roads. Simulations 1,.vere performed for the 
more difficult case of electron candidates. Below \Ve 
present results fro1n studies for the two different bar
rel concepts and for the end-cftp detector. 

Table 3.3: Performance of the barrel detector 'with 
SITV and SIT {C - 17.1034 cm- 2s- 1 ) -

l,11 0 
Momentum [GeV] 10 
Efficiency e [%] 96 
Efficiency µ [%} 98.5 
Fake tracks * [%] < 0.2 

within trigger roctds. 
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3.5.2.1 Darrel detector witl1 SITV and SIT 
The SIT design used for siruulations is similar to 
that of concept I3, except that no TRD information 
\Vas recorded. As shO\\'n in Fig. 3.1, 4 strip layers 10 

(200 pm x 50 rnrn) and 2 pad layers (9 mm x 1 mm) 
are arranged bet"'een radii 95 cm and 105 cm. Four 
strip layers of granularity 50 pm x 50 mm have been 
sirr1ulated for the SIT\'. For all the simulations, an 
average of 60 1ninimnm-bias events >'lere superim
posed on the high-py track candidate. 'fhis gives Figure 3.12: E/p for 10 GeV electrons with a helix 

fit {fop) and the electron fit (bottom), and the ineffi
ciency of E/p c1d8 including the effect of pile-up 

a higher occupancy than expected from bearn-beam 
events, in order to allo\\' for extra unassociated hits, 
as have been ser:n at existing hctdron colliders. Track 
segments are initially reconstr11cted independE'ntly in 
the inner and outer detector layers, using a roftd de
fined within :\ cells of an electromagnetic cluster cen
troid. I'ossible track seg1nents (of PT > 0.25 E'T"1 

or 20 Ge\.') are then combined in a global fit includ
ing the vertex and calorirneter cluster positions. A 
helix fit is made for all tracks, and a special 'elec
tron' fit for electron candidates includes a possible 
bremsstrahlung 'kink'. 'fable 3.3 summarizes the per
formance obtainf'd [-53] for muons using a helix fit 
with quality x2 < 5/ndf, and for electrons using an 
'electron' fit. 'The contribution to this inefficiency 
from bremsstrahlung effects is bet,veen 2.5 and 4%, 
with an additional 1.5% due to assumed layer ineffi
ciencies. The effect of pile-up is negligible, the fake 
track rate is <0.2% (90%CJ,). The results of Fig. 3.12 
for 10 GeV electrons indicate a significant i1nprove
ment in the efficiency by using the electron fit. 

3.5.2.2 Pattern recognition witl1 TR.D /T In 
the 2 T magnetic field, tracks originating fro1n the 
vertex, with PT > 0.5 GeV, appear as alrnost straigl1t 
lines in the (¢, r) plane for the barrel TRD/T 1111d 
as straight lines in the (efi, z) plane for the end-rap 
'fR.D/T. (jiven the large nun1ber of hits per track (40 
to 70), an efficient and simple global pattern recogni
tion can be performed, with low fake-track rale, even 
for tracks with PT as low as 0.5 GeV at the highest 
LHC luminosities, despite the high stra>v occupancy. 
The found tracks can then easily be extrapolated to 
the precision measurement layers, in order to reduce 
further the fake track rate and to provide a polar 
anglr: measurernent. in the barrel part. 

The perforrr1ance of the TRD/'I' global pat.tern 
recognition was simulated for isolated rnuons and 
electrons, and for the 1nini1num-bias pile-up as a func
tion of luminosity up to 6 x 1034 cm- 2s- 1 [52]. The 



efficiency for reconstructing isolated muon and elec
tron tracks in the presence of pile-up is shown in Ta
ble 3.4, for PT = 20 and 100 GeV. The electron re
construction efficiency at low rnomenta is somewhat 
lower than that for muons due to bremsstrahlung. 
Also shown in Table 3.4 is the probability to observe a 
fake track from minimum-bias pile-up, facing an elec
tromagnetic calorimeter cluster (b.17x b.rji = 1.0 x 0.06 
in the barrel and 0.20 x 0.06 in the end-cap). 

Table 3.4: Performance of the TRD/T pattern recog
nition (£ = 1.7 · 1034 cm- 2s- 1

) 

barrel end-cap 
PT [GeVJ 20 100 20 100 
Efficiency µ [%] > 99 > 99 > 99 > 99 
Efficiency e [%] 96 98 96 99 
Fake tracks * [%] < 0.3 < 0.05 

• within road as explained in text 

Figure 3.13 (barrel TRD/T) and Fig. 3.14 (end
cap TRD/T) show the total number of fake tracks 
expected over the full geometrical acceptance as a 
function of luminosity, for PT > 2 GeV and 10 GeV. 
Also shown are the expected rates for real tracks from 
minimum-bias events, which, for low transverse mo
menta, are significantly higher than the fake-track 
rates. Figure 3.14 also shows, for PT > 10 GeV, 
the expected improvement due to drift time measure
ments, which significantly reduce the effective occu
pancy. 

In addition we expect the silicon/MSGC detectors 
to reduce even further these fake--track rates and we 
therefore conclude that the overall pattern recogni
tion capabilities of the Inner Detector are sufficient 
to achieve the goals described in Section 3.1. 
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Figure 3.13: Number of fake tracks per event in stand
alone TRD/T barrel detector versus luminosity (the 
solid c'.Urves give expected rates from minimum-bias 
events) 
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Figure 3.14: Nttmber of fake tracks per event in 
stand-alone TRD/T end-cap detector versus luminos
ity (solid curves as above} 



3.5.3 Momentum resol11tion 

For the proposed Tnner Detector, the momentum res
olution is mainly determined by the track vector de
tectors measuring the sagitta and end point. Here, 
the resolution of the transverse vertex is assumed to 
be rr = 20 µm. Four 11-bands can be distinguished 
where different subdetcctors have the role of measur
ing PT: 

• 0.0 < 1111 < 0.9: SITV-SIT 
• 0.9 < l"I < 1.5' SITV-MSGC 
• 1.5 < 1111<1.9: 11SGC-~fSGC 
• 1.9 < 1111 < 2.7: GaAs-MSGC 
Figure 3.15 shows the transverse mornentum reso

lution as a function of 11, for tracks with PT = 100 and 
500 GeV, using a realistic field map. The momentum 
resolution can be supplemented by the '!'RD/Tracker 
as mentioned in Section 3.4.5. I. 

The resolutions of each detector supcrlayer are 
slightly degraded to account for alignment uncertain
ties: the SITV and (;aAs detectors are assigned an 
r</J resolution of 20 pm/superlayer, the inner MSGC 
45 pm, the SIT and outer 1'1SGC detectors 60 µm. 

The scaled transverse momentum resolution, 
D.PT/P} is better than 5 x io- 4 at 1111 < 2 and de
grades to ,...., 10-3 at ]111 = 2.5. At low momenta 
multiple scattering dominates V·lith a conlribution of 
between 1 and 1.5% to D.PT/PT· 

~0.5 

<l 0.4 

' ' 

Pr= 500 GeV 

Figure 3.15: D.pr/PT as a function of11 at high PT 

3.5.4 Elcctro11 identificatio11 

Electron identification at high luminosity is one of the 
major tasks of \.he Inner Detector. \Vi th the calorime· 
ter level-1 and -2 trigger algorithms discussed in Sec
tion 5, a fraction of ,...., 10-3 of QCD jets will be 
selected as electron candidates for PT around 20 to 
40 GeV. As indicated in Section 3.1, most of these jets 
consist ofhigh·PT 11"

0 /r/'s, and the additional rejection 
required to bring them belov; ...., 10% of the isolated 
electrons is in the range 102 -103 (see Fig. 3.16). A 
good rejection capability of fake electron signatures 
due to 11"0 /11 Dalitz decays and external photon con
versions is therefore essential. 

3.5.4.1 Rejection of electron pairs using 
SITV and SIT Using the pattern recognition al
gorithm, described in Section 3.5.2.1, which corrects 
for single hard bremsstrahlung from electrons, an effi
ciency of""' 93%, for isolated electrons including pile
up, is obtained. A large sample of 1'!"

0 /11's was gener
ated following the py-spectrum shown in Fig. 3.16. 
This spectrum is in agreement with that of QCD 
jets, which are selected as isolated electron candidates 
by calorimeter cuts. The dark-shaded histogram in 
Fig. 3.16 represents the events, which have a recon
structed electron track, with 0.9 < E/p < 1.3 (for 
PT > 20 GeV the upper bound is increased linearly 
to 2.0 at 100 GeV), and no reconstructed partner with 
PT> 2 GeV. For PT> 30 GeV, the background rate 
after these cuts is about 10% of the true electron rate 
(Fig. 3.16 and [53]). 
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Figure 3.16: Generated PT distrib1dion of 1!"0/11's 
and of isolated electrons from W --> ev. The light· 
shaded histogram shows the calorirneter rneasured Er 
for electromagnetic clusters 1vith an associated track. 
The dark-shaded histogram represents electrons pass· 
ing E/p and e-pair cuts (see text) 

3.5.4.2 Rejection of electron pairs usi11g 
TRD/T As discussed in [8], the TRD/T provi<les 
a powerful tool to reject electron pairs, originating 
from photon conversions both in front of and in
side the TRD/T and from Dalitz decays. A simu· 
lation si1nilar to that described above, using a sam
ple of 11"

0 /11 mesons with P'I' > 20 GeV, shows that 
the rnost dangerous electron-pair background arises 
from asymrnetric Dalitz decays. An overall rejec· 
tion of~ 30 against 1'!"

0 /ri Dalitz decays is obtaiued, 
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mainly by reqt11r1ng no reconstructed partner track 
with PT > 0.5 GeV within a lin1ited solid angle 
around the electron candidate. The corresponding 
efficiency for isolated electrons, including pile-up, is 
estimated to be 94 ± 2%. The rejection against ex
ternal photon conversions is much higher, ,.., 200 in 
the case of photon conversions in the beam pipe and 
,.., 100 in the case of photon conversions in the TR,D/T 
itself. 'l•le note here that most photon conversions in 
the Inner Detector material beyond the first sensitive 
tracking layer can be rejected by requiring a hit 1n 
this first layer on the electron track candidate. 

3.5.4.3 Study of QCD jet rejection Since this 
task is most difficult at low transverse momenta, a 
sample of ~ 500 000 QCD jets was generated, at 
T/ = 0 and with PT > 20 GeV. After full GEANT 
simulation of tracking and calorirnetry, these events 
were used to study the combined performance of the 
Inner Detector, using the precision layers of SITV and 
SIT for rnomentum reconstruction and E/p matcl1ing, 
and the TRD/T for pattern recognition and hadron 
rejection [54]. 

In a first step, 913 of the generated jets are se
lected as electron candidates, using only calorimeter 
information. Only those jets with at least one recon
structed track (combining SITV, SIT and TRD/T) 
with PT > 10 GeV were retained. Only 108 jets re
main, since most jets selected by the calorimeter cuts 
consist ofhigh-PT Jr

01s. After requiring a good match
ing betv.•een the calorimeter energy and the track mo
mentum, as measured using the SITV and SIT, and a 
cut of E/p < 1.2, 51 electron candidates remain, cor
responding to a fraction of,.., 10-4 of the generated 
QCD jets. These events contain 21 electrons from b
quark decay, 23 charged hadrons, which produced a 
dominantly electromagnetic shower in the calorime
ter, and 7 electrons from photon conversion or Dalitz 
decay. The efficiency, including the calorimeter se
lection, is estimated to be,.., 85% (90%) with (with
out) pile-up from 40 minimum-bias events, for iso
lated electrons. Some loss of efficiency is caused by 
bremsstrahlung leading to momentum measurement 
errors, and could be recovered by the improved ver
sion of the 'electron track' fit (see Fig. 3.12). 

The high-PT charged hadrons can be further re
jected by a factor better than 10 using the TRD/T 
and by an independent factor of 2 to 5 using the 
preshower detector. The electrons from photon con
version or Dalitz decay can be further rejected by a 
factor 10 to 20, searching for the second electron, as 
described above separately for the SITV and SIT and 
for the TRD /T. 

3.5.4.4 Conclusions on electron backgrot111<ls 
We conclude that the potentially dangerous back
ground from asymmetric electron pairs can be re
duced to a negligible level with respect to the ex
pected rate from isolated electrons, even for trans
verse momenta as low as 20 GeV. Furthermore, de
spite the large uncertainties (arising mainly from 
QCD and b-quark jct production, jet fragmentation, 
and calorimeter modelling), we conclude that the 
background from QCD jets to the expected isolated 
electron signal can be reduced well below 10-5 of the 
expected QCD jct rate using the combined system. 

3.5.5 Impact parameter measttrement 

}>recise vertex measurements of the SITV (sec Sec
tion 3.1. l) make possible the tagging of short-lifetime 
particles. 

For b-taggi11g efficiency studies a detector model 
was developed. Finite detector resolutions and multi
ple scattering were taken into account. Pattern recog
nition problems were not yet included at this stage. 

An SITV detector giving three pairs of points be
tween radii 10 and 30 cm was assumed, with 20 µm 
point resolution in r</J. The experience from present 
LEP experiments indicates that this value already in
cludes a significant safety margin for possible align
ment problems. The total radiation length of the 
SITV at 90° is assumed to be 4.6%. 
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'fhe impact parameter resolution for 90° tracks is 
shown in Fig. 3.17(a) as a function of the track mo~ 
mentum. For high 1nomenta, when the multiple scat
tering contribution is small, the resolution is 27 µm. 
Figure 3.17(b) shows the dependence of the resolu
tion on T/ for two track momenta. 

The impact parameters of tracks from b and non 
b-jets differ significantly due to the finite lifetime of B 
particles as shown in Fig 3.18. Using the SITV reso
lution one can estimate the b-jet tagging efficiency for 
tt events. The rejection of non-b jets as a function 
of acceptance for b jets is shown in Fig. 3.19 (solid 
line). 

The efficiency of r tagging with an impact param
eter measurement was also calculated. Leptonic r 

decays were studied. Figure 3.19 (broken line) shows 
the rejection factor against leptons from W decay, as 
a function of the acceptance for leptons from r de
cays. Background leptons from h decays cannot be 
removed on the basis of an impact parameter cut and 
isolation criteria have to be used. 
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3.6 Installation, Services, Moderator, 
Alignment 

The Inner Detector consists of two concentric cylin
drical parts. The inner part up to a radius of 38 cm 
contains the SI'l'V detector and the GaAs detectors. 
The outer cylinder from r = 38 cm up to the mod
erator has a barrel SIT and TRD/T detectors and 
two forward parts with MSGCs and TR.D/Ts. The 
whole Inner Detector and the moderator are sus
pended from the end flanges of the cryostat v•hich 
contains the solenoidal coil and the electromagnetic 
calorimeter. 

The presence of many different detector technolo
gies in a relatively small volume requires an inte
grated design effort. A special working group has 
been set up for this task. 

The inner radius of the cryostat of the barrel 
calorimeter is 1.15 m and its length is 6.8 m. The 
moderator has a thickness of 5 cm and consists of 
a hydrogen-rich n1aterial, e.g. polyethylene (nCII2) 
or water (H20). We reserve an additional 2 cm for 
the support structure of the moderator which is then 
located between r = 108 cm and r = 115 cm. 

The moderator weighs approximately 3500 kg. The 
barrel and two forward parts of the outer cylinder 
of detectors weigh about 500 kg each. The vertex 
detector and GaAs detectors on each side have each 
a weight of about 50 kg. The total \veight of less than 
5500 kg can be suspended easily from the cryostat. 

The outer and inner cylindrical parts of the Inner 
Detector are suspended frorn rails made of carbon
fibre cornposites, which are attached to the end 
flanges of the cryostat. Insertion of the various de
tector components is rapid by sliding in via the rails. 
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Each rail has a width of 2 cm and a length of 6.8 m 
attached only at the ends to the end flanges of the 
cryostat. The rails reserve an annular slot between 
r = 106 and 108 cm. This slot is to be used for ser
vices to the electronics. All connections of services, 
power, signal cables/optical fibres and cooling, arc 
located at the ends and thus easily accessible. 

Very-high-precision position detectors (SITV, 
GaAs, srr and MSGC), which have intrinsic res
olution between 10 and 40 µm, require special at
tention. The support structures for these detectors 
must be maintained with a long-term stability bet
ter than their accuracies with a minimum amount of 
additional material. A large system of such detec
tors requires a detailed system-engineering study to 
understand problems such as the design of individ
ual detector modules which must be fully tested and 
measured, installed and aligned, but still remain ex
changeable. A careful planning of the distribution of 
power lines, signal cables and cooling circuits is es
sential (they will introduce extra material but also 
at large currents could give unwanted forces and/or 
pick-up problems). 

T'he position of the individual elements of the de
tector can be measured after rnounting using stan
dard optical precision stands. The installation and 
alignment of the detector assemblies on the support 
rails is performed with standard survey techniques up 
to a precision of about 100 11m. The final alignment 
can only be done using tracks down to a level of no 
more than 10 µm systematic contribution to the res
olution. However, a permanent relative monitoring 
of the detectors "'ith a precision of about 10 1im is 
needed. Infrared laser diodes and capacitive displace
ment probes have proven to be useful [55). Recently, 
new monitoring methods using optical fibres embed
ded in the support structure have been developed and 
brought onto the market. 

The problems of installation, maintenance, and 
alignment in .~itu are recognized and are all under 
study. 
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4 Muon Spectrometer 

4.1 Introduction 

The following criteria have been adopted for the con
ceptual design of the muon spectrometer: 

• Very good momentum 
10-3000 GeV; 

resolution in the range 

detector volume and cost. A complete design study is 
being carried out. We have requested an independent 
review by an international expert panel in order to 
provide an evaluation of the engineering concept and 
of the cost estimates. 

Should the flux of background particles under small 
angles exceed the pattern recognition and trigger
ing capabilities of an open spectrometer, the end
cap magnets could be replaced by conventional warm 
iron toroids as described in Section 4.2.5. At the ex-

• hermetic coverage and mornentum measurement 
up to pseudorapi<lities lt1I = 3; 

pensc of reduced momentum resolution, such a sys
of tern provides for additional absorption of hadrons and • safe stand-alone operation at luminosities 

(, = 1.7. 1034 cm- 2s- 1 and above; 

• robust pattern recognition; 

• capability of providing an efficient lcvel-1 trigger. 

A spectrometer syste1n based on a large toroid mag
net has been chosen as the most adequate solution 
to meet these requirernents. The main advantages of 
this principle have been sumrnarize<l in the introdnc
tion (Chapter 1); at present, both a superconducting 
air-core and a conventional iron-core magnet are re
tained as options for the barrel and end-cap regions. 

The mon1entum resolution of such a spectrometer 
is determined by the follov•ing parameters: 

• the amount of absorber rnaterial in front of the 
spectrometer, giving rise to energy loss fluctua
tions; 

• the amount of rnaterial inside the spectrometer, 
giving rise to additional energy loss fluctuations 
and rnultiple Coulo1nb scattering; 

• the 1nagnetic field integral J Bdl along the muon 
track; 

• the layout and the spatird resolutiou of the track
ing clnunhers. 

1'he amount of ahsorber mnterial is deter1ni11ed by 
the requirements of the calorimetry and by the ne
cessity to avoid punch-through into the muon spec
trometer. 

The best perforrr1ance is achieved V.'ith an open su
perconducting magneL 'fhe desigu of such a system 
foresees a large 'barrel' magnet \vhich covers the cen
tral region up to llJI = 1.2 and provides a J Rd/ = 
3 Tn1 at 'f/ = 0. 'l"he forv.'ard regions are covered by 
two smaller 'end-cap' toroids ·with f Bdl = 8 Tm at 
1/ = 2.8. 

In Section 4.2 \\"e describe the engineering work 
done to date, it indicates that the superconducting 
magnets can be safely constructed front present statc
of-the-art technology, and within realistic limits on 

low-momentum muons, and can accommodate more 
easily a distributed layout of tracking chambers for 
improved pattern recognition. It \vould also lead to 
significant co,;t savings. 

The option of a toroid magnet based entirely on 
conventional warm iron technology is de,;cribcd in 
Section 4.3. This magnet provides si1nilar coverage 
for momentum measurement and triggering, and in
creased bending puwer (.[ Bdl = 4.5 Tm at 'f/ = 0). 
Ilo\\·ever, the resolution of an iron spectron1eter is 
limited by rnultiple scattering over most of the rel
evant momentum range and is inferior to the per
formance of the open system (Section 1.6). Further
more, the electromagnetic background from radiative 
energy losses of muons imposes more stringent re
quirements on the tracking technology. 

The layout of the tracking chambers in the spec
trometer will depend on the choice of the magnet 
(Sections 4.2.6 and 4.3.4). For a given magnet design, 
the momentum resolution of the spectrometer is de
termined by the intrinsic resolution of the detect.ors, 
the mechanical precision of the chamber construction, 
and the quality of the alignment. Tn order to achieve 
adequate resolution for 11101nenta up to 3 TeV, the 
charr1bers have to measure track coordinates in the 
bending plane with an overall accuracy of 100 JllTI or 
better. 

\\Tc have ide11tified three candidate technologies to 
build large-surface detectors of high accuracy at rea
sonable cost: high-pressure drift tubes, honeycomb 
strip chambers, and jet cell cha1nbers. These cham
bers are well-matched to the comparatively ]o\v occu
pancies which prevail on most of the tracking surface. 
A great deal of attention is given to the control of sys
tematic effects in the coordinate measurements. All 
three technologies allow for autocalibration of t0 and 
drift velocity. \Ve are evaluating support structures 
which deform by less than 100 1im and consider the 
use of thermally stable carbon-fibre materials. Opti
cal alignment will monitor mechanical deforrnations 
and will thus ease the demand,; on stability. 
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Alternative chamber technologies may be required 
to cope with the higher rates expected at rapidities 
1111 2; 2.5. This kinematic region corresponds to a 
small fraction of the total detector surface and could 
be covered with small-scale variants of the same de
tectors with reduced cell size, or different types of 
chambers such as straw tubes or thin-gap cathode 
strip chambers. A final choice bet,veen the different 
technologies will be made only after a decision on the 
magnet. 

The design of the level-1 muon trigger (Section 4.7) 
is based on the detection of bending angles in the 
toroid magnetic field, and on the principle of unam
biguous bunch-crossing identification of all spectrom
eter data. For the technical implementation, a choice 
•.vi!! have to be rnade between a dedicated stand
alone system and an integrated system derived from 
the tracking chambers. The potential advantage of 
a stand-alone system is the excellent intrinsic timing 
resolution which \vould allow for reliable bunch cross
ing identification "'1th relatively simple electronics. 
An integrated system \vould require a more elaborate 
signal processing to achieve a similar timing accuracy. 

4.2 Air-Core Toroid Magnet 

The superconducting air-core toroid system is de
signed to produce a large-volume field with an open 
structure giving easy access for the installation of 
muon detectors. The barrel magnet covering the cen
tral region is described in Section 1.2.1 and the s11-
perconducting end-cap toroids which complement. the 
barrel at large rapidity are presented in Section 4.2.3. 
The main parameters of the supercond11cting mag
nets are given in Table 4.1. The alternative option of 
conventional iron magnets for the forward region 1s 
described in Section 1.2.5. 

4.2.1 Supercondnc.ting air-core barrel toroid 

An isometric view of the barrel toroid is shown in 
Fig. 4.1. This magnet [1] consists of 12 separate 
superconducting coils assembled as an axially sym
rnetrical array around the 10 nt <liamct0r calori1neter 
barrel. Each coil is of a fiat 'race track' configuration 
extending over a surface area of 26 x 5 rn2 . The coil 
is made of two single 'pancakes' \\'Ound and clamped 
rigidly on both sides of a cold solid plate which acts as 
a central web to contain the internal forces imposed 
on the conductor (Fig. 4.2). 
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Figure 4.1: Isometric view of the air-core barrel mag
net 

5'0 
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Figure 4.2: Cros.~-.~ecfion of the inner leg of a super
conducting coil. 1: central plate; 2: single pancake of 
50 turns; 3: Al cooling sheet; 4: liq11id helium cooling 
loop; 5: clam.ping pieces; 6: thermal shield; 7: vac1111m 
1iessel; 8: cold strut. 



The 'pancakes' are made of 50 turns of aluminium
stabilized rectangular conductor of 90 x 8.5 mm2 

cross-section, and are epoxy impregnated in their for
mer together with an aluminium cooling sheet which 
intercepts and conducts the heat load to a helium 
pipe running along the entire periphery of the coil. 
This principle of indirect cooling is particularly well 
suited for the proposed winding geometry and sim
plifies considerably the requirements on the cryogenic 
system. 

Each coil is assembled in its own individual cryo
stat which consists of a stainless steel vacuum vessel 
made of welded panel sheets braced at regular inter
vals by inner spacers, the usual thermal shields and 
superinsulation, and internal supports and circuitry. 
The coils are built as independent units except for 
the cryogenic and electrical interconnections. Up to 
this stage, the coil construction can be carried out 
entirely by industry and the coils can be transported 
individually to CERN. 

The magnetic forces result in a net inward radial 
force of 670 t on each coil. This force is carried by the 
structural plate of the coil and is supported by a series 
of 10 cold struts tied between adjcu:ent coils. In addi
tion, tie rods at room temperature are arranged in a 
similar pattern at the periphery of the magnet in or
der to stabilize the structure and to balance small az
imuthal forces which may arise from slight asymme
tries in construct.ion or from accidentally disturbed 
current distributions. 

The total weight of the barrel magnet is approx
imately 800 t. Its support system is made of two 
longitudinal beams tied to the two opposite lines of 
struts located in the horizontal midplane (Fig. 4.1). 
These beams extend over the full length of the mag
net and rest on four pillars with the interposition of 
cold-to-warm transition posts. Complete mechanical 
analyses have been performed on the overall struc
ture and show that stresses and deformations are kept 
within acceptable limits under all conditions. 

Notwithstanding the large size of the individual 
coils, which will necessitate special tooling, the tech
niques of fabrication of the winding and other parts 
of the magnet are well within the state of the art. 
All coils will be individually tested before installa
tion at normal operating current. This test will verify 
their electrical and cryogenic performance, whereas 
the mechanical behaviour of the coils can only be 
tested in the final field configuration, 

For the assembly at the LHC site, the coils will be 
pre-assembled into four separate modules before they 
are lowered into the pit. The underground work will 
consist of the mechanical assembly and cryogenic clo
sures at the four interfaces, and the interconnections 

with the external cryogenics and electrical supplies. 

4.2.2 Magnetic characteristics of the air-core 
barrel toroid 

The field map of the barrel magnet is shown in 
Fig. 4.3a. The field integral at 1J = 0 between the 
inner and outer magnet radius varies azimuthally by 
less than ± 10%. The presence of saturated iron in 
the return yoke of the solenoid does not alter signif
icantly the field uniformity inside the volume of the 
air-core toroid. A consequence of the discrete distri
bution of currents is the presence of stray fields out
side the toroid. The variation of the field strength as 
a function of the radius, in the absence of the return 
yoke of the central solenoid, is also given in Fig. 4.3b. 

4.2.3 Superconducting 
toroids 

air-core end-cap 

The air-core end-cap toroids [2] are designed to ex
tend the coverage of the superconducting magnet sys
tem to l'IJI = 3. Like the barrel, each end-cap toroid 
consists of twelve coils, powered in series. 'l'he end
caps fit inside the barrel, the coils of the end-cap 
fitting between the coils of the barrel at the same 
radius. In the present design all twelve coils are con
tained within one large cryostat, see Fig. 4.4. This 
offers several advantages. The coils can be in close 
proximity at the inner edge of the toroid, hence the 
inner radius can be reduced and the rapidity coverage 
extended. Aside from the likelihood that one large 
cryostat would be cheaper than twelve separate ones, 
the design also allows for greater simplicity in the me
chanical restraint of the large magnetic forces, in the 
current and cryogenic connections, and a reduction 
in heat losses. 

The coil windings are distributed radially (Fig. 4.5) 
to compensate for the 1/r dependence of the field in 
a simple toroid. 

The field distribution is shown in Fig. 4.6. This 
distributed system provides a flexible design lending 
itself to further optimization. The main parameters 
of the end-cap toroid are shown in Table 4.1. Each 
coil consists of a central plate of 20 mm Al alloy with 
1 mm of insulation. A coil is wound onto each side 
of the central plate using a single length of conductor 
which is the 'Rutherford cable', stabilized by high 
purity aluminium of 50 x 6.25 mm2 cross-section. It 
is wound on formers of Al alloy which remain in place 
after the winding and act as structural supports for 
the coil 
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Each side of the windings is covered by another 
20 mm aluminium alloy plate which provides a sound 



Table 4.1: Main parameters of the superconducting magnet system 

Barrel magnet End-cap magnet 
(per magnet) 

Inner free radius of Toroid 5m 0.5-1.1 m 
Outer radius !Om 5.87m 
N utnber of coils 12 12 
Individual coil overall dimensions 26 x 5 m 2 5.04 x (4.47 - 4.93) m2 

Total Ampere-turns 24·106 A ll-106 A 
Stored energy 1.25. 109 J 0.21 . 109 J 
Peak field at conductor 3.4 T 1.0 T 
Net in\•1ard force per coil (barrel on) 670 t 273 t 
Net inward force per coil (barrel off) - 620 t 
Conductor cross-section 90 x 8.5 mm2 50 X 6.25 mm2 
Operating current 20 kA 20 kA 
Critical current at normal 
operating conditions, T = 4.5 K 44 kA 55 kA 

Total length of conductor 68 km 18 km 
Total weight of conductor 140 t 14.4 t 
Total weight of one coil 60 t 11 t 
Refrigeration po,ver at 4.5 K 2kW 100 w 
Cool-down time ::;1 month ::;1 month 
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Figure 1.3: Magnelic field characteristics of the air-core barrel 1nagnel. Left: Field lines in the x - y plane, 
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Figure 4.6: Field integral for the combined air-core 
toroids as function of pseudorapidity for¢ angles of 
(0) If, (6) 7.5", "nd {o) 15" 

and rigid double-sandwich structure and a good cool
ing medium. Each coil is fully impregnated and 
bonded. Stress analysis indicates that the magnetic 
forces can be transferred from the coil to the plates 
through the resin bond, but it is envisaged that dow
els will secure the aluminium formers to the central 
and outer skins for greater security. 

The twelve coils are mounted into a single assembly 
by sets of supports (Fig. 4.4). This serves to make 
the whole toroid assembly a self-contained rigid cold 
mass, able to withstand internally the net inward 
magnetic forces. Only the weight of the cold mass 
(130 t) needs to be transferred to the outer cryostat. 
This is achieved by using insulating supports in the 
central horizontal plane of the toroid, which also en
sure that the cold mass remains centred within the 
cryostat during cool-down. Additional insulated con
straints will maintain this central position when the 
coils are powered. 

The design of the cryostat is cornplicate<l by the 
need for a crenellated outer cylinder to Jct the end
cap coils fit between those of the barrel. It will be pre
fabricated in industry in large pieces and welded to
gether in the surface building above the experiment. 
The coils themselves will be manufactured in industry 
and assembled into a toroid in the same surface build
ing, then inserted into the cryostat and fully tested 
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prior to installation in the experiment as a complete 
unit. 

4.2.4 Cryogenics 

The refrigeration system, common to the barrel and 
end-cap toroids, is based on a conventional helium 
refrigerator with a capacity of 2 kW at 4.5 K and 
20 k\V at 75 K, the latter cooling the thermal shields. 
At this rating, the refrigerator will be able to cool
dov.'n all magnets (700 t cold mass) in one month 
and will produce liquid helium in steady-state oper
ation a..;; a primary coolant for the heat exchanger of 
the force-flow system supplying the magnet cooling 
loops. The 24 cooling loops of the barrel magnet can 
be fed in parallel by a single pump delivering 72 g/s 
of helium with a pressure drop of 4 kPa. All possi
ble phases of operation, including quench, have been 
analysed and will be monitored with a control pro
cess by proper valve arrangements. A connection to 
the general refrigr-ration sytem of the LIIC machine 
could possibly lead to a significant reduction of the 
cost of the system together with a shortening of the 
cool-down time. 

4.2.5 Convc11tional iron end-cap magnets 

The preferred solution for a system of conventional 
forward magnets is an arrangement of twin end-caps 
which make it possible to place a tracking charnber in 
between the inner and onter modules. The modules 
are installed on rollers on the rail system described in 
Chapter 6 and can be retracted in the beam direction. 

Each end-cap module has a length of 2 m in the 
z direction and weighs ,._, 1000 t. It consists of 12 
azimuthal sectors, each one equipped with a conven
tional aluminium coil of about 200 cm2 cross-section. 
The weight of one sector is ,._, 85 t. Jn the axial di
rection, it is made of 9 iron plates of 20 cm thickness 
each, interleaved with,._, 3 cm thick spacers. The free 
space bet.ween the iron plates allows for the installa
tion of e.g. plastic streamer tuhe.s to detect energy 
loss from electromagnetic radiation and to help in 
pattern recognition. 

Each module wonld be pre-assembled on the sur
face either in two halves and then lowered into the un
derground area using the 2 x 250 t cranes, or lowered 
as a single unit by the heavy-load crane (Chapter 6). 

The main parameters of the iron-core end-caps are 
summarized in Table 4.2. If rolled ]ow-carbon steel is 
used, a current of 276 kAt is required to reach a m:otg
netic field of 1.8 Tat a median radius Rm= 2.9 m. 
This contains a contingency of 50% to take into ac
count a possible degrading of the magnetic quali
ties of the iron due to weldings, different produc-
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tion charges, and possible air gaps. The necessary At 
can be obtained using conventional aluminium coils 
of 24 turns each with a water-cooled conductor of 
24 x 24 mm2 cross-section. All coils of one module 
are powered in series. The small cross-section of the 
conductor and the approximate size of 4 x 2 m 2 of 
the coils allow for a production without technological 
risk. 

The field shape in the end-caps has been calculated 
with the POISSON program. In the azimuthal centre 
of a sector, it varies radially from 1.97 Tat the inner 
radius of 1 m to 1.73 Tat the outside. 

Table 4.2: Parameters of the iron-toroid end-caps 
{per en<l.-cap) 

Median field 
Operating current 
Ampere-turns 
Dissipated power 
Stored energy 
Iron weight 
Conductor weight 

1.8 T 
960 A 

2 x 276 kAt 
2 x 200 kW 
2x2tlJ 

2040 t 
13 t 

4.2.6 Layo11t of muon charnbers in the a1r-
core mag11et system 

\Vith the superconducting spectrometer magnet, a 
muon track is always measured in three 'points'. In 
the barrel, one point is in front, one behind, and 
one in the middle of the magnetic field region, the 
momentum being determined by a sagitta measure
ment. In the end-caps, one point lies in front, and 
t"'o lie behind the magnet, the momentum being de
terrriined by a point-angle measurement. In practice, 
each 'point' is represented by a number of chamber 
layers, forming a superlayer, thus providing a direc
tion in addition to the coordinate. 

The arrangement of the chambers in the barrel fol
lows the 12-fold symmetry of the magnet. In Fig. 4.7, 
the largest chambers appear on the periphery of the 
magnet where they span the distance of 5.5 n1 be
tween the cryostats of neighbouring coils; in the beam 
direction they measure 2 m. The chambers in the 
middle of the toroidal field region measure 3.7 x 2 m2 

and the inner chambers 2.2 x 2 m 2. 

Special attention is given to the problem of insen~ 
sitive regions between neighbouring chambers. In the 
barrel, cracks in 8 are avoided by staggering the ends 
of the different layers in each chamber. In¢, the dead 
region between neighbouring chambers is covered by 
overlapping smaller chambers wherever possible. In 



Figure 4.7: Transverse view of a possible chamber 
layout in the air-core barrel toroid 

the centre of the field region, the cryostats of the 
individual coils cause a dead zone of 25 cm, corre
sponding to 7% of the azimuth. There, the sagitta 
measurement is replaced by a point-angle measure
ment using the pair of outer chambers that cover this 
region of¢, decreasing the moment11m accuracy by a 
factor of....., 2.5. 

The chambers of the end-cap spectrometers are in
stalled vertically extending to a radius of....., 5 m, see 
Fig. 1.1. They arc mounted on the end-cap toroids 
and move with the toroids in case these are retracted. 
At larger radii, in the TJ range where barrel and end
caps overlap, the vertical chambers are fixed to the 
barrel toroid structure. 

4.3 Iron-Core Toroid Magnet 

The iron toroid system has been designed as a con
ventional magnet for the muon spectrometer v•hich 
can be built and operated at low risk. The proposed 
construction of this magnet is based on established 
manufacturing processes which are readily available 
in European industry. In particular, the handling of 
the iron plates and the welding methods have been 
optimized to reduce the cost ofn1anufacturing and as
sembly. The coils are designed to operate at ::;48 V 
against ground requiring no special insulation. 

4.3.1 General layot1t 

The iron structure comprises an octogonal central 
'barrel' and two large mobile 'end-caps' as shown in 
Fig. 1.2. The length of the barrel is chosen to corre
spond to the total length of the calorimeter section. 
This has the advantage that the end-cap toroids be-
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Figure 4.8: Layout of the coil arrangement of the 
iron-core toroid; here the end-cap is shown 

come totally independent of the central part and that 
their rail and roller system will not interfere with the 
active volume of the detector. The end-caps are sub
divided into an outer and an inner part, each with 
its own coil, see Fig. 4.8. The outer part has the 
same transverse cross-section as the barrel magnet. 
The main parameters of the magnet are given in Ta
ble 4.3. 

It is essential that the end-cap toroids can be eas
ily retracted from the central part for access to the 
calorimeter and the inner detector. Each end-cap 
toroid is therefore placed on a roller system and 
moved horizontally by a hydraulic push-pull traction 
system. Bet¥leen the rollers and the load, hydraulic 
bearing pads will be installed for vertical adjustment. 
They also provide a possibility to compensate for p08-
sible i1nperfections in the assembly and for srnall de
formations in the foundation. This system can be 
actively monitored such that each roller unit carries 
the same load and that the end toroids are correctly 
aligned after each movement [3]. 



Table 4.3: Main parameters of the iron-core magnet system (96% iron filling factor); the figures for the 
end-caps comprise both sides 

Barrel End-cap End-cap Bus-bars Total 
outer parts inner parts and supports 

Turns 32 128 64 -
Current (kA) 19 19 19 -

Ampere-turns (MAt) 0.608 2.43 1.21 -

Dissipated power (MW) 1.1 1.3 1.1 0.2 3.7 
Iron weight ( t) 12600 6500 5500 1800 26400 
Conductor weight (t) 50 60 

4.3.2 Magnetic field calculations 

Two-dimensional field calculations of the iron toroids 
have been made with the POISSON program. As
suming the characteristics of normal low-carbon con
struction steel, 0.608 I\fAt are required to produce a 
field of 1.8 'I' at the 45.4 m long medium line of the 
barrel. This includes an estimated compensation of 
....., 45% for air gaps between the iron plates, perme
ability degradation in the welded joints, and a possi
ble downgrading of the magnetic quality of the iron. 
For the outer parts of the end-caps, the same coil 
arrangement as for the barrel can be used. For the 
inner end-cap parts, the length of the medium line is 
21.6 m and 0.301 MAt are necessary to achieve the 
same field conditions as in the barrel. 

A study [4] of the assembly procedure of the iron 
and coils has shown that the best location of the coils 
is in a cut-out in the iron, centred on the 45° sym
metry axis. Figure 4.8 shows the details of this ar
rangement. Field calculations show that in the vicin
ity of the coils (along the ¢i = 45° line) the induc
tion increases to 2.2 T. In the corners of the octagon 
(efi = 22.5°) the field varies between 1.7 and 1.9 T. 
The 1/r component of the induction is very small 
(....., 1%) since the iron is not highly saturated. The 
fringe field in the muon chamber region varies be
tween 90 and 120 G at the 0° position and between 
180 and 600 G at the 45°position. 

In order to simplify the construction, the coils and 
design currents are identical in the barrel and in tl1e 
end-caps. This arrangement reduces the induction 
in the outer part of the end-caps to an extent which 
depends on the relative polarities of the coils in the 
inner and outer iron toroids. Figure 4.9 shows the 
radial dependence of the field in the end-cap toroids 
for the same polarity in the two sets of coils. 
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Figure 4.9: Radial field variation in the iron-core end
cap toroids at¢= 0° {along the medium plane} 

4.3.3 Design, manufacturing and assembly 

The magnet is constructed from 10 cm thick iron 
plates. Flatness tolerances and production capabil
ities of European steel mills impose a practical limit 
of 3.5 x 5.0 m 2 on the size of individual plates. Flat
ness tolerances also limit the iron filling factor to 
0.96. In order to reduce the assembly work at CERN, 
plates will be welded together into larger units, the 
size of which is limited by transport restrictions to 
4.1 x 15.0 m2 . 

At CERN the plate units will be assembled into 
'blocks' of 500 t maximum weight. The barrel part is 
divided into six blocks and a separate support struc
ture. The inner and outer part of the end toroids 



are also divided into six blocks each. The symmetry 
of the magnet limits the number of different block 
geometries to eight (Fig. 4.10). 

Figure 4.10: Exploded view of the iron block structure 
of the end-cap magnet 

The surfaces of the end blocks will probably have 
to be machined in order to stay within the geornet
rical tolerances in the axial direction. However, the 
amount ofmarhining will depend on the initial qual
ity and tolerances of the plates. The gap surfaces be
tween the blorks 1nust be machined in order to allow 
for a rnaxim11m magnetic cont.act. The mechanical 
stability of the blocks will be ensured with bolts or 
welding joints bet,vcen the plates. 

Despite the large weight of the n1agnet structure, 
calculations show a very moderate stress situation in 
the final magnet assembly. The central barrel sec
tion \viii undergo a maximum movement under its 
own weight of O. li'i mm. The maximum stress value 
in the magnetized part will not exceed 9 J\.f Pa. The 
highest stress value ¥lill occur in the support for the 
end toroids, \vhere the shape v.'ill be adapted to max
imize the muon chamber coverage. The calculated 
peak stress will not exceed 30 ~IPa. 

The coil is made from standard aluminium tube 
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Figure 4.11: Cross-section through the barrel of 
the iron-core toroid showing the arrangement of the 
chamber supermodules 

with an outer (inner) diameter of 140 (40) mm. Be
cause of the low stress, the basic material has a very 
low specific electrical resistance. The block structure 
is designed to permit a convenient installation of the 
coil. The coil clements are prefabricated on the sur
face and installed in parallel v.·ith the blocks. Special 
'filler' plates compensate for the difference in radial 
thickness. 

4.3.4 Layo11t of 1nuon cl1ambers in the iron
core magnet systc1n 

In the barrel, the momentum measurement is ob
tained from tl1e difference in angle bet\veen the muon 
tracks before and after the toroid magnet. For this 
purpose, two s11perlaycrs of tracking chambers are 
combined with an appropriate support structure into 
'supern1odules' to provide a lever arm of 80 (100) cm 
at the inside (outside) of the barrel toroid. The su
pcrmodules have a typical surface of 4 m 2 and are 
staggered to provide adequate overlap as shown con
ceptually in Fig. 4.11. An isometric view of a super
module is presented in Fig.1.12. 

The end-caps are equipped with three supermod
ules in the front, the middle, and behind the toroid. 
'The front and middle s11permodules have only a small 
lever arm and provide a highly redundant point mea
surernent, wherea.<i the last supermodule with 1 m 



I 
Figure 4.12: Isometric view of a supermodule with 
super/ayers on both sides of the support structure 

lever arm allows for an angle measurement. The mo
mentum is thus determined from a combined sagitta 
and angle measurement. In the case where leakage 
of particles corrupts the measurement in the front 
supermodule, the momentum can still be obtained 
from a point-angle measurement in the second and 
third supermodules. 

4.4 Tracking Systems 

The tracking chambers provide a coordinate mea
surement in the bending plane with a resolution of 
100 µm or better per superlayer. Adequate redun
dancy is necessary to achieve robust pattern recog
nition; tracking behind massive absorbers (e.g. the 
calorimeter or the iron toroid) requires good two
track separation such that the muon can be recon
structed inside the electromagnetic debris frequently 
accompanying energetic muons. 

In addition to the precision measurement, coarse 
information on the orthogonal (rq)) direction is 
needed to help in the pattern recognition and to per
mit the reconstruction of e.g. high-PT Z particles. 
The latter condition imposes a spatial resolution of 
urq, ~ 4 cm. This can be obtained as a by-product 
from the precision drift chambers or from the stand
alone trigger system. 

At present, three tracking technologies are being 
pursued in all of which the precision measurement 
is based on drift time determination as described in 
Sections 1.1.1 to 1.1.3. The final choice will be made 
after further prototype studies and after the selection 
of the muon spectrometer magnet. 

4.4.1 High-Pressure Drift Tubes (HPDT) 

The basic element of coordinate measurement with 
the HPDT system is a cylindrical tube of 2-3 cm di
ameter, containing drift gas at a pressure of 2-3 bar. 
Single wire accuracies well below 100 µm have been 
achieved with this type of detector [5]. The tube 
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Figure 4.13: .5palial resolution of high-pressure drift 
tubes as measured in a muon beam, as a function of 
(top) gas pressure and (bottom) drift distance for 3 
atm pressure: (&} Ar/C2H6 = 70/30, tube diame
ter D = 30 mm, wire diameter d = 100 µm; (m) 
Ar/C02/CH4 = 45/45/10, D = 20 mm, d = 50 µm 

diameter, the gas mixture and the pressure are be
ing optimized to find a compromise between spatial 
resolution and occupancy, and may vary as a func
tion of pseudorapidity. Figure 4.13 shows the mea
sured r.m.s. accuracy of two prototypes operating 
in streamer mode as functions of prf'ssure and drift 
distance. 

The tubes a.re glued together in flat layers, with 
three layers arranged in one superlayer. A pair of 
superlayers is held together by a support. structure 
which separates them by 40 cm (Fig. 4.14). The two 
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RPC layer 

Figure 4.14: Layout of a 'mattress' of high-pressure 
drift tubes 

superlayers and the enclosed structure form a self
supporting unit which is called a 'mattress'. A muon 
traversing a mattress is thus measured as a vector 
in up to six points. The overall accuracy, including 
alignment (Section 4.5), of each superlayer will be 
± 100 µm. The track direction will thus be measured 
to better than ±0.4 mrad in each mattress to facili
tate the pattern recognition. In each superlayer, the 
three drift times measured for each track allow for a 
local determination of the drift to and of the bunch 
crossing time. This information will be used in the 
level-2 and possibly also in the level-1 trigger. 

The size of the mattresses varies according to their 
radial position in the magnet. All tubes a:re oriented 
quasi-parallel to the magnetic field lines of the toroid 
to measure the coordinate of the track in the bend
ing plane. The coordinate in the r - </> plane, which 
has to be known to an accuracy of a few cm, is mea
sured from pick-up electrodes attached to the resis
tive plate chambers used for triggering. A system of 
strips orthogonal to the trigger strips will record the 
r</> coordinate of muon tracks. 

4.4.2 Honeycomb Strip Chambers (HSC) 

The HSC consists of a stack of hexagonal drift tubes 
as shown in Fig. 4.15. The tubes are made from 
folded polyester foil with a thin copper layer at the 
inside. Two folded foils are combined in a template 
and form a layer of hexagonal cells. A glued stack of 
these layers is a light, rigid and self-supporting block 
of honeycomb. In each hexagonal cell the sense wire is 
fixed by means of slotted small copper blocks which, 
in turn, are positioned by injection-moulded plastic 
precision blocks. These pieces form an integral part 
of a layer of cells; they are glued together with the 
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Figure 4.15: Cross-sections of the Honeycomb Strip 
Chamber. The left- and right-hand part of the figure 
are views perpendicular to the wires and to the strips, 
respectively. 

foil at the edge in the template. The chamber is cov
ered by thin plates made of glass, fibreglass or steel to 
provide for stiffness and to reduce the thermal expan
sion. By means of a printing and etching process, the 
conductive layer on the foil is segmented in parallel 
strips. This allows for a measurement of the second 
coordinate of the muon track [6]. 

Figure 4.16 shows the spatial resolution of the drift 
coordinate of one cell, measured in a prototype with 
cosmic rays. The resolution is expected to worsen 
only slightly in strong magnetic fields if a gas with 
a low Lorentz angle, such as Ar/C02 , can be used. 
If small mechanical tolerances are realized and also 
other sources of systematic errors are small or can 
be corrected for, an average spatial resolution bet
ter than 100 µm per monolayer could be obtained. 
Because of the poor resolution near the wire, the av
erage resolution would improve with an increased cell 
size. The maximum drift time is, however, propor
tional to the square of the radius. This limits the ra
dius because of the expected counting rate and track 
multiplicity. The optimal cell radius will therefore 
decrease with pseudorapidity. 

After the track reconstruction, the time resolution, 
being roughly proportional to the spatial resolution 
and inverse proportional to the local drift velocity, 
has a value of,..., 10 ns for an Ar/C02 mixture of 
50/50. A good time resolution is particularly rele
vant when the HSC is equipped with an integrated 
level-1 trigger, which is possible due to the staggered 
layout of the cells. The staggering also provides the 
possibility of autocalibration of the to and of the drift 
velocity which is crucial to limit systematic errors. 
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Figure 4.16: Measured spatial resolution of the drift 
coordinate as a function of the distance between the 
track and the wire, for two different gas mixtures 

4.4.3 Jet Cell Chambers (JCC) 

Several types of jet-type multi-wire drift chamber sys
tems have been studied, mostly for use in combina
tion with an iron-core magnet. In a projective ge
ometry like the one proposed in [7], the cells are ori
ented in such a way that infinite momentum tracks 
from the interaction point run parallel to the anode 
wire planes. In another design shown in Fig. 4.17, 
the anode wire planes are tilted by a constant angle 
with respect to the direction of infinite momentum 
tracks [8]. 

An I-shaped profile made from extruded alu
minium provides a mechanical support for two cells 
and moulded plastic spacers are used to define the 
wire position. The sides are covered with aluminized 
Mylar acting as cathode planes. The cells are fixed 
to a support structure with precision pins. 

In the tilted cell option, the chambers are self
calibrating. High-momentum tracks do not give rise 
to left-right ambiguities. The inclined track geome
try also guarantees a large number of measurements 
in a good drift geometry away from cathode or anode 
planes. The non-tilted option can be advantageous 
when two layers of cells are staggered by half a cell 
width (9]. 

The maximum drift distance will be determined 
mainly as a compromise between total number of 
readout channels, occupancy, and the maximum drift 
time acceptable in view of the trigger decision time. 
For a cell width of ±2 cm, the total number of anode 
wires will be of the order of 190 000. 

CATHODE 

PDTENTIAL\1'""'-
IJIRES 

SUPPORT 

Figure 4.17: Conceptual layout of one of the jet-cell 
geometries; the cells are arranged such that muons 
are measured with at least five out six wires in each 
super/ayer 

A spatial resolution better than 200 µm can 
be achieved using a non-flammable gas at atomo
spheric pressure. A possible choice is a mixture 
of Ar/CF 4 /C02 which has a fast drift velocity and 
good saturation properties [8]. A study with the 
GARFIELD program has shown that a double-track 
resolution of,..._. 2-3 mm can be expected. The second 
coordinate can be measured by a time difference or 
charge division method with an accuracy of,.., 10 cm 
per monolayer. 

The jet cell chamber system can incorporate a read
out to detect high PT muon tracks for a level-1 trigger 
decision. Another method utilizes the drift time in
formation within an outer superlayer. Because of the 
simple configuration of anode wires, the differences 
between the individual drift times are directly related 
to the PT of the track. This provides an adjustable 
threshold for high PT tracks. Identification of the 
bunch-crossing time is possible by using the sum of 
the drift times in a pair of staggered cells [9]. In the 
case of the tilted jet cell, hits near the crossing point 
with the wire plane can be used for the identification. 
The standard method of triggering using a dedicated 
additional detector is described in Section 4.7. 

4.4.4 Signal processing 

The principal function of the muon chamber readout 
system will be the measurement of drift times with 
an accuracy of about 1 ns. We present here the con-
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Figure 4.18: Schematic circuit diagram of wire read
out electronics 

cept of a multiplexed digital readout system which 
we have studied in detail for the HSC option. This 
or similar concepts can also be adapted to the other 
two chamber options. 

The block diagram of the wire readout is shown in 
Fig. 4.18. Each wire will be equipped with a pream
plifier and discriminator. The discriminator has a 
one-shot digital output of ,..., 20 ns. Preamplifiers, 
discriminator and one-shot will be grouped in multi
channel ASICs. 

The leading edge of the discriminator output signal 
starts a nanosecond counter which is stopped by the 
leading edge of the BX clock. The mini-TDC thus 
produces a 'time stamp' for the wire signal relative to 
the phase of the main clock. Since the occupancy of 
individual wires is very low, the discriminator outputs 
from a large number of wires can be 'OR'ed to be 
served by one mini-TDC. Synchronous with the BX 
clock, time stamp and wire number are written into 
the digital pipeline. The rare cases where two or more 
wires sharing the same mini-TDC have simultaneous 
hits within 15 to 30 ns are flagged by means of a 
warning bit. 

The pipeline has a capacity of one hit every 15 ns. 
For the expected occupancies, this is amply sufficient 
to multiplex typically 256 wires of a monolayer. To 
cope with muon tracks accompanied by electromag
netic showers, odd and even wires are treated sepa
rately, i.e. there will be at least two mini-TDCs per 
monolayer. The two mini-TDC data streams share 
the same pipeline by means of interleaving. More re
fined segmentation and interleaving schemes can be 
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implemented at the expense ofadditionalmini-TDCs. 
Using this multiplexing scheme, multi-hit capability 
is shared by all wires served by the same mini-TDC. 
On the basis of more detailed rate calculations, the 
option of using a single pipeline for all monolayers in 
superlayers with low occupancies will also be investi
gated. 

AIJ electronics up to the pipeline is expected to be 
installed directly on the chambers. 

Since all operations are synchronized by the BX 
clock, the absolute timing of the wire signal can be 
reconstructed at the exit of the pipeline where the 
data appear at the pace of one word every 15 ns. The 
DAQ treats the data according to the level-1 trigger 
decision: only when a specific BX has resulted in a 
level-I trigger does the corresponding data need to 
be stored for further processing. In this process, the 
DAQ appends an absolute time stamp identifying the 
phase of the pipeline. 

It should be noted that, except for the pipeline, 
all of the techniques mentioned above (multiplexing, 
mini-TDCsctc.) are currently being applied in a test 
of a large-scale HSC prototype which will start to 
take data in fall 1992 in the framework of the RD5 
project. 

Another possibility is offered by the 'Time Memory 
Cell' (TMC) [10]. This ASIC records digital signals 
in 1 ns or 2 ns intervals and can be adapted to the 
mini-TDC and pipeline (Fig. 4.18). It can also be 
used for the readout of the muon chambers without 
multiplexing, which may be appropriate e.g. for the 
chambers at large rapidity. 

4.5 Chamber Alignment 

Two concepts of chamber alignment have been stud
ied and are retained as possible options until a choice 
can be made for the magnet. Both rely on optical 
techniques and are designed for the internal chamber 
aligment only, i.e. they do not provide alignment rel
ative to the rest of the apparatus. The first method 
uses light rays oriented radially and pointing to the 
interaction point ('projective method') [11}; the sec
ond method is designed for use with the iron-core 
magnet and uses light rays running parallel to the 
beam axis and parallel to the iron surfaces ('paral
lel method'). Jn both cases, each muon chamber is 
assumed to be a stable unit which preserves the ac
curate internal geometry that has been built into it. 

For the alignment we distinguish two domains 
of precision. To measure the bending of a high
momentum muon in the magnetic field, the highest 
possible accuracy is required on the relative position 
of all chambers hit by the same muon track; such 



chambers will have to be aligned to a relative ac
curacy of 50 µm. Less severe are the tolerances in 
the relative positions of chambers not belonging to 
the same projective element of the muon spectrome
ter where an accuracy of .-vl mm is estimated to be 
adequate. 

For the projective method, chambers of successive 
layers contributing to the measurement of one muon 
are arranged in a projective geometry such that their 
corners lie on radial lines pointing to the centre of 
the interaction region (Fig. 4.19). These lines are 

Light ray 

µ 

loteradion poiot 

Figure 4.19: Principle of the projective alignment sys
tem 

represented by light-rays simulating infinite momen
tum tracks. The corners of the chambers carry op
tical elements measuring the deviation of their ac
tual position from their nominal position on the ra
dial lines. The measured points along the track of a 
high-momentum muon fall somewhere into the area 
of each chamber, between its four corners; correc
tions for these muon points will be derived by linear 
interpolation between the measured deviations of the 
corner positions. All linear transformations of the 
chamber geometry arising from a thermal expansion 
or from small displacements or rotations in space are 
automatically corrected by this method. 

In one technical implementation, transparent op
tical detectors are being designed which are similar 
to silicon strip track detectors; photo currents are 
produced in 0.3 mm wide strips, thus allowing the 
position of a laser ray with a diameter of 3 mm to be 
determined with an accuracy of better than 20 /tm. 
The laser wave-length will be in the infrared where 
the silicon detectors become transparent. 

Another option is the RASNIK system, which is 

used in the 13 experiment for the alignment of three 
superlayers [12]. This system could be extended to 
the alignment of four or more superlayers. The three
station RASNIK focuses a light source with the help 
of a lens onto a quadrant diode and can detect devi
ations from straightness with 20 µm precision. The 
projective alignment method requires unobstructed 
light paths pointing towards the interaction point; a 
large number of holes would have to be implemented 
in the iron-core magnet. 

The parallel method is best adapted to an angle
angle momentum measurement in the iron-core mag
net. This method foresees axial beams along the full 
length of the toroid, which guarantee that the cham
bers inside and outside the iron are parallel to each 
other; this can be done with an accuracy better than 
100 µrad, owing to the large lever arms involved. 
There are various ways in which this method can be 
implemented, including half-transparent mirrors for 
the exact positioning of the light beams, and either 
quadrant diodes or transparent optical elements for 
the position measurement. 

Finally, particle tracks can also be used for the 
alignment of the chambers, provided one knows their 
momenta. This is the case for muons from the de
cay Z -+ µµ, because the Z mass is very well known 
and their transverse momentum distribution is lim
ited [13]. This method of alignment is particularly 
important for the determination of the position of the 
other tracking detectors relative to the muon cham
bers. 

4.6 Momentum Resolution 

For both magnet systems, it is assumed that each 
measurement station consists of two superlayers pro
viding two measurement points (i.e. a vector) per 
track, with an overall accuracy of 100 µm per point 
in the direction perpendicular to the wires. The effect 
of spurious hits from accompanying electromagnetic 
showers is under study and is not included in the 
present calculations. 

In the air-core toroid, there are three such stations 
with an average distance of 40 cm between the two 
superlayers (Section 4.2.6). The momentum determi
nation relies on a sagitta measurement in the barrel 
and on a point-angle measurement in the end-caps; 
the corresponding transverse momentum resolution 
is shown in Fig. 4.20. The accuracy at small mo
menta is limited by fluctuations of energy loss in the 
calorimeters and by multiple scattering. In the area 
of the barrel cryostats which corresponds to ...., 7% of 
the full azimuth, the measurement relies on a point
angle method and the accuracy at high momentum 
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Figure 4.20: Transverse momentum resolution in the 
air toroid system, as a function of pseudorapidity. 
For each IJT, the 11pper curve shows the resolution of 
the stand-alone measurement. The resolution shown 
by the lower curve is obtained 11Jhen the inner detector 
is included in the measurement. 

deteriorates by a factor "'2.5. With the small iron 
end-caps inserted in the air-core barrel, the number 
of stations can increase to four and the momentum 
would be determined from a combined sagitta and an
gle measuremenl. 'fhe momentum resolution of this 
configuration is shown in Fig. 4.21 for the stand-alone 
mode. In all cases, the local vector measurement in 
each station improves the resolution and the pattern 
recognition. 

With the iron-core toroid magnet, two stations 
with a larger distance between superlayers (Sec
tion 4.3.4) will be used for the barrel to determine the 
momentum from an angle-angle measurement, and 
three stations for a sagitta measurement in the end
caps. The transverse momentum resolution of this 
magnet is shown in Fig. 4.22. Ilcrc, the resolution 
is multiple-scattering limited up to energies of about 
500 GeV. 

At high momenta, the accuracy can be significantly 
improved by including a measurement of the z co
ordinate with a resolution of u~ ::::: 300 µm as e.g. 
achieved in the preshower detector of the liquid ar
gon calorimeter (Chapter 2). 

Figures 4.20 and 4.22 also show the reio;o\ution when 
the inner tracking is used in combination with the 
stand-alone measurement in the muon spectrometer. 
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Figure 4.21: Transverse momentum resolution in the 
air-core barrel combined with conventional iron end
cap magnets, in stand-alone mode. The resolution in 
combination 1vith the inner tracking can be read from 
Fig. 4.20 for small T]," at large ry, it is very similar to 
the one shown in Fig. 4.22. 

With the air-core toroid, the improvement is only sig
nificant at very low momentum. For the iron toroids, 
the inner detector resolution is superior for momenta 
below 400 Ge V. 

4. 7 Muon Trigger 

4.7.1 Muon rates 

To estimate the rate of charged particles penetrat
ing into the muon detector, we have considered the 
following processes: 

1. decays of pions and kaons in the inner tracking 
volume ('decays'), 

2. decay muons from hadronic showers and hadron 
leakage from the calorimeter system ('punch
through'), 

3. heavy-quark decays: pp ...... tt, bb, cC + X 

4. vector boson decays: pp ...... W, Z + X 

5. Drell-Yan pairs: pp ...... µ+µ-+ X. 

The rates from sources 1 and 2 dominate at very low 
momenta and thus are responsible for the occupancies 
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Figure 4.22: As Fig. 4.20, for the iron toroid spec
trometer 

of the muon tracking and triggering system. Sources 
3 to 5 dominate the final trigger rate when trigger 
thresholds of the order PT-:::: 10 GeV are applied. 

The decay and punch-through rates have been cal
culated by combining pion rates from the ISAJET 
Monte Carlo generator with results of detailed studies 
of the properties of single pion punch-through. These 
studies are described in detail in ref. [14] and are 
based on results of a GEANT simulation of single pi
ons to give the rate, particle nature, momentum and 
multiplicity of particles leaving the calorimeter sys
tem. The results of this simulation were parametrized 
and used in a fast Monte Carlo program with a sim
plified geometry of the absorbers. The bending of 
charged hadrons inside the 2 T solenoid, decay kine
matics and muon energy losses were taken into ac
count. 

The resulting rates for the nominal luminosity of 
C = 1.7 · 1034 cm- 2s- 1 are shown in Fig. 4.23 and 
indicate the flux of muons and charged hadrons ex
iting the outer calorimeter surface, assuming a total 
absorption length of 12>. for the barrel and 14.\ for 
the end-caps, well matched to the current detector 
design. 

Uncertainties in the punch-through calculations 
are determined by our knowledge of the probability 
of finding a secondary particle with some fraction of 
the momentum of the incident hadron after the ab
sorber. These uncertainties were estimated to be one 
order of magnitude, by comparing the probabilities 

and particle momentum spectra, as obtained in the 
simulation, with data from the E744 experiment at 
FNAL [15]. To obtain punch-through rates the for
mulae from [16] were used which are based on data, 
up to hadron energies of 400 Ge V. 

However, the dominant rate is due to hadron de
cays. These can be simulated more reliably; their 
uncertainty is estimated to be a factor of two. An ad
ditional uncertainty at low momenta arises from the 
generation of inclusive events and is also of the or
der of a factor two, due mainly to the uncertainty on 
the inelastic cross-section at LHC energies. At higher 
momenta the uncertainty is much smaller. Compari
son of the decay rates thus obtained with analytical 
estimates shows a satisfactory agreement. 

The rates shown in Fig. 4.23 indicate that a level-1 
muon trigger can be easily implemented in the region 
1111 < 2. Beyond 1111 c:::'. 2.5 the rate due to background 
muons becomes large. 
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Figure 4.24: Inclusive muon production cross-
sections 

The rates of inclusive muons from sources 3-5 
above have also been calculated with ISAJET and 
are compared in Fig. 4.24 in the form of integrated 
cross-sections above a transverse momentum thresh
old [17]. A PT c:::'. 10 GeV cut eliminates most of the 
background. Higher-order QCD corrections are im
portant for the evaluation of heavy-quark production. 
The ISAJET Monte Carlo incorporates these correc
tions with the parton shower model. The bb and 
cC production cross-sections are predicted, owing to 
theoretical uncertainties, within a factor 5 [18]. In 
particular at PT= 20 GeV the ISAJET cross-section 
is twice as large as the prediction of a full O(n-~) cal
culation. We are thus confident that the Monte Carlo 
does not underestimate this background. 
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Figure 4.23: Charged particle rates on outer calorimeter surface: {a) all momenta, (b) for different cuts in 

PT 

Muons from semileptonic beauty and charm decays 
dominate at low values of PT· Assuming a luminosity 
C = 1.7 · 1034 cm- 2s- 1 , the corresponding rates are 
40 kllz for PT> IO GeV, 2 kJiz for PT> 20 GeV and 
200 Hz for PT> 40 GeV. 

Figure 4.25 shows the corresponding dimuon pro
duction cross-section. Beauty and charm production 
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Figure 4.25: Dimuon production cross-sections 

is still the dominant source at low PT· For Pr larger 
than 20 GeV, contributions from Z production and 
from tt processes dominate. At nominal luminosity, 
the rate of dimnons is.-... 70 Ilz for PT> 20 GeV and 
about 108 Z bosons decaying into lepton pairs could 
be used for calibration of the detectors in one year. 

Table 4.4: Dile pt on trigger efficiencies for H - ZZ -
££££, for different pseudorapidity coverages 

mH (GeV) 1.1<2.0 l•I < 2.5 I'll< 3.o 
130 0.25 0.30 0.33 
140 0.38 0.43 0.45 
160 0.55 0.60 0.61 
200 0.68 0.72 0.73 
400 0.83 0.85 0.86 
700 0.89 0.91 0.91 

The effect of the threshold and of the acceptance 
of the level-1 muon trigger has been studied using the 
reaction 

pp - H + X, H - ZZ - ££££ (£ = e, µ) 

as a benchmark process. In Table 4.4 we present the 
detection efficiency for different values of the Higgs 
mass and of the pseudorapidity coverages. The trig
ger requires at least two leptons with PT> 20 GeV, 
but the other leptons are detected down to PT = 
10 GeV in 1'71 < 3. The loss in efficiency when de
creasing the acceptance of the trigger from 1111 < 3.0 
to 1111 < 2.5 is small. We conclude from these results 
that a trigger acceptance of 1111 < 2.5 is adequate and 
that an acceptance of ]111 < 2.0 could still be suffi
cient. 
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above numbers are given for 'f/ :;:::: 0. The trigger per
formance scales with the muon PT in the barrel. 

The same trigger scheme can be used with the air
core magnet. In this configuration, the angle f3 is 
smaller due to the lower field integral (/3 '.::::'. 0.68/p 
(GeV) rad at 17:;:::: 0) but there is no significant effect 
of multiple scattering. An alternative solution is also 
sketched in Fig. 4.26. The first trigger layer is placed 
in the centre of the magnet and the second one at its 
exit. 

The trigger logic is simple and can be the same for 
the two magnet configurations. A hit in the first layer 
defines a window on the second layer, centred on the 
extrapolation of the line interaction point first hit. 
The width of this window defines the trigger momen
tum cut-off. This logic can be easily implemented 

Figure 4.26: Concept of triggering with toroids; f3 
the muon exit angle used in the trigger (see text) 

is with a :system of programmable coincidence matri
ces defining coincidences between the two detector 
planes. 

4.7.2 Level-1 trigger 

We have designed the level-I 
a number of requirernents: 

muon trigger to satisfy 

1. Hermetic coverage up to 1111 :S 2.5; 

2. A sharp threshold in transverse momentum 
to ensure an efficient reduction of background 
muons. The threshold setting should be variable 
down to 10 GeV; 

3. Unambiguous identification of the hunch-
crossing, requiring 
better than 5 ns; 

an intrinsic time resolution 

4. A fast decision time, smaller than ...., 1 µs, to 
minimize the pipelining of signals. 

The above requirements necessitate the use of de
tectors with large area coverage, good time resolution 
and flexible segmentation. The detector segmenta
tion should be adequate to obtain t.he required mo
mentum resolution over the \vhole rapidit.y interval 
covered by the trigger. 

The trigger scheme is shown in Fig. '1.26 [19]. Two 
layers of detectors placed out.side of the toroid will 
measure the angle between t.he line connecting the 
centre of the interaction region "'ith the hit recorded 
on the inner laycr, and the 1n11on direction defined by 
the hits on layers I and 2. 

For the detector configuriltion using an iron toroid, 
this angle is f3 :;:::: 0.8 x (}B ::::- 1.08/p (GeV) rad, 
where On is the bending angle in the toroid. The 
error due to multiple Coulomb scattering in the iron 
is /::J,.fJ//3:;:::: 20%, while the error due to finite dimen
sions of the interaction region is 6./3 ::::- 7 .5 mrad. 'fhe 

A Monte Carlo simulation of this scheme has been 
performed in both the barrel and the end-caps (19]. 
The detector planes arc segmented into strips that 
run perpendicular to the beam in the barrel and have 
a circular shape centred on the beam line in the end
caps. The size of the strips varies between 3 cm and 
1 cm in different 1J regions in order to have a uniform 
PT cut-off. In the iron toroid option, the efficiency 
in the barrel region falls off very rapidly below the 
nominal threshold of 20 GeV, while the sharpness of 
the PT -cut at 'f/ ~ 2.5 is only slightly degraded. The 
corresponding threshold curves for the air-core toroid 
option are comparable. The threshold curves for both 
magnet options are presented in Chapter 5. The se
lectivity of the muon trigger has been evaluated in 
the region l'fll < 2 for the iron toroid option, compar
ing the calculated rate with the one obtained for an 
ideal sharp cut. The result for a nominal threshold 
of 20 GeV is that the trigger rate is 8 kllz compared 
to 2 kHz in the ideal case. For a di1nuon trigger at 
20 GeV threshold, the rate is 50 llz. The maximum 
PT threshold that can be implemented in such a muon 
trigger is determined by the strip size, the length 
of the interaction region and the bending po"'cr of 
the toroidal magnet. One can safely trigger with PT 
thresholds up to about 40 GeV in the iron toroid op
tion or 30 GeV in the air-core toroid option. 
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4.7.3 lmpleme11tation 
trigger 

of tl1e level-1 1nt1on 

The level-1 muon trigger can be derived eithcr from 
a stand-alone detector system or be integrated with 
the tracking detectors. 

A stand-alone solution has the advantage of provid
ing a fixed response time with almost no jitter and 



can be used to monitor all other detectors with cosmic 
ray muons. An attractive candidate for such a system 
[20] are Resistive Plate Chambers (RPCs). These are 
gaseous detectors which combine a good time resolu
tion of a few nanoseconds with a space resolution of 
a few millimetres [21]. The pick-up electrodes can 
be shaped in various configurations according to the 
required segmentation. The propagation time along 
the transmission line is about 5 ns/m and there is no 
observable attenuation of the pulses from the induc
tion point to the end of the strip. Studies of the rate 
dependence [22] have shown that the chambers have 
good efficiency up to particle fluxes of 50 Hz/cm2 . 

This would limit the use of RPCs to the region 1111;'.S 2. 
The proposed trigger can be built with two planes 

segmented into strips. A system of programmable 
coincidence matrices is able to make the local trigger 
decision within 100 ns. A simplified version of such 
a system built from RPCs is currently used in the 
WA92 experiment [23] and is also under test in RD5 
in a configuration similar to an LHC experiment [22]. 

The same trigger scheme can be adopted in an in
tegrated system where the trigger signals are derived 
from the muon tracking chambers. This approach is 
described in Section 4.4 and would avoid the need 
for an independent detector for triggering, at the ex
pense of more demanding requirements on the timing 
performance of the tracking chambers, some compro
mise on their segmentation and a more complicated 
processing of the data for the level-1 decision. 
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5 Trigger, Data 
and Computing 

Acquisition 

The expected prompt trigger rates (discussed in Sec
tion 5.1), the bunch-crossing frequency, and the 
amount of raw data produced by the detectors 
determine the basic features of the trigger and 
data-acquisition system: a multi-level trigger with 
pipelined front-end readout and a hierarchical data 
acquisition architecture. The three-level scheme pre
sented here is meant to illustrate functionality rather 
than implementation aspects of the system. In fact, 
we are very aware that industrial technological im
provements of key components, such as data links, 
network switches and microprocessors, may make al
ternative overall architectures possible. Nevertheless, 
the functional scheme reflects the nature of the ex
pected event selection chain: 
•a level-I trigger with negligible dead time and with 
the shortest possible latency ( < 2 µs}, making an un
ambiguous identification of the bunch crossing con
taining the event of interest; 
• a level-2 trigger with programmable algorithms 
based on local data; 
• a level-3 trigger for which the full detector informa
tion will be used. 

A system will also be provided to monitor the lu
minosity. 

5.1 Event Selection Criteria 

The level-1 trigger •Nill he based on combinations 
of four basic building blocks: 1nuon triggers, elec
tron/photon (e/1) triggers, jet triggers and rnissing 
transverse energy triggers. 

We have computed rates for the inclusive trigger 
clements as a function of the PT threshold, assum
ing e/1 and muon trigger coverage within 1'71< 2.5, 
jet trigger coverage within lr1I< 3, and coverage for 
the missing-Er calculation of 1111<5. The algorithms 
simulated are the ones described in Section 5.3 for 
which a level-1 imple1nentation is possible. As shown 
in Fig. 5.1, the inclusive e/1 and di-jet trigger rates 
decrease rapidly with increasing PT threshold. The 
inclusive muon trigger rate falls frotn 8 kHz at a nom
inal PT threshold of20 GeV to 2 kflz at 10 GeV. Sim
ilar studies have been perfor1ned for combined trig
gers, for example requiring two leptons above a given 
threshold. 

In Fig. 5.2 we present threshold curves for the in
clusive level-1 triggers, showing that rather sharp pr 
cuts are possible for both calorimeter and muon trig
gers. 
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Figure 5.1: Inclusive trigger rates as a function of PT 
threshold for {a} the e/1 trigger {with and without 
an isolation requirement), {b) the d1-1et trigger. The 
calculation is for£= 1.7 · l034 cm- 2s- 1. 

A full GEANT simulation was used for the 
calorimeter-trigger rate and efficiency calculations 
[I, 2], which allows for the effect of sho\vers be
ing shared between several cells. A granularity of 
fit/ x l:::.¢ = 0.1 X 0.1 was used in both the em 
and hadronic calorimeters. The trigger algorithm de
scribed in Section 5.3.2 was simulated, using integer 
arithrnetic with Er = 1 GeV units, Allowance was 
made for electronic noise and for cell-to-cell calibra
tion differences. High-PT QCD jct events, generated 
with PYTHIA, were used to evaluate the trigger rat.es 
(the e/7 trigger is dominated by jets with a large frac
tion of cm energy). The efficiency of the isolated-e/1 



trigger was found to be 95% from a simulation of Table 5.1: Some benchmark physics processes and 
isolated electrons superimposed on an average of 20 possible level-1 trigger criteria which are efficient for 
minimum-bias events. The muon trigger simulation these signatures. 
[3] was performed as described in Section 4.7. 

Truly inclusive triggers will not be selective enough 
to remain efficient for all interesting physics pro
cesses, while giving acceptable rates. The level-1 trig
ger will therefore consist of an 'OR' of some truly 
inclusive triggers with relatively high thresholds, to
gether with combinations of elementary triggers at 
lower thresholds. In Table 5.1 we illustrate this 
scheme by giving efficient5 trigger conditions for some 
physics processes of interest (see Chapter 8). In gen
eral, the leptons produced in these processes will be 
isolated (not contained in jets). 

We have made calculations for the combination of 
triggers shown in Table 5.2, which we believe would 
be efficient for the physics processes which are of in
terest. The trigger criteria (thresholds, etc.) will be 
programmable, and those given here are for illustra
tion only. The calculated rates sum to about 60 kHz, 
which is within the assumed maximum rate into the 
level-2 trigger of 100 kllz. 
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Figure 5.2: Curves showing the trigger efficiency ver
sus PT for the following nominal thresholds: (a) PT= 
20 GeV electrons; (b) pr= JOO GeV jetr~; (c) P'r= 
20 GeV muons (iron toroid} for 1111 < 2.0 {full line) 
and 2.0 < 1111 < 2.5 (dashed line}; {d} PT= 20 GeV 
muons (barrel air-core toroid). 

5In thi5 context 'efficient.' mean5 that the trigger selection 
is sufficiently loose that no threshold effects remain at the level 
where analysis cuts are expected to be made. 

Process Level-1 trigger 
Higgs --+ 'Y'Y 2 'Y with 
(80 < m11 < 130GeV) PT> 20 GeV 
Higgs --+ 4£ e-e, µ-µ or e-µ 
(120 < mH < 800GeV) with PT> 20 GeV 

for both leptons 
Higgs --+ 2£ + 211 e-e, 11-µ or e-µ 
(very large mH) with pr> 20 GeV 

for both leptons 
Top --+ 3 jets + e orµ with 
lepton PT> 40 GeV 
Top --+ 2 leptons e-e, µ-µ or e-µ 

with PT> 20 GeV 
for both leptons 

W-Z pairs e-e, 11-µ or e-µ 
with PT> 20 GeV 
for both leptons 

SUSY to 2: 3 jets with PT> 
jets + E;pi•• 200 GcV + E!pi•• 

> 200 GeV 
SUSY cascade e-e, µ µ or e-µ 
decay to leptons with pr> 20 GeV 

for both leptons 
Z1

, W'--+ e or Jl with 
leptons PT> 40 GeV 
Z', W' --+ jets 2 jets with pr> 

200 GeV 

Whether or not the above trigger criteria would also 
be efficient for any unexpected processes is of course 
impossible to estimate. However, we note that most 
conceivable physics signatures which would be dis
cernible above backgrounds are likely to rely on sig
natures for which the suggested level-1 trigger would 
be efficient. We emphasize the importance of hav
ing a level-I trigger which is sufficiently powerful and 
flexible to react to surprises in the LHC environment. 

For low-luminosity running, the trigger thresholds 
can be significantly reduced compared to those given 
in the Table. In particular, for C = 1033 cm- 2s- 1 , a 
level-1 inclusive muon trigger threshold of about 10 
GeV could be used to select events for beauty physics 
studies, including CP violation. 

5.2 Trigger and Data Acquisition Ar
chitecture 

The total interaction rate at C = 1.7 · 1034 cm- 2s- 1 

will be "' 109 Ilz. At LHC, bunch crossings will occur 
at 15 ns intervals giving a rate of 67 MHz, with an 
average of about 20 overlapping events per crossing. 
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The level-1 trigger, based on purpose-built electron
ics, will select interactions at a few x 104 Jlz. At 
higher trigger levels, programmable devices will be 
used, reducing the rate to a few hundred Hz before 
full event building with a data1rate of the order of 
10 Mbytes/s for permanent storage. 

Table 5.2: Level-1 trigger rates at £ 1.7 · 
1034rm-2 s-1. 

Trigger Rate 
> 1 isolated em cluster with PT> 40 31 kHz -
GeV (isolation not required for 
clusters with PT> 65 GeV). 
~ 2 isolated em clusters, each \vith 16 kHz 
py> 20 GeV (loose isolation cut) 
> lµ with pr> 20 GeV 8 kHz 
> 2µ 1s, each with PT> 20 GeV 67 Hz 
> 2 jets, each with PT> 200 GcV 5 kHz 

We estimate a latency for the level-1 trigger of 
< 2 µs, during which data from all detectors 'viii 
be stored in pipeline rnemories. The front-end elec
tronics is discussed separately for each subdetector 
elsewhere in this document. However, in general it 
contains analog11e or digital signal processing, ana
logue or digital pipeline memory, sparsification logic, 
digitization (either before or after the \evel-1 pipeline 
depending on the detector), local readout buffers and 
readout control logic common for a group of front
end channels. In addition to detector-specific ser
vices such as calibration and test pulses, the front
end readout units will receive a clock signal and a 
level-1 trigger decision every 15 ns [4]. We recognize 
that maintaining synchronization at the level of a few 
ns with such a large number of readout channels dis
tributed over the detector will be very difficult. We 
arc also aware of the importance of minirnizing the 
level-1 latency which strongly affects the cost of the 
custom-made, analogue and digital pipeline memo
ries. 

After a positive level-I decision, the global level-1 
event identifier and possibly other information (e.g. 
destination addresses or type of event) will be sent 
to the readout control logic which will tag the data 
before sending it to the appropriate destination (a 
level-2 buffer memory and/or a \evel-2 trigger pro
cessor). 

The readout and level-2 trigger systems should be 
able to handle a ]rvel-1 rate of up to 100 kHz, corre
sponding to a total throughput of the order of 1012 

bits/s. The levrl-1 deadtime, for example generated 
by the read-out of those detectors which require data 
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from more than one bunch crossing, stays below 1 % 
with a maximum readout latency of less than ~ 1 
ms. We expect the data to be moved off the detector 
using optical links. The possibility of using analogue 
optical transmission is under consideration for some 
detectors [5]. 
The detectors participating in the level-2 trigger de
cision should provide local trigger information from 
'regions of interest' to the global level-2 trigger pro
cessor within ~ 1 ms. The above requirements are 
dictated by the level-2 trigger latency. The readout 
system for each detector will have to be tailored to 
the specific front-end electronics, but the information 
in the level-2 buffers and processors must be available 
to the general trigger and data acquisition system. 

We are performing computer modelling and simu
lation of possible architectures to identify solutions 
giving the required performance for the overall trig
ger and data-acquisition system. 

5.3 Level-I Trigger 

The lcvel-1 trigger system will be based on a number 
of trigger processors associated with different sub de
tectors, a central trigger processor which correlates 
the local results, and a system which distributes the 
trigger decision together with the LHC clock to the 
front-end electronics. It will uniquely identify the 
bunch-crossing to be read out. 

The latency of the lcvel-1 trigger has been calcu
lated assuming that the electronics is mounted on or 
very close to the detector. A realistic estimate of 
cable lengths between the detectors and the trigger 
processors requires 50 m or more in each direction, 
giving a total propagation delay of ::::i 500 ns. The 
trigger processing time is likely to be dominated by 
the calorimeter trigger for which relatively compli
cated level-1 algorithms are planned as described be
low. Includi11g the processing time for the central 
trigger proces.<wr, we estimate that about 60 pipeline 
steps will be required with 15 ns per step, giving a 
processing time of 900 ns. Based on these calcula
tions, we believe that a fixed level-1 latency of< 2 µs 
is realistic. 

Level- I triggering is the subject of an R&D project 
[6]. More information on \evel-1 trigger studies per
formed within ATLAS is available [2]. 

5.3.I Muon trigger 

The \evel-1 muon trigger has already been discussed 
in Section 4.7. It \•:ill be based on tracks in the ex
ternal muon detectors which point back to the inter
action region. 



The baseline option is to use a dedicated trigger 
detector based on RPCs which give fast (timing res
olution < 15 ns) signals on strips. Very fast digital 
logic is used to identify patterns of hits in planes of 
chambers outside the toroid magnet that are consis
tent with high-PT muons originating from the inter
action region. This logic is programmable allowing 
the PT cut to be varied, and several thresholds are 
foreseen for use in the inclusive muon trigger, multi
lepton triggers and for flagging 'regions of interest' 
(Rois) containing lower PT muons for level-2 analy
sis. 

We are also investigating the possibility of making 
a level-1 muon trigger based on the precision muon 
tracking detectors. This would remove the need for 
an independent detector for triggering, at the expense 
of more complicated level-1 trigger processing. 

5.3.2 Calorimeter trigger 

For the calorimeter trigger we envisage a digital I.rig
ger processor which will use information from the em 
and hadronic calorimeters, including those in the for
ward regions. The trigger will use a reduced granu
larity (6.11 x dr/J R: 0.1 x 0.1) and the sum over all 
samplings in depth for each of the em and hadronic 
calorimeters. It will retain events with high-ET elec
trons, photons and jets, and large missing ET. 

The digital Ey information will be obtained either 
from an independent trigger ADC system or from the 
ADCs of the calorimeter front-end readout if digitiza
tion is performed before the readout pipeline as in the 
proposed FER1II system [7]. Summation (analogue 
or digital respectively) will be performed to obtain 
the required granularity. 

In the algorithm currently under study, the trigger 
will look for em clusters contained in pairs of em trig
ger cells (2 x 1 or 1 x 2 cells in 11-¢), giving a sharp 
threshold even if the shov•er falls on a boundary be
tween cells (sec Fig. 5.2a). It ¥lill also include the 
option of an isolation requirement based on a 4 X 4 
window, including 12 em trigger cells surrounding the 
cluster and 16 hadronic trigger cells behind the clus
ter. Cells with Ey < 1 GeV \\-"ill be ignored in order 
to reduce sensitivity to pile-up and noise. Simula
tion studies show that such an isolation requirement 
reduces the background rate from hadronic jets by 
about a factor of ten, while having an efficiency for 
isolated electrons of more than 95% even in the pres
ence of pile-up at C :'.'.::: 1.7 · 1034 cm- 2s- 1 . 

The logic will be programrnable allowing the clus
ter Er and isolation thresholds to be varied, and sev
eral sets of thresholds are foreseen for use in the inclu
sive e/1 trigger, multi-lepton triggers and for flagging 

Rois containing lower-Er clusters for further study at 
level 2. 

The jet trigger will be based on the ET sum in over
lapping sliding windows, including both the em and 
hadronic calorimetel'6. The trigger processor will also 
calculate the missing transverse energy, using all the 
calorimeters with 1111< 5. Several thresholds will be 
provided, giving the possibility to trigger selectively 
on processes such as W - ev, which is useful for 
providing calibration data samples, and SUSY giving 
jets plus missing Er. 

5.4 Level-2 Trigger 

The level-1 trigger will already make a fairly tight se
lection of events based on the external muon detectors 
and on calorimetry. Some further reduction in rate 
will be possible at level 2 by refining these selections 
using the fine granularity and full resolution informa
tion from these detectors. However, additional detec
tors will have to be used to get the required further 
background rejection, particularly for the e/1 trig
ger. Rate reduction at level 2 will also be achieved 
by requlring additional signatures. 

5.4.1 Algorithms 

Algorithms for level 2 are still under study, but 
we expect to use the inner tracking detectors to 
match high-PT tracks with calorimeter clusters and 
preshower hits to provide a highly selective electron 
trigger. The photon trigger can be refined by using 
fine-granularity calorimeter and preshower informa
tion, and isolation requirements. The muon trigger 
rate can be reduced by sharpening the PT thresh
old using the high-precision external muon tracking 
and possibly the inner tracking in addition; the rate 
can be reduced further by applying isolation require
ments. The jet trigger threshold can be made sharper 
using more detailed information from the calorime
ters and optimized jct algorithms. Selections on 
topology and on invariant mass can also be made. 
For the missing E'r trigger, we see little scope to i1n
prove on the level-1 measurement at level 2, although 
associated signatures such as jets can be refined. 

Studies are in progress for level-2 triggers based 
on a variety of detectors. Two examples of tracking 
triggers, one based on the outer .silicon tracker (STT) 
and the other based on the TRD, are described below. 
A high-PT track trigger will supprci:il> the b<tckgro11nd 
to the electron trigger strongly and can also be used 
to help to trigger on µ'sand r's, and to veto fake i's. 

The performance of the level-2 electron trigger was 
studied using full GEANT simulations of large statis
tics samples of electrons and jets. The level-2 trig-
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ger will use the full-granularity information from the 
calorimeter and preshower detectors (providing more 
accurate and localized energy thresholds and isola
tion cuts than at level 1). This will yield an overall 
rejection factor against jets of"' 103 . Tracking infor
mation will be used to reject most of the remaining 
events which do not contain a high-PT track matched 
to the em cluster. 

5.4.2 Trigger based on the SIT detector 

The performance of a high-PT track trigger has been 
studied for the barrel outer silicon tracker (SIT) in 
version A of the inner detector layout (see Section 
3). This detector covers the central rapidity region. 
The Roi defined by the level-1 trigger is subdivided 
into ¢ bins. A sliding window is moved acro.<;s the 
Roi, choosing the window width for each layer to give 
a PT threshold of about 30 GeV. Candidate tracks 
must. have hits in at least 5 out of the 6 layers. For 
each s11ch candidate, a straight-line fit is performed 
on the strip hits, giving an approximate measurement 
of PT and a goodness-of-fit measurement (x 2). The 
efficiency of the trigger for isolated electrons, requir
ing only the presence of a high-PT track in the road, 
is shown in Fig. 5.3 as a function of PT· The effi
ciency for PT> 40 GeV is 95%, where most of the 
inefficiency is due to bremsstrahlung before the SIT. 
Pile-up, simulated by superimposing an average of 20 
minimum-bias events on top of the electron events, 
did not cause a very significant degradation in the 
performance of the trigger. Further rejection against 
random hit coincidences can be made with cuts on 
x2 , E/p matching and track - calorimeter shower po
sition matching, and a tighter calorimeter selection 
based on the full granularity. The overall efficiency 
of the level-2 trigger for electrons with PT > 40 GeV 
is then 91%. 

The rejection power of the \evel-2 trigger was esti
mated using simulated jets which passed the level-1 
electron trigger criteria with Ey > 40 GeV. The re
jection power for events which did not contain a high
PT charged hadron was::::::: 100. The trigger accepts 
events in which a single high-pT charged hadron has 
passed the level-1 electron trigger and so the overall 
rejection power against jets was only::::::: 35. However, 
additional rejection power against this class of events 
can be achieved using the preshower detector. Thus 
the overall rejection power of the level-2 electron trig
ger is estimated to be in the range 50-100 while the 
efficiency for isolated electrons is::::::: 90% [8]. Work is 
in progress in the RDll collaboration on the imple
mentation of this trigger algorithm in fH..<;t processors. 
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Figure 5.3: Trigger efficiency versus electron PT, with 
{dashed line) and without (solid line} pile-up back
ground. 

5.4.3 Trigger based on the TRD tracker 

In the TRD tracker, high-py tracks have a simple 
signature - straight lines - which can be recognized 
by a histogrammingalgorithm. Track finding is based 
on encoding the path of the track in two dimensions, 
(r,¢>) or (z,¢>), in terms of straw and plane numbers, 
and defining roads in which the numbers of hits are 
histogrammed. These roads are limited to within an 
Roi defined by the level-1 trigger. 

When all hits in the TRD/T are taken into ac
count, the algorithm selects high-PT tracks ('tracking' 
trigger). When only high-energy hits (transition ra
diation photons) are used, the same algorithm selects 
only electron tracks ('electron' trigger). 

The implementation of this trigger is being inves
tigated in a joint effort between the RD6 and RD 11 
collaborations. We are investigating the use of par
allel processing architectures [9]. These would alter
nate between a 'reading and reshuffling' mode and 
a 'histogramming' mode performing the actual track 
finding. 

A Monte Carlo simulation, for PT :::: 20 Ge\' at 
TJ ::::: 0 (see Section 3.5.4.3), demonstrates that ¥:ith 
the 'tracking' requirement in the level-2 trigger one 
can expect a rejection factor of 40 against jets which 
survive the level-I electron selection and do not con
tain a signal electron. At this PT, many of the re
maining events contain high-PT hadrons with an early 
em shower development. These events will be further 
suppressed by a factor of 10 by the 'electron' require
ment, thus providing a total rejection of :::::::150 for the 
level-2 electron trigger, for an electron efficiency of 
~90%. 

5.4.4 Architect11res 

Our level-2 trigger studies, which are concentrating 
on algorithms, will determine the amount of data and 



the processing power required for the trigger. Proces-.
sor and data-link technologies are improving rapidly 
and we expect to select the best products at the time 
of implementing the level-2 system. We discuss here 
a conceptual design of a level-2 architecture based on 
local feature analysis followed by global event selec
tion. However, we remain open to alternative archi
tectures. 

When the level-1 trigger accepts an event, the de
tector data are transferred from pipelines to buffer 
memories. Many possibilities are being investigated 
for the implementation of this readout which will 
not be the same for all detectors. While the inner 
detectors have extreme requirements for space, low
power and radiation hardness for their local readout 
logic, and prefer a relatively simple readout protocol 
[10, 11], the calorimeters and muon chambers can use 
more powerful and flexible solutions [12, 13]. 

We are considering a level-2 trigger system with a 
latency of ,.., 1 ms. Many events will be processed 
concurrently in this scheme, using a large number of 
local processors and a farm of global processors. Dur
ing the level-2 latency, the detector data will reside in 
digital buffer memories. Given the already low cost 
of fast digital memory we do not consider the long 
level-2 latency to be a problem. 

A critical point for the level-2 trigger, given the 
high bandwidth requirements, is giving the local pro
cessors access to the detector data which are stored in 
buffer memories. Our present scheme uses the level-
1 trigger t.o flag Rols containing candidate electrons, 
photons and muons. The data from these regions are 
processed locally to extract features (e.g. to summa
rize the information about an electron candidate), be
fore performing global processing on all the features 
from the event. The advantages of this approach are 
that the rate at which a given Roi has to be analysed 
is much (...., 100 times) less than the overall level-1 rate 
and the volume of data that needs to be processed at 
level 2 is greatly reduced. J\.fonte Carlo simulations 
are in progress to calculate typical occupancy nurn
bers for the detectors inside and outside the Rois, 
and we are performing simulations of the real-time 
behaviour of readout systems. The reduction in re
quired bandwidth due to the Roi scheme 'viii have to 
be balanced against the increa..;;cd protocol overhead 
and the complication of distributing Roi information. 

We expect to make extensive use of commercial 
products in the level-2 trigger system which will 
be integrated with the data-acquisition system (de
scribed below). The level-2 system must contain 
data links and networks to allo¥.' local processors to 
access detector data stored in the buffer memories 
and to transfer data (features) frorn local to global 

processors. Several possibilities are under considera-
tion, including switching networks and special pur
pose routers [IO, 12, 13, 14]. For the processing 
hardware, it may be appropriate to adopt different 
processors for different subdetectors although these 
must be combined into a coherent level-2 trigger sys-. 
tern. Possibilities range from general-purpose pro
cessors to special-purpose programmable processors. 
The choice will be made closer to the time of imple
mentation. 

5.5 Level-3 Trigger, Event Building 
and Data Acquisition 

The data from all detectors will be read out from lo
cal memories for events accepted by the level-2 trig
ger and the resulting full events will be sent to the 
level-3 trigger system. The level-3 trigger will then 
perform the final event selection and data reduction 
prior to permanent recording on mass storage. Event 
selection for physics analysis, and for calibration and 
alignment (e.g. samples of Wand Z leptonic decays) 
will be started at level 2 and refined at level 3. We 
envisage the possibility of doing partial event readout 
for some types of trigger, for example calibration trig
gers or a high-mass jet-pair trigger for new particles 
decaying to jets. 

For a level-2 rejection of~ 100, bandwidths of a few 
Gbytes/s are necessary for full event building. Tradi
tional bus-.-based event builders are, therefore, ruled 
out even a'3suming the availability of new-generation 
standards, such as Futurebus+. Alternative architec
tures, implementing a high level of parallelisn1, have 
to be adopted. Point-to-point links combined ·with 
cross-bar switches and switching networks seem to 
be suitable candidates. We expect that products be
ing developed in the telecommunication industry will 
provide an adequate solution. 

'l'he final number of parallel readout channels 
will have to be determined by balancing complexity 
against speed. l\1odelling and simulation studies are 
necessary to optimize the architecture and to develop 
event building algorithms. A multi-processor data ac
quisition prototype is being developed [15], integrat~ 
ing commercial VME-based RISC processors running 
a real-time UNIX operating system (LynxOS) sup
porting distributed applications. A RISC-proccssor
based ITIPPI/VME interface is used as a high band
width (50 Mbytcs/s) data-transfer module. The sys
tem is being designed with scalable features and a 
development path to higher bandwidth buses, such 
as VME64 and Futurebus+. It constitues a scaled
down prototype of an LHC-like data acquisition sys-. 
tern. We arc also following the development of a 
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different acquisition architecture, based on the new 
Scalable Coherent Interface standard [16]. 

Once the full events have been built, they will be 
routed to the level-3 trigger system which will con
sist of a farm of general-purpose processors of suffi
cient power to allow sophisticated algorithms to be 
run. We expect to run the full offiine analysis algo
rithms, to reduce the event rate to manageable levels 
for mass storage. Present estimates indicate a total 
processing power for the level-3 farm of a few times 
105 Mips (Mega instructions per second). There are 
many obvious advantages in running the same analy
sis software online and offline, for example a safer and 
easier estimate of trigger biases, and a more efficient 
use of human and computer resources. 

The necessity of having a uniform programming en
vironment, the complexity of the online system and 
the long time scales involved in the project make it 
essential that adequate software development and ap
plication environments arc adopted. Modern soft
ware engineering and programming language tech
nologies are needed for reliable software design, code 
generation and maintenance. The integration of com
mercial software will provide the most cost-effective 
solutions in many areas. Operating System standard
ization is needed to preserve the software investment 
in the long term, giving platform independence for 
the most effective use of computer technology ad
vances. The applicability of these concepts to data.
acquisition systems is currently being investigated in 
the RD13 project, with particular emphasis on the 
evaluation of Rea.I- time UNIX as candidate for a com
mon operating system throughout the online environ
ment. This would also guarantee full online-offline 
software portability. 

5.6 Offiine Computing Requirements 

In the short term (i.e. in the preparation of the 
technical proposal) we will intensify our Monte Carlo 
studies in order to approach a final detector design. 
We estirnate that the computing time required at 
CERN will be of the order of 500 000 hours (CERN 
units) of which 90% can be on the CSF farm with the 
remaining 10% on the IBM. 

The medium-term requirement will be governed by 
further Monte Carlo studies, progra1n development, 
and a build-up of computing facilities for data reduc
tion and analysis. We shall rely on the expertise at 
CERN in providing library packages and in coordi
nating the softv"are development. 

In the long term, the requirements for data storage, 
computing power and computing infrastructure will 
exceed those of current experiments by several orders 
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of magnitude. The data volume (raw data, DST, 
and Monte Carlo) is estimated to be several hundred 
Tbytes/year. A hierarchical system of data storage 
and access is essential. 

The computing power needed for first-pass recon
struction at LHC is estimated to be three orders of 
magnitude larger than that available on currently in
stalled online reconstruction farms. In 1999 it can 
be expected that the increase of computing power of 
processors will compensate for a good part of higher 
demand, such that a system of about 100 processors 
will fulfil the task. 

Most analysis and program development will be 
done on clusters of workstations. In an experi
ment with more than 1000 physicists, a few hun
dred workstations will be installed at CERN and in 
the other laboratories. The necessary infrastructure 
(file servers, high-speed networking, and manpower 
for system management) will have to be provided. 
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6 Experimental Area and In
stallation 

6.1 Requirements and Logistics 

The overall arrangement of the experimental area and 
the installation scenario are mainly governed by the 
large dimensions and possibly large weight of the pro
posed detector. 

The limitations in road or rail transport to CERN 
define the dimensions and weight of the individual 
pieces that can be pre~assembled outside CERN. The 
final assembly of the magnet and essentially all de
tectors (except for the inner detector assembly) will, 
therefore, take place at the experimental zone. It is 
also assumed that the total installation time for the 
detector will be limited to not more than two years. 
This implies that large prefabricated units will have 
to be prepared in the surface hall and installed into 
the experimental hall, with a minimum of assembly 
work inside the experimental cavern. 

The maximum unit weight of most sub-assemblies 
has been limited to 500 t such that they can be han
dled by coupling two 'standard' 250 t cranes. In case 
heavier units have to be handled it is foreseen to in
stall a temporary crane capacity of 2500 t. A study 
involving industry has shown that this is possible [1]. 

6.1.1 Experimental area 

Several different geometries for the layout of the ex
perimental area have been studied. The most cost
effective civil-engineering layout and the most suit
able shape for the detector installation seems to be a 
single large access shaft geometry, see Figs. 6.1 and 
6.2. 

The experimental hall is made up of the access 
shaft, with a diameter of 33 m, and two forward al
coves of 26 m diameter. The latter provide space for 
withdrawing the end-cap toroids and the installation 
of muon chambers. The total length of the cavern is 
44 m. 

Additional space is provided to allow the for
ward calorimeters and the shielding of the low f3 
quadrupoles to be pushed into a shielded area dur
ing maintenance work. 

The exact layout of the area will depend on the 
final detector configuration. In the air-core toroid 
version the access shaft is longitudinally offset by 5-
6 rn. In addition a smaller diameter 'garage' area on 
one side of the hall is foreseen to serve during major 
access operations, see Section 6.2.1. 

The access shaft must be covered by a mobile radi
ation shield, as indicated in Fig. 6.2. This shielding 
can be integrated into the floor of the surface hall. 

.... 
L!J'-UC -

Figure 6.1: Plan view of the experimental area; here 
shown for the iron-core toroid scenario 

Further down, in the access shaft, a second obstruc
tion is made by a ventilation cover, which separates 
the underground cavern from the access shaft volume. 
This ventilation cover will also serve as an effective 
safety barrier for the people working underneath. 

""""' ... 
"'~...., 
I 33.ooM 

Figure 6.2: Isometric view of the experimental area 

The access to the LHC service tunnel, which by
passes the experimental area at the inside of the LTIC 
ring, is made via a separate access shaft. The main 
cavern is linked to the service area by a chicane which 
will be used for cooling, ventilation and power in
stallations. The additional shaft will also serve as a 
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Figure 6.3: Layout of the manufacturing and assembly of the iron core magnet on the CERN site 

second exit in case of an en1ergency. 
The side opposite to the LHC by-pass is reserved 

for an underground electronics cavern with its own 
9 m diameter dedicated access shaft, and a special 
cavern for storage of liquid argon. 1'he electronics 
cavern is linked to the experimental cavern via two 
access chicanes. These chicanes are placed in such a 
way that a 'blockhouse', accessible during LHC op
eration, can be installed inside the experimental hall, 
providing space for about '10 electronics racks. 

The experimental cavern will be equipped with a 
crane, installed just below the ventilation separation, 
allowing the manipulation of smaller loads. 

It has been demonstrated [2] that this type of ex
perimental area could be built in Point 7 and, ¥lith 
some minor modifications, also in Point 1. 

6.1.2 Ilerun li11e 

The last machine elements before the experiment are 
the superconducting low-,6 quadrupoles at 20 m dis
tance from the interaction point. To shield these 
magnets, 2 m long copper collin1ators will be installed 
before them, leaving about ±17.5 m free space around 
the interaction poiut for the detector. 

The design of the beam vacuum chamber is mainly 
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conditioned by the requirements set by the inner de
tectors. A valve, situated at about 8 m from the 
interaction region [3], separates the vacuum cham
ber in two sections: a central thin-wall section and 
a forward thick-wall section. The thin-wall section is 
composed of a ± 1 m long beryllium section followed 
by a 7 m long undulated stainless-steel section. The 
external aperture (including flanges) of the thin-wall 
section is limited to a diameter of 1:10 mm in order to 
facilitate the installation of the vertex detector. The 
isolation valve will allow the forward section of the 
vacuum chamber to be removed during e.g. displace
ment of tl1e end-cap toroids, without deteriorating 
the vacuum in the central part. 

6.1.3 S11rface area layout 

The assembly of the toroid and the various detector 
units in conjunction with a limited total installation 
period will imply the construction of a rather large 
surface hall, 180 m long and 30 m wide. An example 
of how such a hall rnay look in the iron-core toroid 
scenario is given in Fig. 6.3. The hall is placed asym
metrically around the main installation shaft, thereby 
creating tv.·o distinct assembly regions. One side is re
served for the assembly and construction of the toroid 



and the other side is used by the various detector as
semblies and the mobile platform for the calorimeter 
units. 

The surface area will be equipped with two 250 t 
travelling cranes, capable of moving the largest mag
net modules, when coupled together. In addition two 
60-70 t cranes are needed. To lower heavier detec
tor elements into the underground area, a temporary, 
fixed crane with a capacity of approximately 2500 t 
will be installed over the access shaft. 

The part of the hall which serves for the magnet 
construction is needed at least 2! years before the 
installation of the first detector elements. It could be 
a temporary construction, which is no longer needed 
once the magnet is installed. The part covering the 
access shaft will only be constructed once the civil 
engineering of the experimental area is completed. 

6.2 Installation and Access 

To limit the installation time in the cavern, all large 
detector elements will be partly or fully assembled in 
the surface area and lowered into the underground 
area in as large as possible units. 

In particular, it is thought to be a considerable 
advantage if the three parts of the calorimeter could 
be lowered as complete and tested units using the 
temporary crane installation mentioned above. 

The installation procedure depends on the final de
tector choice. 

6.2.1 Air-core toroid version 

The air-core toroid will be pre-assembled on the sur
face into four sub-units of three coils each, none 
weighing more than 250 t. The sub-units will then 
be lowered in the underground area, moved to the 
interaction point and interconnected. 

Once the barrel is in place, the muon chamber in
stallation can start. 

The calorimeter modules and the end-cap toroids 
are not tied to the barrel toroid structure. They are 
supported by two rails, running parallel to the beam 
line through the air-core barrel over the full length 
of the cavern. The end-cap toroids as well as the 
calorimeter units, once fully assembled, will be low
ered onto the rails and pushed into their final po
sitions. A single 250 t crane is sufficient to lower 
the air-core end-cap toroids, to lower the calorimeter 
end-caps the 2500 t crane may be needed. Figure 6.4 
shows a view of the installed detector in the hall. 

Owing to the open magnet structure, access to the 
muon chambers and electronics located outside the 
calorimeters is easy and fast, provided passages and 
gangways are integral parts of the installation. 

Figure 6.4: Isometric view of the installed detec
tor (air-core toroid version) with one of the end-cap 
toroids in retracted position 

Access to the electronics of the calorimeters and 
the inner tracking detectors, can be provided by re
tracting the end-cap toroids and end-cap calorime
ters, respectively, by a few metres, as shown in 
Fig. 6.4. These operations could be achieved on a 
time scale of typically one day, and could be envis
aged for a 1-2 week access period. 

A more general access scenario is based on a com
plete withdrawal of the end-cap toroids by several me
tres into the alcoves, see Fig. 6.5. This implies that 
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Figure 6.5: Access position for the air-core toroid with 
the calorimeter end-cap and the end-cap toroid re
tracted on one side 

the forward calorimeters and the quadrupole shield
ing are displaced and that the low-/3 quadrupoles can 
partially overlap with the end-cap toroids. In this po
sition all inner tracking detectors can be, if necessary, 



removed. 
For the removal of calorimeter units or end-cap 

toroids to the surface a shutdown of typically one 
year is needed. This intervention requires removal of 
part of the beam elements on one side of the inter
action region and makes use of the 'garage' cavern 
extension mentioned in Section 6.1.1. 

6.2.2 Iron-core toroid version 

In this case, the installation sequence is conditioned 
by the installation of the magnet. The iron plates, 
delivered by industry, will be welded together into 
blocks of :S500 t, machined, and stored for final in
stallation as shown in Figure 6.3. First the lower part 
of the barrel toroid is assembled underground mak
ing use of the 2 x 250 t overhead crane. Thereafter, 
the calorimeter barrel can be placed on its supports 
directly in its final position. The upper part of the 
magnet can now be installed and completed with the 
pre-assembled coil elements. 

An alternative is to install the calorimeter after 
the completion of the barrel part of the magnet, by 
pushing it into the central cavity. 

The end-cap toroids are separate units and inde
pendent of the barrel part. Once the moving systems 
for the end-cap toroids are installed the iron units can 
be placed directly in place with the 2 x 250 t crane. 

The installation of the muon chambers for the end
cap toroids, in particular the vertical chamber planes, 
will be more difficult than in the central region due 
to more restrictive crane coverage. This part of the 
installation sequence will, therefore, require special 
lifting tools. 

The end-cap sections of the calorimeter can be in
stalled independently of the presence of the end-cap 
toroids. A table is placed on the same rail system as 
the end-cap toroids, between the barrel and the end
cap toroids in their recessed position. The calorime
ter units are then placed on the table and pushed into 
the inner cavity. Figttre 6.6 shows an isometric view 
of the fully assembled detector in the cavern. 

Most of the electronics of the calorimeters and 
the inner tracking detectors will be placed such that 
they can be reached without retracting the end-cap 
calorimeters. 

A fast access, with a time scale of typically one day, 
can be achieved by withdrawing the end-cap toroids 
by about 2 m to provide access to the back of the 
calorimeter end-caps, as shown in Fig. 6.6. 

The general access scenario is based on a com
plete withdrawal of the end-cap toroids by 7.75 m 
into the alcoves, sec Fig. 6.7. It implies that the for
ward calorimeters are displaced and that the low-/) 
quadrupoles can partially overlap with the end-cap 
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Figure 6.6: Isometric view of the installed detector 
(iron-core toroid version) with one of the end-cap 
toroids in partially retracted position 

toroids. In this position all inner tracking detectors 
can be reached and, if necessary, removed. The re
moval of calorimeter units to the surface is also pos
sible in this position but would require a shutdown 
of typically one year. 

Figure 6.7: General access position for the iron-core 
toroid with the calorimeter end-cap and the end-cap 
toroid displaced on one side 

6.3 LEP-LHC operation 

Several ways of providing for the difference in height 
between the LEP and LHC beam have been studied. 

If a solution could be found to bring the LEP beam 
at the LHC interaction points to approximately the 
height of the proton beam, only the inner tracking 



detector would have to be removed to let the LEP 
beam pass. 

In case this proves to be technically impossible, 
one solution would be to remove the inner detectors 
and the complete calorimeter with the possibility of 
bringing part or all detectors to the surface. This 
would allow for maintenance work during the time 
when LHC is not running. 

An alternative is to remove the calorimeter end
caps and the central detector, which would liberate a 
cylindrical cavity of2.3 m diameter, and to lower the 
complete barrel part of the detector by approximately 
30 cm. Since it is very likely that the barrel part of 
the toroid will be placed on jacks for alignment pur
poses, this solution would not introduce much supple
mentary hardware. Raising the detector by the full 
distance between the LEP and LHC beams of 1.3 m 
is technically feasible, however, more expensive. 

In the end-cap regions the solution depends on the 
finally chosen detector option. In case of air-core 
toroids, the easiest is to lower them to the ground 
of the cavern or to bring them to the surface. In case 
of an iron-core end-cap, a hole could be provided by 
removing special insert plugs. In both cases, it will 
be necessary to remove some of the muon chambers. 

6.4 Schedule and Costs 

6.4.1 Detector installation 

Following the installation scenario developed in Sec
tion 6.2 an estimate has been made of the time needed 
to install the complete detector in the experimen
tal cavern. The magnet construction and installa
tion time estimate is based on industrial production 
capacity and the proposed surface a'lsembly arrange
ment. For the rest of the installation, only the me
chanical \.vork has been considered, given the pro
posed crane capacities. All aspects of rnaking the 
detector operational have been left out. 

For the air-core toroid, a total of 6~ years is needed 
for design, fabrication and installation. The construc
tion and delivery of the superconducting coils is ex
pected to take 5--5~ years. A further year is needed 
for testing of the individual coils, the pre-assembly on 
the surface and their installation underground. The 
complete detector installation is estimated to take 18 
rnonths. 

For the iron-core toroid, 4 years will be needed be
fore the installation date, 2~ years of which would be 
in the surface assembly building. The underground 
installation is estimated to take 8 months for the bar
rel part and 6 months for the two end-caps. The 
total installation time for the iron-core version is 15 

months for the barrel and an additional 9 months for 
the two end-caps. 

6.4.2 Infrastructure costs 

The cost of the infrastructure includes the installa
tions that can be defined as common to several sub-
detectors or specific extensions to the basic instal
lation of the experimental area. Table 6.1 gives an 
estimate of these costs, extrapolated from the expe
rience with the LEP detector installation. 

The costs for civil engineering and surface area 
buildings as well as for permanent crane installations, 
cooling, ventilation, and electricity distribution have 
not been included in Table 6.1. 

Table 6.1: Infrastructure cost estimate 

Detector component MCHF 
Area infrastructure 6.5 
Vacuum chamber 0.5 
Area control 0.5 
Installation/counting rooms 7.5 
Manpower for installation 3.5 
Tot a I 18.5 

6.5 Safety 

6.5.1 General safety considerations 

The general safety aspects of the large-hole geometry 
have been discussed with CERN TIS division [4]. No 
objection was made to the proposed geometry, since 
the necessary ventilation separation between the un
derground cavern and the large access shaft will pro
vide adequate protection. 

For the liquid argon used in the calorimeters, a 
200 m3 storage tank will be provided in a separate 
cavern. Its volume is sufficient to house all the argon 
of the calorimeters. Such a tank gives more flexibility 
for normal operation, and could be used as a dump 
for the argon in case of an emergency, thus adding to 
the safety of the system. 
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The LAr system itself has been designed to be safe 
under the worst possible accident, i.e. a complete 
breakdown of the vacuum of the barrel cryostat. The 
connection between main vessel and expansion vessel 
is of sufficient diameter (400 mm for a single pipe) to 
allow the liquid, pushed by the appearance of bub
bles, to flow to the expansion vessel without increas
ing the pressure in the main vessel significantly. Then 
the expansion vessel acts as a phase separator, with 
safety valves in the gas phase opening above 1.5 atm., 
connected to a chimney (0 350 mm) for venting to 



the outside atmosphere. The impact on environmen
tal safety of venting all argon to the atmosphere has 
been examined and found to be negligible. This study 
takes into account that under the neutron flux at 
LHC part of the 40Ar will be activated as 41 Ar, a 
f3 and 'Y emitter with a half-life of 110 min. 

The large gas volume in the muon chambers (600-
1500 m 3 , depending on chamber technology) necessi
tates the use of non-inflammable gases, such as argon, 
Freon and carbon dioxide. These gases are toxic only 
in very high concentrations and the principal safety 
hazard is asphyxiation in confined volumes inside the 
detector. It is regarded as relatively easy to monitor 
the general air quality of the cavern and to install 
specific oxygen meters in confined areas. 

At present the favoured gas mixture for the MSGC 
detector (total volume about 0.5 m3 ) does include 
an inflammable component (DME), however, non
inflammable gases are under study. For the final 
design all efforts will be made to avoid the use of 
inflammable gases, even in small volumes. 

6.5.2 shielding considerations 

The expected radiation environment in the LHC ex
perimental areas, see Chapter 7, sets strict limits on 
the minimum thickness of shielding walls and access 
to parts close to the vacuum chamber. 

The proposed underground caverns and chicanes 
for services and electronics, as well as the shielding 
plug in the main access shaft, have been designed 
following the guidelines of the CERN TIS Divison. 

The shielding arrangements to protect personnel 
during access periods from the induced radioactivity 
have not yet been studied in detail. It is, however, 
foreseen to move the forward calorimeters and the 
shielding protection for the low-(3 quadrupoles into a 
shielded area during maintenance work on the end
caps. 

Maintenance work on the central inner detectors is 
limited to short interventions, see Section 7.4; longer 
repair work may require the removal of the inner 
tracking detectors to some shielded work area. 

6.6 Detector Alignment 

Given the stringent requirements on spatial precision 
and stability for the different detector parts and the 
overall size and complexity of the proposed detector, 
alignment considerations will play a major role in the 
design of the detector. 

Fully automated monitoring systems and high
precision alignment techniques will be employed on
line to measure the absolute dimensions and geome
tries of the detectors elements, their relative positions 

to each other, and their absolute positions with re
spect to the beam line. 

For the measurement of the locations of reference 
points on the outside of the detector, close-range pho
togrammetry techniques offer an interesting possi
bility. Precisions of 1/250 000 and better can be 
reached. Cameras and photo scanners, using CCD 
techniques, with an accuracy of better than l µm, 
are commercially available. 

The crustal movements of the cavern can be mon
itored using clinometers, installed close to the detec
tor, together with reference points embedded deep 
into the bed rock. 
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7 Radiation Environment 

Detailed estimates of the radiation environment for 
the proposed detector are essential for choosing suit
able technologies for the various subdetectors. A 
study of the radiation levels expected for the AT
LAS detector has been performed over the last two 
years: the most important figures are shown in the 
following, for a complete description the reader may 
refer to [l, 2, 3] and references therein. 

7 .1 Description of the Simulations 

An assumption on the particle multiplicities and 
spectra arising from minimum bias collisions is the 
starting point for any realistic simulation. For the 
present study the code DTUJET [4] has been used; 
details about the code, physics and its performance 
when compared with currently available collider data 
can be found in [5] . The uncertainties in these pre
dictions are discussed in [2, 6]: they are as large as 
50% and represent one of the largest sources of the 
systematic error for the radiation estimates presented 
below. 

The latest version of the FLUKA code [2] has been 
used to follow particle interactions inside the detec
tor. This code is widely employed when simulating 
the interaction or high-energy beams with accelera
tor and detector components. It contains a detailed 
model for low-energy neutron interaction and trans
port based on a standard multigroup approach. A 
special cross-section library has been produced for 
this task [7]. A detailed description of the code fea
tures and its benchmarks can be found in [1, 2, 3]. 

The following components of the radiation field 
have been calculated assuming a yearly integrated 
lurninosity of 105 pb-1 and an inelastic cross-section 
for pp events, single diffraction excluded, of 60 mb: 
a) Absorbed doses in the detector; 
b) Neutron fluxes; 
c) Induced radioactivity and residual dose rates; 
d) Neutral particle punch-through. 

The detector set-up used in the simulations is 
sketched in Fig. 7.1. It represents a situalion where 
the LAr technique is used for both the electro
magnetic and hadronic calorimeter and the forward 
calorimeter is made of lead-liquid scintillator with a 
5:1 volume ratio. The sensitivity of the results given 
here to the specific detector configuration is discussed 
in [2]. 

7.2 Total Absorbed Dose 

The predicted rnaximum absorbed dose per year of 
operation in different parts of the detector is given in 
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Table 7.1 and in Fig. 7.1. The dose levels include the 
contributions of all components of the radiation field. 

7.3 Neutron Flux 

Certain detector components (e.g. electronic de
vices) are sensitive to damage by low-energy neu
trons. Since, in complex detector configurations, the 
number of low-energy neutrons is not necessarily pro
portional to the absorbed dose, separate assessments 
of cascade development in the detector have been per
formed. The maximum fluxes of neutrons with ener
gies 2:100 keV, averaged typically over 20 cm in r or 
z, are presented in Table 7.1. 

Hydrogenated materials are very effective in reduc
ing neutron fluxes, especially for the component due 
to backscattering from the calorimeters into the cen
tral cavity [2]. The effect of a 5 cm thick polyethylene 
layer at the entrance face of the calorimeters, as fore
seen in the ATLAS detector, is shown in Table 7.1. 

7 .4 Induced Radioactivity and Resid
ual Dose Rates 

The induced radioactivity is a major concern for the 
detector design, in particular in view of planning 
safety and maintenance operations. A precise assess
ment of the produced isotopes can hardly be per
formed without the detailed knowledge of the struc
ture and composition of all detector components and 
therefore, at the moment, no full quantitative esti
mate can be given. Nevertheless, calculations have 
been performed, e.g. to assess the risk associated 
with an incident in the cryogenic system of the LAr 
calorimeter and the release of the argon into the at
mosphere (see Chapter 6.5). The production of two 
isotopes has been considered: 41 Ar and 3 II, the lat
ter being mainly produced in the bulk material of 
the calorimeters. The isotope 41 Ar (T112 = 1.83 h) is 
mainly produced via thermal neutron capture and it 
is the major source of LAr radioactivation. The pro
duction cross-section is well known, but the thermal 
flux is strongly affected by small amounts of absorb
ing isotopes or hydrogen and therefore the numbers 
quoted in Table 7 .1 can change substantially for dif
ferent detector configurations. On the other hand, 3 JJ 
(T1/2 = 12.4 y) is a spallation product whose produc
tion rate does not depend too much on the details of 
the calorimeters for a given absorber material. The 
numbers quoted in Table 7.1 are the activities accu
mulated after one fill for 41 Ar (numbers in brackets 
have been computed without the moderating layer) 
and after 10 years of operation for 3 11. Even though 
it is expected that the argon radioactivation will be 
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Figure 7.1: Lines of constant radiation doses in Gy/year for a yearly integrated luminosily of 105 pb- 1 

Table 7.1: Peak neutron fluxes and doses, and acti11ation of the ATLAS detector components 1vith and tL'ithout 
the moderator 

Detector Component Dose Ne11tron Flux Activity 
with mod. no mod. -,li -..-A, 

(kGyy-') ( cm-2 y-1) ( cm-2 y-1) (GBq) (GBq) 
SITV 28 6.0xlQIY 2.5xl0 1

"' 

S!T 1.6 1.9xl012 1.9x 1013 

End-cap TRDs 4.0 3.4x1012 2.8x 1013 

Barrel em calorimeter 0.4 6.8x1012 1.7x1013 0.5 20 (50) 
Barrel hadron calorimeter 0.02 I.Ox 10 12 l.4x10 12 0.1 0.5 (1) 
End-cap em calorimeter 21 8.2xl013 9.lxl013 2 50 (50) 
End-cap hadron calorirneter 4.0 4.0xl013 5.1x1013 2 2 (2) 
Forward calorimeter 830 l.lxl015 100 
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dominated by 41 Ar, it must be stressed that many 
other isotopes will be produced. 

The dose rates of concern for maintenance work 
due to induced radioactivity can be calculated us
ing established methods, independent of the detailed 
knowledge of the produced isotopes [1]. The rate of 
high-energy inelastic hadron interactions ('star' pro
duction), averaged over the outer 5 cm of a large 
object, can be converted into the contact dose rate 
by means of the so-called w-factors. The resulting 
dose rates are presented in Fig. 7.2 for the custom
ary conditions of 30 day irradiation time and 1 day 
of cool-down time. 

Figure 7.2: Expected radiation levels after 1 day coo/
down time (mSv/h); in parentheses the maximum al
lowed annual access time in hours {see text}. 

The maximum number of hours that a person could 
work without exceeding the CERN annual reference 
level (15 mSv /y) is given in parentheses. It must be 
stressed that the quoted numbers give only an indica
tion of the order of magnitude of lhe problem. They 
have been computed with a detector layout corre
sponding roughly to 12 and 14 >.in the barrel and end
caps respectively. While the dose rates close to the 
inner surfaces are not affected by different calorimeter 
thicknesses, proper scaling factors have to be applied 
to the numbers quoted for the outer surfaces in case 
the calorimeter thickness changes. 

7.5 Neutral Particle Punch-through 

The amount of neutron and photon punch-through 
in the barrel and in the end-caps has been estimated 
using the geometry as shown in Fig. 7.1, for a lumi
nosity of C = 2 · 1034 cm-2s- 1. Table 7.2 shows the 
resulting fluxes at the outer surface of the iron yoke, 
averaged over the indicated pseudorapidity ranges. 

The neutron flux includes thermal neutrons to ac
count for background from neutron capture. For pho
tons a threshold of 300 keV has been applied. The 
same considerations as in the previous section apply 
when scaling to different calorimeter thicknesses. 

Table 7.2: Neutral particle punch-through 

" Punch-through (cm=-"2"s-=I) 
Barrel n 1 
0-0.7 74 15 

0.7-1.2 230 38 
End-cap n 1 
1.2-1.44 27 4 
1.44-2.3 620 120 
2.3-2.9 27000 5500 
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8 Physics Performance 

8.1 Introduction 

In this section we review the performance of the 
ATLAS detector for a variety of physics processes. 
It is impossible to give credit for all the detailed and 
extensive work done over the past few years, nor is 
it possible to cover the full range of physics to be 
expected at LHC. We rather use a set of benchmark 
processes, most of which are sensitive to the detector 
performance, in order to illustrate the capabilities of 
the ATLAS detector. We thus hope to demonstrate 
that it will be able to cope with possible as yet un
expected new physics. 

In the following, the ATLAS detector performance 
is usually simulated using the relevant acceptance fig
ures, and parametrizations of the calorimeter energy 
and n1uon momentum resolutions (see Section 1). 
\iVherever relevant, more detailed simulations are dis
cussed; a few examples are: 
• a detailed study of the photon identification po"'er 
of the barrel calorimeter, in order to understand jet 
backgrounds to II --+ JI decays; 
• a realistic simulation of the tracking and calorime
try performance to study backgrounds from radiative 
Z decays to II --+ JI decays; 
•a study of lepton isolation using a full detector simu
lation to estimate the backgrounds from heavy quarks 
to a possible signal from H--+ ZZ* --+ 4-lepton decays. 

Unless otherwise specified, the results shown cor
respond to integrated lun1inosities of 105 pb- 1 , as 
expected for one year of high-luminosity running at 
LJIC. The observation of a given physics signal will be 
declared possible if a statistical significance of 5 a can 
be achieved. Lepton reconstruction efficiencies are as
sumed to be 90%. This includes trigger efficiencies, 
calorimetric and track reconstruction for electrons, 
and inner/outer track reconstruction and matching 
for muons. Effects of pile-up and possible isolation 
cuts are included separately wherever relevant. 

If not explicitly stated other"'ise, physics processes, 
including initial- and final-state radiation, hadroni
sation and pile-up of mini1num bias events, were 
generated using the PY1'HIA 6 1-lonte Carlo pro
gram [1]. \\'henever better or more appropriate the
oretical calculations were available, the production 
cross-sections fro1n PYTHIA were suitably renormal
ized. 

6 We are deeply indebted to T. SjOst.rand, who has be('n of 
great hdp to us throughout this work on physi<:s simulations. 

8.2 Higgs Sector 

We first discuss the search for a Standard Model neu
tral Higgs boson (H) over a mass range from 80 GeV 
to 1000 GeV. We then extend the discussion to a 
search for Higgs bosons in the framework of the mini
mal supersymmetric extension of the Standard Model 
(MSSM), and finally briefly describe the search for 
other possible scenarios for electroweak symmetry 
breaking. 

8.2.1 Searcll for the Higgs boson in H--+ JI 
decays 

This channel seems to be the only way to observe a 
possible signal from Higgs boson production at J,TTC 
in the mass range 80 < mH < 130 GeV. The ob
servation of the signal requires good electromagnetic 
calorimeter resolution and very efficient rejection of 
jet backgrounds, in particular of isolated 7r0 's, \Vhich 
may simulate isolated photon signatures. In addition, 
for the direct H --+JI signal, an accurate measure
ment of the photon directions with the calorimeter is 
needed in order to achieve the desired mass resolu
tion. A quantitative discussion of how these parame
ters affect the significance of the observed signal can 
be found in [3}. 

The following analysis is based on the expected per
formance of the ATLAS em calorimeter+ preshower 
system. These performance figures are the results of 
extensive simulation work, most of which has been 
verified by test-beam data (see also Section 2.3.2). 

8.2.1.1 Direct prod11ction (pp-+ H --+ 11) 
This study [4] can be summarized in two parts: 
• Observability of the signal above the irreducible 
background from photon pairs. 
• Rejection of other backgrounds. 
Table 8.1 summarizes, for a range of Higgs masses, 
the most relevant numbers used to extract the ex
pected signal and background rates. The photon 
identification efficiency is assumed to be 80%, as dis
cussed below. The acceptances include the effect of 
the kinematic cuts, which require two photons wit.h 
p} > 40 GeV and p} > 25 GeV v-lithin 1171 < 2.5 
(but excluding the region spanning the crack betv"een 
barrel and endcap calorimeters). An additional cut, 
p}/(pj. + p}) < 0.7, combined with the isolation 
cuts described below, significantly reduces the back
ground from quark bremsstrahlung ( qg--+ q/ --+ q1r) 
[5]. After cuts this background is about 50% of the JI 
background (qq --+JI and gg--+ JJ). Consequently 
the differential cross-section du/dm for II produc
tion after cuts was multiplied by a factor 1.5 to ac
count for the rernaining quark bremsstrahlung. Con-
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Table 8.1: Observability of H - ''t'( {direct and associated H production). The event numbers include the 
losses due to photon efficiency and bin width. 

H - rr direct production WH, tt H --+ lrr+X 
Higgs mass (GeV) 80 90 110 
ax BR (lb) 51 57 68 
Acceptance (%) 23 30 41 
Mass resolution(%) 1.45 1.40 1.22 
Ns (signal in mass bin) 600 876 1430 
NB (bgd in mass bin) 36000 34000 25000 
Stat. significance 3.2 4.8 9.0 

servatively the K-factor, taking into account QCD 
corrections to gg--+ IT production [6], was not included 
in the signal cross-sections quoted in Table 8.1. The 
statistical significances were computed as the ratios 
Ns/,,/flB, where the signal and background event 
rates were summed over mass bins approximately 2.5 
times larger than the expected mass resolutions. 

The significances of the signal vary approximately 
as the square root of the pseudorapidity coverage 
of photon detection. The mass resolutions quoted 
in Table 8.1 are dominated by the electromagnetic 
calorimeter sampling and constant terms, as shown 
in Fig. 2.24. Figure 8.1 shows, for mtt= 110 GeV, 
the expected result of a single experiment7 , where the 
signal is seen above the irreducible 1'1 background in 
the measured ml"l" spectrum. 

Two other backgrounds to the Higgs signal are: 
1) r-jet and jet-jet events where one or two jets 

are misidentified as r's. Figure 8.2 shows the ra
tios between these backgrounds and the irreducible 
1'1 background, after kinematical cuts, as a function 
of the rejection power of the photon identification 
cuts against hadronic jets, R. 'fo allow for the uncer
tainties in the overall rates of jet backgrounds and 
in the estimation of R (fragmentation, correlations 
etc.) we demand that the sum of these backgrounds 
(solid line in Fig. 8.2) be :::;; 20% of the irreducible 
background. This leads to a requirement of R 2: 104 . 

An estimate of R for the barrel em calorimeter was 
obtained through a 'fast' GEANT simulation of a 
sample of 105 hadronic jets, with transverse energy 
above 40 GeV at 71......, 0. A simplified geometrical de
scription of the calorimeter and preshower detector 
was adopted, using a set of em and hadronic shower 
libraries. 'fwo series of cuts were applied to estimate 
& 
• Calorimeter cuts, requiring an em energy depo-

7Monte Carlo silnulation with expected bin-by-bin statisti
cal llur.tuations. 
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Figure 8.1: Expected ml"l" spectrum for H - ')")' 
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signal above irreducible 1'1 background for 
mtt = 110 GeV and 105 pb-1 

sition above 35 GeV in an area corresponding to 
ll.71 x ll</J = 0.06 x 0.06, an electromagnetic energy 
of less than 5 GeV in 0.18 x 0.18 around the trigger 
cluster, excluding the cluster energy, a total hadronic 
energy of less than 5 GeV in 0.18x 0.18, and a shower 
shape matching that expected from isolated em show
ers. The overall efficiency of these cuts, including 
pile-up effects and calorimeter noise, is 90% for iso
lated photons, while R is about 3000. Most of the re
mainingjets consist of isolated 7ro 's, a result in agree
ment with previous simulations performed at particle 
level without using GEANT [3]. 



Figure 8.2: Expected ratio of jet-jet to 11 {dashed} 
and 1-jet to 11 {dotted} rates 11ers11s rejection of pho
ton identification cuts against jets 

• The additional factor 3 needed in rejection per 
jet is obtained by using the prcshower information, 
as mentioned in Section 2.3.2. The simulation re
sults and the test-beam measurements are in good 
agreement, yielding an estimated photon efficiency of 
90%, which includes the photon conversion probabil
ity, for a rejection of..., 3.5. The preshower rejection 
decreases strongly for 71'

0 energies above 100 GeV. 

This study clearly demonstrates the ability of the 
detector to reach the desired goal in terms of photon 
identification. 

2) Another potentially dangerous background 
arises fr0m Z--+ e+e- decays, where both electrons 
may be misidentified as photons. For the v.'orst case, 
mtt = mz, the very high rate of Z - e+e- decays 
results in a required veto efficiency of 99.8% per elec
tron, in order to bring this rate below 10% of the 
expected Iliggs signal rate. A complete simulation of 
radiative Z df'cays, including bremsstrahlung in the 
material of the inner tracking detector has been per
formed. Preliminary results show that a track veto, 
based on reconstructed track segments in the individ
ual tracking snbdetectors (see Section 3.5), achieves 
a rejection of 500 against electrons from Z __,. e+e
decays and of better than 100 against photons from 
Z - ee1 decays. The desired performance to reject 
this background can therefore be achieved, bnt the 
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efficiency of the veto cuts for the H -11 signal, tak
ing into account pile-up and photon conversions, is 
still under study. 

From Table 8.1 we conclude that a signal from 
H --+ 11 can be seen above the irreducible 11 back
ground over most of the mass range studied. For 
mtt< 90 Ge V, several years of running may be needed 
to obtain a convincing signal. 

8.2.1.2 Associated production This channel, 
WH, tl'H--+ £11+X, differs substantially from direct 
11 - II production: the expected rates are a factor of 
50 lower, the vertex position can be unambiguously 
defined by the lepton charged track, and there are 
many different sources of reducible and irreducible 
backgrounds. A study of known background sources 
has been performed [4], and only a short summary 
can be given here: 
• Photon identification cuts have been shown above 
to reject jets by more than a factor 3000; the domi
nant background sources are therefore the irreducible 
W11 and t't 'YI· 
•Large potential backgrounds from misidentified lep
tons are also present from Z, W, and tt leptonic de-
cays accompanied by hard photons. They can be re~ 
duced to a level below that of the irreducible back
grounds, if the charged track veto efficiency is 99%. 
•The expected rates of signal and background events 
(see Table 8.1) are similar in magnitude and small 
("' 10 to 20 events per year). Therefore a very 
good understanding of the background shape will be 
needed before a convincing signal can be established. 

8.2.2 Search for the Higgs boson in 
H - ZZ* - f.ff.£ decays 

This mode is the most promising one to search for a 
Higgs boson with mass betwe€n 120 and 180 GeV. In 
this mass range the Higgs boson width remains quite 
narrow. The reducible backgrounds, containing non
isolatcd leptons, are large, as shown in previous stud
ies [7]. Good lepton identification at large rapidities 
and at as-low-as-possible transverse momenta plays 
a major role in the experimental sensitivity to this 
channel. 

An analysis similar to the one reported in [7] has 
been performed, with emphasis on three aspects: 
• Expected precision of Higgs mass reconstruction. 
• Realistic estimate of rejection of non-isolated lep
tons from b-quark decays, using calorimetry and 
tracking information. 
•Reconstruction of signal above background with full 
detector simulation. 



The selection cuts applied are roughly adapted to 
the geometrical acceptance and expected electron en
ergy and muon momentum resolutions of the ATLAS 
detector, and require: 
•Two leptons with pr> 20 GeV within 1111 < 2.5. 
• Two other leptons with pr> 10 GeV within 
lryl < 2.5. 
•One dilepton mass combination within ±6 GeV of 
the Z boson mass. 
• The other dilepton mass above 12 Ge V. 

Table 8.2 shows, for various values of mtt, the ex
pected rates of reconstructed signal events, where the 
4-lepton mass is required to be within ± 2a of mtt. 
The acceptances quoted include the effect of kine
matic cuts, fiducial cuts (estimated to retain 90% of 
the events), and lepton selection efficiency (assumed 
to be 90% per lepton). If the geometrical accep
tance were increased to 1111 < 3 for all leptons with 
PT > 10 GeV, the expected signal rate would in
crease by ,...., 16% independently of mtt. If leptons 
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Figure 8.3: Higgs mass resolution {mu:::=- 150 Ge V} 
obtained for 4-leplon decays in vario11.~ detector con
figurations (see text) 

with PT > 7 GeV could be efficiently identified and 
measured, the expected rate would increa..:;e by 55% 
(17%) for mn = 120 (150) GeV. Figure 8.3 shows the 
distributions of reconstructed 4-lepton masses in fonr 
different ca.<ies for mu= 150 GeV. The expected res
olution for the :J-electron mass {solid histogram) is 

1.8 GeV, before bremsstrahlung effects are taken 

into account. For the 4-muon mass reconstruction, 
Fig. 8.3 shows three cases, using parametrized reso
lution functions for different stand-alone muon mag
net configurations, from a full air-core toroid (dashed 
histogram with a = 1.9 GeV), to a barrel air-core 
with warm iron-core endcaps (dotted histogram with 
a= 3.4 GeV), and to a full iron-core system (dash
dotted histogram with O' = 6.3 GeV). A Z mass con
straint, applied to the reconstructed momenta of the 
relevant muon pair, improves the 4-muon mass res
olution from 3.9 to 3.4 GeV and 9.6 to 6.3 GeV in 
the last two cases, where the detector resolution on 
the reconstructed dilepton mass is significantly larger 
than the natural Z width. If the inner tracking detec
tor measurement is combined with any of the muon 
measurements discussed above, the 4-muon mass res
olution is found to be similar to that obtained with 
the full air-core stand-alone system. 
Also shown in Table 8.2 are the contributions from 
the three dominant background sources to the Higgs 
signal in this channel. The largest arises from tI 
events containing four leptons in the final state. This 
non-resonant background is reduced by demanding 
one dilepton mass combination compatible with the 
Z boson mass. It was simulated forcing both W and 
b-quark decays to leptons. Until a completely un
biased Monte-Carlo generation is available, we as
sume that the increase in rate due to 4-lepton events 
from tI production which do not all arise from direct 
W boson and b-quark decay is small after kinemat
ical cuts [8]. After selection cuts, the non-resonant 
tI background is still the dominant one. We note 
that the Zbh background, simulated using PYTHIA 
or TSAJET through gb - Zb, is underestimated 
by a large factor, as explained in [7]. We have 
used an exact calculation of gg - Zbb [9], inter
faced to PYTllTA, to correctly evaluate this back
ground. Most events containing leptons from cas
cade b-decays are rejected by the kinematic cuts. The 
much smaller irreducible background from continuum 
z•z or 1*Z production has been increased by a factor 
1.3 compared to the PYTHIA qq - z•z generation, 
to account also for gg - z•z production [10]. Fig
ure 8.4 (a) shows the expected Higgs signal, using all 
4-lcpton channels for mtt= 130, 150 and 170 GeV, 
above the snm of all backgrounds, for one experi
ment with an integrated luminosity of 105 pb- 1 . Fig
ure 8.4 (b) shows the same signal after the following 
lepton isolation cuts (applied after full GEANT sim
ulation): 
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• less than 12 GeV excess energy measured in the 
calorimeter over !::iR <0.2 around the lepton direc
tion 8 • For electrons, an area of 25 cells in the em 

g t:..R is defined by t:..R = y'(t:..n)2 + (t:..4')2, 



calorimeter (A.17 x A.,P = 0.10 x 0.10) is excluded 
from the isolation cone; 
• no additional track with PT > 1.5 GeV is recon
structed within A.R < 0.15. 
Both particle-level studies and GEANT simulations 
of the calorimeter response show that the rejec
tion against electrons from b-quark decays increases 
rapidly with the PT of the electron. With the cuts 
given above, the t't (Zbb ) events are rejected by a 
factor~ 25 (15) and the efficiency for the Higgs signal 
is found to be ,..., 50%. 

Table 8.2: The observability of H ---> z• Z ---> ff.ff. 

mtt(GeV) 120 130 150 170 180 
ux BR (lb) 1.4 4.1 8.2 2.1 5.8 
Acceptance (%) 6.8 13.7 22.4 28.2 32.5 
u(mtt) (GeV) 1.6 1.8 2.0 2.2 2.4 
No Isolation: 
Ns (mass bin) 9.5 56.3 184 59.3 189 
NB (mass bin) 282 570 836 740 616 
tt 267 501 720 633 523 
Zbb 11 61 106 96 81 
Z'Z 4 8 10 11 12 
Stat. sign. 0.6 2.4 6.4 2.2 7.6 
With Isolation: 
Ns (mass bin) 4.8 28.1 91.9 29.7 94.3 
NB (mass bin) 13.1 26.5 38.0 34.7 30.2 
Stat. sign. 1.3 5.5 14.9 5.0 17 .2 

From these results and the expected significances 
quoted in Table 8.2, we conclude that the discovery 
of a Higgs signal, for 130 < mu < 180 GeV, will be 
possible in this channel, at the full design luminos
ity, by combining the electron and muon signatures. 
At luminosities of 1033 cm- 2s- 1 , it might be possible 
to detect a Higgs boson signal in a narrow interval 
around m1r= 150 GeV. A muon system with an air
core magnet in the barrel region would be able to 
discover or confirm a Higgs signal in the muon chan
nel alone, with a precision comparable to that of the 
calorimeter for electrons, for mu= 150 GeV but not 
over the full mass range studied here. Any type of 
muon measurement which would use the inner track
ing detector would also display such a capability. 

8.2.3 Search for a heavy Higgs boson, 
180 < m11 < 1000 GeV 

Although most of the possible decay modes have been 
studied in the past [11], more realistic detector sim
ulations have been performed since. Here we briefly 
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Figure 8.4: Reconstructed 4-lepton invariant mass 
above background, without (a) and with {b) isolation 
cuts, for mn = 130, 150, 170 GeV. The dashed his
togram represents the expected summed signal plus 
backgrou,nd and the dots show the result of a single 
experiment with an integrated luminosity of 105 pb- 1 

summarize the results most relevant to the detector 
design : 
• For 180 < m11 < 800 GeV, the most promising 
channel remains the 4-lepton channel, even though 
the rate is very limited at the high end of the mass 
range. Here the Higgs width grows rapidly, as do 
the momenta of the leptons to be detected. There
fore the observation of a possible Higgs signal in this 
channel depends more on the luminosity than on de
tector performance. Previous studies, using the most 
recent theoretical calculations [12], showed that a 
Higgs boson with mtt :S 800 (500) GeV should be 
detected in this channel for an integrated luminosity 
of105 (104 ) pb- 1 • Figure 8.5 shows the reconstructed 
4-lepton mass distribution for mtt = 800 GeV to
gether with the dominant background from ZZ con
tinuum production, through qq or gg fusion. Shown 
are the expected distributions for a set of cuts which 
steadily improve the significance of the Higgs signal. 
In particular, the cuts imposing the presence of one 
or two reconstructed tag jets in 2 < 1171 < 5 with 
PT > 20 GeV, improve the significance of the sig
nal, although the number of events is quite small. 
We will come back to jet tagging in the discussion of 
H ---> WW decays. At lower masses the signal rates 
are high, such that with an integrated luminosity of 
104 pb- 1 a Higgs boson with mass between 200 and 
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Figure 8.5: Expected H __,. ZZ __,. 4£ signal above con
tinuum background for mtt ::::: 800 Ge V, with a suc
cession of cuts applied (see text): all events in ac
ceptance (solid}; events with Z transverse momen
tum larger than mzz/4 (dashed); events with one re
constructed tag jet (dotted); et1ents with two recon
structed tag jets {dot-dashed} 

300 GeV may be detected separately in the 4-muon 
and 4-electron channels. 

• For Higgs masses larger than the reach accessible 
to the 4-charged-lepton channel, the JI __,. ZZ --+ ££v7J 
channel may be considered. This channel benefits 
from six times more rate, but the decay cannot 
be cotnpletcly reconstructed because of the escaping 
neutrinos. The expected spectrum of missing trans
verse energy, E:pi••, is shown for mtt :::: 500 GeV 
and one year of running at 1033 crn- 2s- 1, in Fig. 8.6 
and for mtt :::: 700 GeV and an integrated lumi
nosity of 105 pb- 1 in Fig. 8.7. The background 
below the signal is dominated by the irreducible 
ZZ __,. ££vv continuu1n, with smaller contributions 
from Z+jet, tl' and WZ production [13]. The poten
tially very dangerous Z+jet background dominates 
for Eyi•• < 150 GcV. It may arise from Z+jet events, 
where one jet (or more) either e,;capes the detec
tor acceptance (see Fig. 2.3 in Section 2.2.3) or is 
mismcasured in the calorimeter due to cracks (see 
Fig. 2.25 in Section 2.7). Using a parton-level sim
ulation, it was found that such event,; occur with a 
probability of,...,, 20% (0.5%) for the barrel/endcap 
(endcap/forward) cracks. The sirr1ulated single par
ticle responses in the vicinity of these crack,; were 
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Figure 8.6: Expected Eyi•• spectrum for the 
H __,. ZZ __,. £fv'fi signal above vario11s backgrounds: 
Z+jet events (dashed}, ZZ continuum (dotted) and 
tl' (dash-dotted). The full histogram corresponds to 
the summed background, and the expected signal from 
one experiment, for mtt = 500 Ge V and 104 pb- 1 zs 
shown above this background 

used to estimate the non-Gaussian tails in the ey'•• 
resolution for Z+jet events. For ET''' values larger 
than 100 GeV, such effects are found to result in a less 
than 10% increase of the ET''" rate. Even when de
tector effects are accounted for, the dominant contri
bution to the Z+jet background arises from high-PT 
neutrinos from semi-leptonic decays of b-quarks pro
duced in association with a Z boson, provided that 
the active calorimeter coverage extends to 1111 ?: 4.5. 
Also sh-own in Fig. 8.7 is the expected ETi•• spec
trum from minimum bias pile-up. This background 
is dominant for E'T;,, values below ,...,, 50 GeV but 
is negligible for ET;,, values larger than 100 GeV. 
Pile-up from rarer processes, such as bb events with 
true er•··' is found to be negligible. 
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Even though the statistical significance of the 
Higgs signals shown in Figs. 8.6 and 8.7 is large, 
these signals are very broad and the backgrounds will 
not be perfectly known. Recent calculations (14] of 
QCD corrections to ZZ and WZ continuum produc
tion show that these corrections increase the rate of 
high-PT bosons (i.e. of large ET''' for Z - v/J or 
W ---+ TV decays) in such event,;. If applied to the 
distributions shown in Figs. 8.6 and 8.7 these correc
tions would increase the ZZ continuum rate at large 
ET;,, by approximately a factor 2, and the WZ con
tinuum rate by approximately a factor 5, bringing it 
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Figure 8.7: Expected ET;,, spectrum for the 
H --+ ZZ --+ ffvTJ signal above various backgrounds: 
Z+jet events {dashed), ZZ continuum (dotted} and 
minim11m bias pile-up (dash-dotted). The full 
histogram corresponds to the summed background, 
and the expected signal from one experiment, for 
mH = 700 Ge V and 105 pb-1 is shown above this 
background 

to ,...., 40% of the ZZ continuurn. 

Until more detailed studies are available, we tenta
tively conclude that a Iliggs boson may be discovered 
in this channel, for 500 ::; mH ::; 800 GeV. We note 
(see below) that jet tagging may reject most of the 
dominant backgrounds, which are still significant at 
large ET'''. 

• We conclude this overview of the Higgs sec
tor by some remarks on the non-purely-leptonic de
cay modes of the Iliggs boson, i.e. H--+ W\V--+ fvjj 
(and similarly II--+ ZZ-> ffjj) decays. The expected 
rates for II -> V\1W ___,_ fvjj decays are quite large, 
,...., 3000 events fro1n qq --+ qqH production alone 
for mn = 1 TeV and an integrated luminosity of 
105 pb-1 . Unfortunately the background rates are 
much larger, with approximately equal contributions 
from tt and W +jet events. 
In the following we describe a study of the 
H--+ W\V-> fvjj channel, for mH = 1 TeV [15]. This 
study aimed at understanding the required calorime
ter performance in terms of recon5truct.ing W --+ jj 
final states from high-pr \V decay in the central re
gion (ITJI < 2), and of tagging the outgoing quark jets 
in the forward region (2 < ITJI < 5). 1'he lliggs signal 
is compared to the tt background, which was shown 
to be thP most dangerous one in a previous study [16]. 

In the central region, the following algorithm is 
used to reconstruct W --+ jj decays: in a first step at 
least two jets are required, with PT > 50 Ge V within 
a cone of ll.R < 0.2. A granularity of 0.10 x 0.10 
in ll.T/ x !J,.<fo was assumed for both the electromag
netic and hadronic calorimeters. The dijet mass 
was computed using all cells with ET > 3 GeV 
within ll.R < 0.5 around the centre of gravity 
of the two jets. This algorithm optimizes the di
jet mass resolution, while remaining almost insen
sitive to pile-up effects. After kinematical cuts, 
mjj = mw ± 15 GeV, p~" > 100 GeV and pr(W--+ 
jj and W--+ iv)> 350 GeV, the efficiency is 22% for 
the Higgs signal and"' 3 .10- 4 for tt events. The ef
ficiency for reconstructing the W --+ jj signal is sensi
tive to the calorimeter granularity, which, if increased 
(decreas-ed) to 0.15 x 0.15 (0.05 x 0.05), leads to a 
loss (gain) of 32% (23%) of the events. We expect 
a hadron calorimeter granularity of 0.10 x 0.10 to 
be adequate, given the much finer granularity of the 
electromagnetic calorimeter. The expected resolution 
on the reconstructed W mass is 5.7 GeV, increasing 
to 7.4 GeV without the 3 GeV cell threshold and de
creasing to 4.7 GeV in the absence of pile-up. 

Jet tagging [17] is expected to considerably im
prove the significance of a possible signal produced 
through WW or ZZ fusion. In order to minimise pile-' 
up effects, a tag jet is defined as a jet cluster, recon
structed within 8R < 0.5, for cells with ET > 3 GeV, 
and 2 < 1'71 < 5, with~ > 25 GeV. The optimum 
cut on the tag jet energy, Ei, is around 600 GeV. 

'fable 8.3: Expected rates for H ___,_WW--+ £vjj signal 
(mH = 1 Te VJ and tI background, using jet tagging 
cuts {see text) 

Signal tt background 
Central cuts 
and reconstruction 640 24000 
Single jet tag 
E; > 600 GeV 
p'~ > 25 GeV 390 4500 
Double jct tag 
Ei > 600 GeV 
Pi_ > 25 Ge V 90 200 

Table 8.3 shows that the signal significance is i1n
proved by jet tagging cuts. The contribution from 
pile-up is small: 12% (5%) of the single (double) tag 
tt background events. Most of these pile-up tags 
arise from QCD jets produced at large rapidity. The 
jet tagging performance is not sensitive to variations 
of the forward calorimeter performance around its 
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baseline design values. In addition to the tt back
ground, we expect an equally large contribut.ion fr~m 
W _. £1.1 events, accompanied by two hard Jets with 
mass within ±15 GeV of the W mass. This back
ground has been shown to be i:iore easily rejected 
by jet tagging cuts than the tt background [16]. 
We note however, that, as in the H-> ZZ-> Rf.vTi 
case, the shape of the mww distribution of the back
grounds may not be known well enough t~ convinc
ingly extract a possible Higgs signal in this channel 
for an integrated luminosity of 105 pb-1 • 

Jet tagging will be a very useful experimental signa
ture for isolating WW fusion processes, even in the 
absence of a Higgs boson signal. 

8.2.4 Higgs sector in the Minimal Sttpersym-
metric Standard Model 

As discussed in detail in recent work [18], two Higgs 
doublets are required in the MSSM, resulting in five 
physical states, two charged (H+, H-) and three neu
tral, referred to ash (lighter scalar with mass mh), H 
(heavier scalar with mass mtt), and A (pseudo~calar 
with mass mA). At tree level all the masses 1n the 
MSSM Higgs sector can be computed in terms of two 
parameters, usually chosen to be ill A and tan (3, the 
ratio of the vac11um expectation values of the two 
Higgs doublets. Radiative corrections to the Higgs 
boson masses have been computed and are quite 
large, in particular in the case ofmh, for large values 
of the top quark mass, illt [19). 

We summarise the potential of the ATLAS detec
tor in the MSSM Higgs sector 9 in Fig. 8.8. Shown are 
contours, corresponding to a discovery with 5 stan
dard deviation significance, in the (mA, tanf3) plane, 
for various possible Higgs boson signatures and for 
mt:::: 140 GeV [4, 20]: 

• A large region in the parameter space, shown to 
the right of curve a and inside curve b, can be ex
plored through a search for h-> 'Y'Y (and to a lesser 
extent H _. 'Y'Y) decays. These are in general sup
pressed in rate compared to the Standard Model 
H--> ')'"f decays discussed in Section 8.2.1, and can 
only be detected at the highest LHC luminosities. 
•At these luminosities the region in parameter space 
inside curve c, can be explored through a search for 
H _. ZZ __,. 4£ decays. The region is quite small since 
this decay is strongly suppressed for large values of 
tan/3 or when the decay channel H --> t't is kinemati
cally allowed. 
• The region to the left of curve d, where 
mA < 100 GeV, can be explored through the search 

9Higgs boson decays to supersymmetric particles are as
sumed to be kinematically forbidden 
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Figure 8.8: Discovery contour curves (5u) in the 
{mA, tan f3) plane for various Higgs signals in the 
MSSM (see text) 

for charged Higgs bosons in top-quark decays, as de
scribed in Section 8.3.2. For larger values of mi, 
the contour shown for this channel is displaced to
wards larger values of mA (for example the region 
mA < 150 GeV would be explored for mt= 200 GeV). 
• Finally a large fraction of the remaining param
eter space, above curve e, can be explored through 
A - TT and H --> TT decays, where at least one of 
the r's decays leptonically [20]. This requirement 
strongly suppresses purely hadronic backgrounds and 
provides for a straightforward trigger. As discussed, 
however, in studies of Standard Model H - TT de
cays [21], such a signal can only be well recon
structed kinematically at moderate luminosities and 
with good calorimeter coverage, which together allow 
for a precise reconstruction of missing transverse en
ergy and therefore of the invariant mass of the tau 
lepton pair. 

Also shown in Fig. 8.8 is the sensitivity to the 
MSSM Higgs sector expected at LEP II for an inte
grated 1uminosityof500 pb- 1 and at 190 GeV centre
of-mass energy (22]. We stress that, as in the case of 
the Standard Model Higgs boson, we did not include 
the K-factor of,..., 1.7 for the signal in this study. 

In conclusion, a large region of the MSSM param
eter space can be explored in the Higgs sector even 
at moderate LHC luminosities. This is an important 
aspect of physics at LHC and it involves a variety 
of channels, which require precise and efficient recon
struction of photons, electrons, and muons at high 
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luminosity, and of tau leptons, missing transverse en
ergy and also b-quark secondary decay vertices (see 
Section 8.3.2.1) at moderate luminosities. 

8.2.5 Gauge boson pairs at high mass 

If no Jliggs boson is found below,..., 1 TeV, an im
portant goal of the LHC will be the exploration of al
ternative mechanisms for restoring unitarity in gauge 
boson scattering, such as dynamical symmetry break
ing scenarios. Some technicolour models [23] pre
dict longitudinal gauge boson pair resonances such 
as the techni-rho (Pie), a composite vector boson de
caying into gauge boson pairs, or more general vec
tor isotriplets (V±, V0 ) as in the BESS model [24]. 
In general these models predict resonant signals in 
the production of pairs of longitudinal gauge bosons 
(WLWL, ZLZL, and WLZL)· 

Here we study the WLZL resonance, corresponding 
to the techni-rho, Ptc, and the techni-omega, Wtc, of 
isospin 0, which decays into ZL I"· In the following 
only leptonic final states are considered. 

8.2.5.1 WLZL resonance The signal produc
tion cross-section is ,..., 40 fb, resulting from a com
biriation of \VLZL--+ WLZL scattering and of direct 
qq' _,. WLZL production. The dominant background 
sources are: 
• tt decays with three charged leptons in the final 
state and one dilepton combination with mass close 
to mz; 
• Continuum qq' --+ WZ; 
• Continuum WZ - WZ production, with one or 
both of the gauge bosons transversely polarized; 
• 1W--+ \VZ production. 

The last two backgrounds have not been simulated, 
but they are accounted for by increasing the other 
contributions by 50% [25]. After energy smearing, 
E;pi•• was computed from the moment11m vectors of 
all particles observable in the detector. A W mass 
constraint was applied to the lepton-neutrino pair in 
order to reconstruct the total invariant mass of the 
WZ system. Isolation cuts are very effective at re
ducing the large tt background, for the high lepton 
momenta expected here. After simple kinematic cuts 
and this last cut, the ti: background is negligible. 
Figure 8.9a displays the reconstructed WZ mass for 
the expected signal and the summed background, in 
the case of a Pie of mass 1.0 TcV and width 220 GeV. 

8.2.5.2 ZL "/' resonance This resonance [26] can 
easily be reconstructed in final st.ates with Z decays 
to charged leptons. The dominant sources of back-
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Figure 8.9: Reconstructed masses for high mass reso
nances decaying into gauge boson pairs: {a) a 1 Te V 
Ptc to WZ to 3-lepton decays; {b) 1.5 TeV Wtc to Z1 
with Z to 2-lepton decays 

grounds are continuum Z1 production and Z+jet pro
duction where one jet fakes an isolated photon. A 
rejection R against jets of,..., 1000 is sufficient to re
duce this last background to a negligible level. Fig
ure 8.9b shows the reconstructed Z1 mass distribu
tion for the expected signal and the summed back
ground, in the case of an Wic of mass 1.5 TeV and 
width 120 GeV. The production cross-section is 50 fb 
for this w 10 mass. 

From these studies we conclude that WZ and 7,-y 
resonances with masses below,..., 2.0 TeV may be ob
served at the T,HC in purely ]eptonic decay modes. 

8.3 Top-quark Physics 

A combined analysis of existing electroweak data sug
gests that the most probable value of mt is around 
140 Ge V and that mt cannot be much larger than 
200 GeV [27]. Experiments at Fermilab may there
fore discover the top quark during the coming years. 
Precise measurements of mt and studies of top-quark 
decays will, however, not be possible before LJIC, 
where copious prod11ction of ti: events (utt = 3 nb 
for mt= 140 GeV) will yield,..., 25000 events per day 
even at luminosities as low as 1032 cm- 2s- 1 • Purely 
hadronic final states from tt production arc swamped 
by QCD multijet backgrounds. In the following we 
consider only final st.ates containing at least one high
PT isolated charged lepton (electron or muon), which 
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will allow a rather clean tagging of tt events and 
provide for a straightforward trigger. 

8.3.1 Measurement of IDt 

The top-quark mass is an important parameter in the 
Standard Model, and may not be known to better 
than"" 10 GeV at the start-up of LHC. Electroweak 
measurements at LEP, combined with a precise mea
surement of mt, may ultimately set limits on mtt. 
The uncertainty on mH would then have equal con
tributions from LEP errors and a 5 GeV error on mt 
[28]. This sets the scale for the precision needed for 
a measurement of fit at LIIC. 

8.3.1.1 Measurement of mt in hadronic top
q11ark decays This is the only channel for which 
a complete reconstruction of mt can be performed. 
A lepton, with PT > 40 Ge V, is required from 
one of the top-quark decays, in association with at 
least three reconstructed jets within 1111< 2 and with 
vi >50 GeV and p~'3 > 40 GeV in the hemisphere 
opposite to the lepton. Two of these jets are required 
to have an invariant mass within ±20 GeV of the W 
mass. 

Figure 8.10 shows, for the cuts described above and 
for m1 :::: 130 and 200 GeV, the reconstructed 2-jet 
and 3-jet invariant mass distributions. The shaded 
(white) distribution corresponds to tt events recon
structed with (without) b-tagging. A jet is tagged 
as a b-jct if it contains one associated charged track 
with PT> 2 GeV and an impact parameter greater 
than 200 µm (see Section 3.5.5). Events are retained 
in the shaded histogram for the 3-jet mass, if the 
2-jet combination corresponds to jets not tagged as 
b-jets and if the third jet is tagged as a b-jet. The 
background shown in Fig. 8.10 corresponds only to 
the combinatorial background from jets in tt events. 
The signal to background ratio in the 3-jet mass peak 
is improved by a factor 4 with the chosen b-tagging 
cuts, at the expense of losing ,....., 30% of the signal. 
Larger improvements can be obtained by requiring 
the presence of a second b-jet, which would reduce 
to a negligible level most of the other potential back
grounds to the tt signal: 
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Figure 8.10: Reconstructed 2-jet and 3-jet masses, 
with and without b-tagging, above combinatorial back
ground {see text), for fit=130 Ge V {a) and b}}, and 
mt=200 GeV {c) and d}). 

• W +jet events, which after cuts appear at a rate 
comparable to the cornbinatorial background shown 
in Fig. 8.10; 
• bb +jet events, which can be reduced to a negligi
ble level with lepton isolation cuts and, if needed, by 
requiring E;piaa > 50 GeV; 
• multijet events, where one jet is misidentified as an 



electron. A combined rejection, from electron iden
tification cuts and, if needed, the E!p188 cut quoted 
above, of...., 105 would reduce such backgrounds to a 
negligible level. 

The top signal can be extracted in this channel for 
an integrated luminosity smaller than 30 pb-1 . For 
103 pb- 1 the statistical error on mt is,..., 1 GeV. The 
systematic error is expected to be larger, even when 
using the reconstructed 2-jet mass peak to calibrate 
the hadronic calorimeter energy response. It is diffi
cult to estimate precisely its value before inspecting 
real data. The error is estimated in a conservative 
way as the sum of the effects of uncertainties on b
fragmentation (fl.mt = 3 GeV), on the calorimeter 
response to low energy hadrons (fl.mt= 4 GeV), and 
on the jet definition (fl.mt= 3 GcV) [29]. This gives 
a total error of ±6 GeV, which would decrease with a 
good understanding of the calorimeter response and 
of b-jet fragmentation. 

8.3.1.2 Meas11rement of mt in m11ltilepton 
channels ~Ju!tilepton channels (especially the iso
lated eµ channel) can be used to extract a very clean 
top quark signal. The dominant background to the 
eµ channel is expected to be bb production followed 
by b and b decays to electron and muon. Other 
background sources (\VW ......, e/J., Z - rr ......, e11 and 
Wbb......, eµ) are found to be negligible. A clean signal, 
with good acceptance (- 10% for mt= 200 GeV), can 
be obtained for Ptµ> 50 GeV and 20° < Ll.<f;(eµ) < 
160°. Using lepton isolation cuts, even a moderate 
rejection of,..., 10, for PT > 50 GeV, against lep
tons from b-quark decay reduces the bb background 
to two orders of magnitude below the signal. The 
expected observable cross sections after these cuts, 
varies from ,..., 5 to 1.5 pb for mt from 130 to 200 
GcV, which gives a clean top signal with only a few 
pb- 1 of integrated luminosity. 

The best measurement of mt can then be ob
tained by considering events '"here one b decays to 
a muon. The invariant mass of this muon and the 
isolated lepton with the opposite sign, coming from 
the same top-quark decay, is sensitive to mt [30]. 
This method will provide the most accurate mea
surement of mt, but requires integrated luminosities 
larger than 104 pb- 1 . We refer the reader to Ref. [29] 
for details and summarize the main results here. For 
mt= 140 (200) GeV, one expects 5000 (2900) events 
for 104 pb- 1 . This leads to an expected statistical 
error on mt of 1.2 (1.9) GeV with a systematic error 
of 4.0 (5.0) GeV. In this channel we expect the ex
perimental systematic errors to be negligible, so the 
systematic error is essentially of a theoretical nature: 
•Uncertainty on p!j:P. There is a small dependence 

of the dilepton mass on the PT of the top quark at 
production. The resulting uncertainty on mt is esti
mated to be,..., ±2 GeV. 
•Uncertainty in b fragmentation. The relative error 
on mt is,..., 0.5 X u(xn)/xn (where xn is the frac
tion of the b quark energy taken by the B hadron). 
The fragmentation of b quarks is now measured by 
LEP with an error of....., 1.5% [31], but this cannot be 
naively extrapolated to top decay at this level of pre
cision because the environments are different. There
fore, we conservatively quote an error of ....., 2.2% on 
mt, which will probably be reduced in the future. 

8.3.2 Study of top-q11ark decays 

In extensions of the Standard Model with charged 
Higgs bosons, ff+, as for example in the MSSM 
(see 8.2.4), the decay t - bH+, if kinematically al
lowed, can compete with the standard t......, bW de
cay. The ff+ decays to TJJ-r or cS depending on tan {3. 
For a given mt, the branching ratios relevant for 
t......, bH+ searches (neglecting the decay H+......, Wh) 
can be computed from mH+ and tanf3. In the range 
1 < tan f3 < 50, the t---> bIJ+ branching ratio varies 
from 50% to 4%. Over most of this range, 11+ - TV-r 

is the dominant decay mode and ff+ ......, cs dominates 
only for tan f3 < 1.5. 

Before discussing direct searches of t ...... bII+, we 
note that an inclusive measurement of BR(t - b\V) 
can be obtained by comparing the observed rates in 
the single isolated lepton channel and in the two iso
lated lepton channel. An accuracy of....., 5%, limited 
by the uncertainty on the background in the single 
isolated lepton channel, can be achieved [29]. 

8.3.2.1 Search for t- bH+, ff+ ......, TJJ-r A 
clean sample of tt events is selected by requiring an 
isolated high-py lepton (e orµ). In tliis sample the 
decay t ......, bH+ will give an excess of events with 
one isolated T compared to events with an additional 
lepton [32]. The best sensitivity to this channel is 
obtained by considering hadronic T decays [33]. 

Top events are selected by requiring an isolated 
lepton with PT > 40 GcV within 1111 < 2. Two 
jets, tagged as b-jets as descibed above, with Er > 
40 GeV and 1111 < 2 are also required. With these 
cuts, the non-tt background is greatly reduced, as 
discussed in Section 8.3.1.1 At a luminosity of 
1033 cm- 2s- 1 hadronic r-decays can be selected by 
the following c11ts, aimed at rejecting backgrounds 
from QCD jets: 
•ET( calorimeter cluster) >30 GeV 
• {Er(l>R < 0.3)- Er(l>R < 0.1)) < 3 GeV 
•PT of leading track pointing to cluster > 30 GeV 
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• Er of cluster consistent with measured PT 
•no other track with PT > 5 GeV within 6.R < 0.3 

These cuts enhance the right-handed r signal from 
n+ decays and tend to select r - 11"// and Kv decays 
because of the tracking cuts. Using particle-level sim
ulations, a rejection against light-quark jets of"' 500 
is obtained, with"' 10% efficiency for r's (the simu
lation of the calorimeter cuts has been cross-checked 
using a full GEANT simulation). The number of 
events with an additional lepton is then compared 
to that with an additional r, and the excess of r's 
is calculated, after subtracting the background (com
ing mainly from tt events where one jet fakes a r). 
Uncertainties on the r excess arise from the limited 
statistics and also from the systematic error on the 
r efficiency and on the number of fake r's (assumed 
to be 3% each). The resulting significance of the r 
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Figure 8.11: Statistical significance of expected excess 
of tau leptons from charged Higgs decay in tt events 
versus tan /3, for mu+ =100 Ge V, m1 = 140 Ge V (full 
circles) and 200 Ge V (open circles) and an integrated 
luminosity of 104 pb- 1 

excess is shown in Fig. 8.11 as a function of tan {3, 
for mtt+ = 100 GcV, mt= 140 and 200 GeV, aud for 
an integrated luminosity of 104 pb- 1 . An excess of 
"'400 r's is expected from a charged Higgs signal, for 
mt= 140 GeV and tan /3 = 6, above 400 r's from W 
decay and a residual background of 900 fake r's. The 
systematic errors are the dominant source of uncer
tainty. Most of the tan f3 range can be covered v.·ith 
a significance larger than .5. 

8.3.2.2 Search fort- bH+, H+ - cS The top 
events are selected as above by the presence of an 
isolated lepton and the n+ mass peak is searched for 
in the 2-jet mass distribution. Over most of the pa
rameter space, both the 11+ and W mass peaks can 
be seen, but a good jet energy resolution is useful 
to separate them, if mtt+ is not much larger than 
the W mass. As in Section 8.3.2.l, b-tagging can 
be used to reduce the combinatoria1 background, by 
vetoing b-jets in this case. Figure 8.12 displays the 
expected reconstructed dijet mass distributions, for 
mt= 200 GeV, mu+= 130 GeV, tan/3 = 1.0, and an 
integrated luminosity of 100 pb- 1 . With a larger in
tegrated luminosityof104 pb- 1 , the range tan,8 < 2 
can be covered for mH+ < (mt - 20 GeV). 
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Figure 8.12: Distribution of reconstructed 2-jet mass 
for charged Higgs decay to cS with mn+ = 130 Ge V, 
above the combinatorial background from tt events 

8.3.2.3 Toponium decay to 'Y'Y It has been sug
gested in [34] that, if mt < 120 GeV, the u-+ to
ponium state can be seen in the /'Y channel. For 
larger values of mt, the top-quark width becomes too 

94 



laJ'ge and toponium does not exist. We use the cross
section and branching ratio estimates of [34], which 
however suffer from large uncertainties since the rate 
for this process is proportional to a laJ'ge power of the 
strong coupling constant. Under the same assump
tions as for the H - 'Y'Y search, we conclude that the 
signal can be seen, for 90 < mt < 110 GeV, with 
an integrated luminosity of 105 pb- 1 . This may al
low a very precise measurement of the toponium mass 
(better than 1 GeV), and, with additional theoretical 
input, a very good determination of mt-

8.3.3 Conclusions 

The two most important aspects of top-quark physics 
at LHC will be: 
• The top-quark rnass measurements, for which var
ious independent methods can be used, and an error 
at the level of ;S 5 GeV can be achieved, limited by 
theoretical uncertainties which may decrease in the 
future. 
•The search for t-bTI+ decays to investigate models 
with two Higgs doublets. If this decay is kinemati
cally allowed, most of the parameter space can be 
covered, mainly using r detection, but also using 2-
jet invariant mass distributions. 

Most of this field can be studied at low luminos
ity (103 2 or 1033 cm- 2s- 1 ). To exploit it fully, it is 
important to measure electrons, muons, jets, ET"', 
and to identify hadronic b-quark and r decays. 

8.4 Measurement of CP-violation in 
B-decays 

B-mesons offer a possibility to test whether CP
violation is correctly described by the three
generation quark mixing matrix (CKM matrix) [35]. 
As an example, the decay channel B~-> J/f/;Kg has 
been studied in a preliminary way. At LHC, the ex
pected production cross-section for b-quarks is very 
large, 0.1 to 0.7 mb [36]. B-events can be tagged by 
an inclusive single muon trigger, with PT > 20 GcV 
and 1171 < 2. Given the total combined branch
ing fraction, Br(b - B~) X Br(B~ -+ J/f/;Kg) X 

Br(J/f/; - £+£-) x Br(K~ -> 71"+11"-) of,.._. 10-5 [37], 
we expect to collect about 12000 bb pairs per year, 
with a muon tag 10 on one side and a B~ - J/f/;Kg 
decay on the other. 

A first estimate of the B~ reconstruction efficiency 
was performed using a simple simulation with the fol
lowing cuts [38]: 

lOelectrons froin b-deca.y a.re not expected to be efficiently 
triggered on with the level-I caloriineter algorithm a.nd are 
therefore not included in the expected rates. 

• all four final-state particles are within the tracking 
volume with PT > 1 GeV; 
• the Ki decay length in the transverse plane is be
tween 1 cm and 30 cm; 
• the transverse momentum of the J / ¢ is larger than 
10 GeV; 
• the angle between the Ki and the J /f/; < 45°. 
The lepton identification efficiency is assumed to be 
80%, and the overall track-finding efficiency to be 
95%. Table 8.4 shows the reconstruction efficien
cies, €rec, and expected rates of reconstructed events, 
Nrec, for various 1]-Coverages of the tracking detector 
and for an integrated luminosity of 104 pb- 1 , corre
sponding to one year of running at 1033 cm- 2s- 1 • 

The expected rates for reconstructed events could 

Table 8.4: Number of reconstructed events B~ -+ 

J/¢Kg - c+c-11"+11"-
1"1 < t.5 1"1<2.0 1"1 < 2.5 

free 0.08 0.10 0.13 
Nrec 920 1150 1490 

be increased substantially by lowering the muon PT 
threshold to 6-12 GeV (depending on the magnet sys
tem), but dilution effects, reconstruction efficiencies 
and backgrounds are expected to be worse. 

The identity (correct tag) of the reconstructed B
meson is determined from the charge of the trig
ger muon. Dilution effects (mistags) are caused by 
cascade decays of the b, misidentified muons (11", K
decays, punchthrough), and B0 - i3° oscillations. For 
the trigger thresholds considered here, we expect the 
rate of misidentified muons to be negligible. With a 
muon PT trigger threshold of 20 GeV, the fraction of 
wrong-sign muons is found to be 11.5%. Defining the 
dilution factor D without oscillation as 

D = N(correct tags) - N(mistags) 
N(correct tags)+ N(mistags) 

we obtain D = 0.77. Including the B0 -B0 oscillations 
of the tag, the final dilution factor D' is 0.6. The 
time-integrated observed asymmetry has the form 
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NI'+ - Nµ-
rec rec =sin 2/3. D' . --=..!!..._ 

N ,+ + N'- 1 + x,' rec roe 

where f3 is one of the angles of the CKM matrix 
unitarity triangle, Xd = !:l.m/r with !:l.m being the 
mass difference between the weak eigenstates and r 
their average width. The statistical error on sin 2/3 is 
( 1 :~~ · D' · ,.,;N;;;)- 1

. With one year of running and 

a tracking coverage over 1111 < 2, we expect to mea
sure the value of sin 2/3 with an accuracy of ±0.10. 



The feasibility of using the ATLAS vertex detector 
for a time-dependent asymmetry measurement is un
der study. Such a measurement could improve the 
accuracy, due to the reduction of the extra dilution 
factor coming from the time-integration. 

This preliminary result is encouraging and more 
detailed simulations are under way to evaluate more 
accurately the expected potential of the ATLAS de
tector to reconstruct efficiently B~---> Jfi,VK~-

8.5 Supersymmetry 

In this section we discuss the potential of the AT
LAS detector to detect the production and decay of 
supersymmetric particles. We work entirely within 
the l\fSSf\-1, as introduced in Section 8.2.4. Un
less explicitly stated otherwise we set tan f3 = 2, 
mH+ = 500 GeV, andµ= - 440 GeV. In general, 
we use mq = 2· mg and mt= 1<10 GeV. 
The supersymmetry signal in the strongly interacting 
sector has been generated using the ISASUSY Monte 
Carlo [39]. For a given set of MSSM parameters, 
this program computes masses and decay patterns of 
the supersymmetric particles. The cascade decays of 
gluinos and squarks are fully accounted for. 

8.5.1 Multijet + ET''' signature 

Even after including the effects of cascade decays the 
multijet+ET'•• signature remains promising for the 
detection of gluinos and squarks. It is largely insensi
tive to the values oftan/3 and /J.. The irreducible back
ground, already extensively studied in [40], has been 
reevaluated within the ATLAS simulation framework. 
It consists mainly of tt and W+jet production fol
lowed by lcptonic W-decay and Z+jet production fol
lowed by Z---> v/J. 

To isolate the signal from the background we use 
two sets of cuts, optimized for different mass ranges: 
Cut 1: Three jets with pr> 200 GeV, a fourth jct 
with py> 100 GeV, sphericity in the transverse plane, 
Sr> 0.2 and ET;,, 2:, 300 GeV. 
Cut 2: As Cut 1, except E'T"' > 600 GeV. 
1'he main potential source of instrumental back
ground is 4-jct production where one jct falls in the 
transition region between the end-cap and forward 
calorimeters and is severely n1is-measured. A de
tailed simulation of the response to jets falling in the 
transition region is underway using a shower library 
technique. However, for the high ETi•s cuts used in 
this analysis, this background does not pose a seri
ous problem. Figure 8.13 shows, after all cuts ex
cept the one on ETi••, the expected E:pi•• distribu
tion for squarks and gluinos of equal mass of 1.5 TeV 
(histogram), the Standard Model (S.M.) hackgroun<l 
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(open circles) and the cross-section for 4-jet produc
tion from [41) with three jets with PT> 200 GeV and 
the fourth jet, having py> 100 GeV, falling in the 
transition region (black squares). These latter points 
are plotted against the PT of the fourth jet. Clearly, 
even in the extreme case where all the energy of the 
fourth jet is lost, the fake E!pi•• rate would be below 
the S.M. background for E:pi•• 2:, 300 GeV. 
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Figure 8.13: Cross-section for the signal, in the case 
ofmq= mg of 1.5 Te V {histogram), for the total back

gro11nd (open circles} and for production of 4-jef$ with 
one jet in the transition region between end-cap and 
forward calorimelry {black squares), see text 

Figure 8.14 shows the cross-section for signal and 
background after the cuts described above as a func
tion of the common mass for the case mg = mq. 
In the case of approximately equal rnasses (both for 
mq > mg, and mg > mq) squarks and gluinos could 
be discovered with the ATLAS detector up to masses 
of 1.6/2 .0/2.3 TeV for integrated luminosities of 103 / 

104 / 105 pb- 1 respectively. In particular, for a mass 
of 1.5 TeV the significance of the signal will be....., 9 
for 103 pb- 1

. For the case mg= 2·mq, the discov
ery range for squarks extends to 0.75/1.0/1.2 TeV for 
103 / 104 

/ 105 pb- 1 respectively. Si1nilarly the gluino 
can be observed up to 1.0/1.25/1.4 TeV for the three 
luminosity ranges in the case of mq = 2·mg. 
For the three cases of mass relations studied, a gluino 
or squark with mass of 300 GeV can be discov
ered easily for integrated luminosities larger than 
103 pb-1. 
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8.5.2 Same-sign dilepton signat11re 

Same-sign dileptons ru-e a distinctive signature of 
gluino decays. They can arise from two same-sign 
W-bosons produced from the decay of a gluino pair, 
since the gluino is a Majorana particle. The relevant 
cross-sections and decay branching fractions are not 
very sensitive to the input SUSY parameters. 
Physics rates of same-sign isolated dileptons have 
been shown to be low in [42]. On the other hand 
dileptons from tt production, where one lepton 
charge is mis-measured, are likely to produce a signif
icant background. A complete study of systematics 
in the tracking which rnight produce mismeasuremcnt 
of charge even at low n101nenta has not yet been per
formed 11 , we therefore quote results in terms of the 
probability of an incorrect charge assignment. 
To extract the signal the following criteria were used: 
• the event is required to have at least one iso
lated 12 same-sign dilepton, where both leptons have 
PT> 30 GeV and 1111 < 2.5. 
• E!pi&$ > 100 GeV 
• In the high gluino mass region a better signal to 
background ratio is achieved by increasing the cut on 
PT of the leptons to 50 Ge V. 
1'he total cross-section after cuts as a function of mg 

11 We note however that the background introduced by 
charge misidentification due to the finite momentum resolu
tion is at a negligible level. 

12The efficiency and rejection of isolation criteria. are dis
cussed in Section 8.2.2 

is plotted in Fig. 8.15, for signal after cutting at lep
ton PT larger than 30 GeV (triangles) and 50 GeV 
(squares). Also indicated in Fig. 8.15 is the back
ground level of tt contribution with true same-sign 
dileptons for the cut at 30 (dashed) and 50 GeV (dot
ted) 13 . For the 30 GeV cut the background from 
charge misidentification equals the true same-sign 
background for misidentification probabilities larger 
than 4 · 10-4 , while for the harder cut the corre
sponding probability is 7 10-5 . The final ohserv-
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Figure 8.15: Cross-section of the signal for p~ > 
30 GeV {triangles) and 50 GeV (squares). Also 
shown is the remaining tt background, for p~ > 
30 GeV {dashed) and 50 GeV {dotted) 

able cross-section is not very sensitive to the SUSY 
parameter ft, choosingµ= -150 GeV or -300 GeV re
sults in observed cross-sections 2-3 times larger than 
the ones shown here. 

'Ve conclude that it is possible to observe gluino 
pair production with the ATLAS detector by seru-ch
ing for same-sign isolated dileptons from their cas
cade decay, up to gluino masses of 1 (1.3) TeV, for in
tegrated luminosities of 104 (105 ) pb-1 , if the charge 
misassignment probability for an isolated lepton is 
less than 10-3 (10-4 ). 

8.5.3 Multiple-Z signature 
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Cascade decays of heavy g\uinos include neutralino 
and chargino decays, where multiple Z's can be pro
duced. This leads to a possible signature for super
symmetry, which consists of four high-pr leptons, 

13This represent.s the 68% c.L upper limit for this back
ground since no background events pass the 50 GeV cut. 



from the decay of two Z's, several hard jets and 
ET;,,. The main backgrounds to this signal will be 
ZZ continuum production, followed by leptonic de
cays of the Z bosons, and tt production followed by 
semileptonic decays of the t and b quarks. 
The inclusive branching ratio for g --+ Z + X strongly 
depends on the exact choice of the SUSY parame
ters. To study the efficiency to detect the 4-lepton 
signature with the ATLAS detector we have chosen 
tan,B = 2, µ = -200 GeV, Mg = 800 GeV and 
Mq = 1.6 TeV. For these parameter values the pro
duction cross-section of gluino-pairs is 2.35 pb, while 
the branching ratio for gg--+ ZZ + Xis 4%. For an in
tegrated luminosity of 105 pb- 1 , we expect 40 events 
in the 4-e, 4-µ and 2e2µ channels. To separate the 
signal from the background the following cuts were 
applied: 
•four jets, with p} > 200 GeV, p} > 100 GeV and 

p~4 > 50 GeV; 
• four isolated leptons with p~ 2 > 20 GeV and 

p~4 > 10 GeV; 
• at \east two ee or 11µ mass combinations with 
lmtt-mz] < 6GeV; 
• ETi•• > 100 GeV. 
After these cuts,, ten signal events survive over a 
background of less than one event. \Ve conclude 
that for favourable sets of SUSY parameters a sig
nal could be seen in the ATLAS detector. The ex
act range of parameters accessible is under study, 
but generally the rate for this process is largest for 
lµI < 200 and mg< 700 GeV, and for large IPI and 
700 GeV < mg < 950 GeV. Given the varied and 
complicated signatures of SUSY, this channel could 
provide a valuable consistency check on SUSY signals 
detected in other channels. 

8.5.4 Direct production of charginos and 
neutralinos 

Charginos and neutralinos can be pair-produced 
via Drell-Yan processes. If particles heavier 
than x~ are produced they decay via cascade 
chains giving intermediate vertor bosons and lighter 
charginos/neutralinos. 

These events give a clean signature in purely lep
tonic channels when all the vector bosons decay into 
electrons or muons. Since tt events will produce iso
lated dileptons at high rates, present studies concen
trate on final states with three or more leptons. An 
earlier study [43] has investigated several sets of r11t8 
on lepton momenta and isolation indicating that an 
excess of signal events could be observed for a re
gion of parameter space. In this region the charginos 
and neutralinos are beyond the reach of LEP II. It is 

also complementary to the region where gluino and 
scalar-quark masses are relatively large and easily de
tectable with the ATLAS detector. 

Simu1ation work using the generator of [43] to op
timize cuts for the ATLAS detector, and to evaluate 
the feasibility of the hadronic veto is now in progress. 

8.5.5 Slcpton production 

Pair-production of Hleptons has a low cross-section, 
typically 10-6 of the cross-section for strongly in
teracting sparticles of equal mass. The signature 
would be a high-mass pair of opposite-sign leptons 
and ET; •• , in combination with small hadronic ac
tivity. 
We have inserted the matrix elements from [44] in 
PYTHIA and generated the signal for 200 GeV slep
t.on ma..">s, assuming a 100% branching ratio for slep
tons to lepton-photino. After requiring two isolated 
leptons with PT> 20 GeV, the top background is at 
least one order of magnitude larger than the signal, 
even at large values of ET; ••. Increasing the cut to 
80 GeV and vetoing events with additional hadronic 
jets yields roughly equal signal and background cross
sections of....., I fb, for E!J!i•• > 200 GeV. Detailed 
simulation work is in progress to include the effect of 
cascade decays, to evaluate possible additional cuts 
and also to estimate how accurately the top back
ground can be measured in other channels. 
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8.6 Search for New Vector Bosons 

In this section we discuss the capability of the AT
LAS detector to observe new (neutral or charged) 
vector gauge bosons. These occur naturally in several 
models, e.g. some minimal extensions of the Stan
dard Model [47] and models for electroweak symme
try breaking through compositeness [48]. 

8.6.1 Search for Z1 in the two-lepton channel 

In Fig. 8.16, the reconstructed dilepton mass spec
tra fro1n Z' --+ e+e- and Z1 --+ µ.+µ- decays, plot
ted for both muon magnet systems, is shown for 
mZ = '1.5 TeV, using the Extended Gauge Model of 
Ref. [47], above the small background, which arises 
mainly from Dre\l-Yan production. In this lepton en
ergy range, the observability of a Z1 peak is clearly 
more straightforward in the electron channel, where 
calorirneter cuts alone may be sufficient to extract the 
signal. 

The Z1 forward-backward asymmetry is a quantity 
sensitive to the specific model used. As an exam
ple Fig. 8.17 shows the expected measured electron 
forward-backward asymmetries, for mz' = 3 TeV. 
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Figure 8.16: Reconstructed dilepton mass for Z'-+ ee 
andµµ decays, with mz' = 4.5 Te V 

In this case the model of Ref. [48] "''as used, with 
two values of the mixing parameter, ,\ = 0.20, giving 
,..., 400 reconstructed events per year and no observ
able asymmetry, and ,\ = 0.68, giving ,..., 5200 re
constructed events per year and a very large observ
able asymmetry. The distortion of the asymmetry 
due to charge misassignment is small and minimized 
by changing the sign of the appropriate electron for 
events with like-sign pairs. This distortion is ex
pected to be negligible in the case of a measurement 
in the dimuon channel. 

8.6.2 Search for Z' in the two-jet channel 

A study of this channel for the ATLAS detector is 
described in [49]. The selection requires 2 jets with 
lfJI <land.PT >300GeV.Therapiditycutsubstan
tially improves the signal to backgro11nd (S/Il) ratio. 
The expected rates in this channel arc much larger 
than for the two-lepton channel, but much smaller 
than those for continuum QCD production [50]. Ow
ing to the very ]olv S/B:::: 10-3

, it is important to 
have a precise and unbiased kno,vledge of the back
ground over a large mass range around the Z1 peak. 
The PT threshold must therefore be chosen well be
low the signal region. Jets are reconstrllcted in a cone 
of D..R < 0.7, v.•here the cone size is not a sensitive 
parameter in this analysis, since pile-up effects are 
small for these high-pr jets. Table 8.5 displays the 
contribution of the calorimeter jet resolution (effects 
from pile-up are included) on the Z1 mass resolution, 
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Figure 8.17: Rapidity dependence of forward· 
backward asymmetry for mz' = 3 Te V and two values 
of,\ (see text) 

as well as the statistical significance of the detected 
signal. These numbers are computed for mz' = 2 TeV 
and an integrated luminosity of 105 pb- 1 . From 

Table 8.5: Expected dijet mass resolution and sta
tistical significance of signal, for mzr = 2 Te V and 
for various stochastic and constant terms in the 
calorimeter jet resolution 
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ffE/E=aj}E(fJb ¥f-(%) s 
Tn 

a(%) b(%) 
0 0 2.6 7.6 

30 1 3.0 7.5 
50 2 3.4 7.4 
50 3 4.5 6.8 
50 4 5.4 6.1 
100 2 3.8 7.2 
100 4 5.1 6.0 

these numbers, we conclude that the dominant ef
fect clearly comes from the constant term, and that 
a calorimeter, with a jet resolution of 503/JE (fJ3%, 
is adequate for this channel. 

The signal was generated using a minimal ex
tension of the Standard Model (Extended Gauge 
Model) [47). Table 8.6 shows the statistical signifi
cance for the observation of a Z' as a function of its 
mass, for a hadronic jet resolution of 50%/./E (fJ 23. 
The width of the mass window used to define the sig-



nal was chosen to be approximately ± 2 fz,. From 8.6.3 Conclusions 

Table 8.6: Expected statistical significances for the 
observation of a Z' - jj signal 

mz• r,, uxB SfvB 
(ToV) (GoV) (pb) (105 pb-1) 

1.0 32 13.9 17.9 
1.5 47 3.6 13.0 
2 63 0.71 7.4 
3 95 7.3·10=r 3.7 
4 127 1.0·10-' 1.6 

these numbers we conclude that it is possible to ob
serve a Z' int.he 2-jet decay mode in this model, for 
an integrated luminosity of 105 pb-1and masses be
tween 1 and 2.5 TcV. For mz' = 1 TeV, the dijet
PT trigger threshold would have to be lowered to 
,...., 150 GeV, requiring a special trigger scheme at high 
luminosity. If a W' were produced with about the 
same mass, the signal would then be increased by a 
factor 3, with the same background, increasing the 
sensitivity up to 4 TeV. In Figure 8.18 we show the 
expected two-jet mass spectrum for an integrated lu
minosity of 105 pb-1 in the presence of a Z' signal, 
with mz1 = 2 TeV and fz, = 63 GeV, after subtrac
tion of the background, which is fitted in the mass 
range from 1 to 2.5 TeV. 
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Figure 8.18: Observed dijet mass spectrum after back
ground subtraction, for mz1 = 2 Te V 

The sensitivity to a possible signal from new neutral 
gauge bosons is presented in Fig 8.19. Shown are 
50" limits, separately for Z' decays to electron pairs, 
muon pairs and jet pairs, as a function of the Z1 mass 
and the ratio of the expected rate to the correspond
ing one for standard couplings (fz, is assumed to 
increase linearly with mz' ). The best sensitivity is 
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Figure 8.19: Discovery 
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achieved through the Z' -+ ee channel. The other 
channels, if observed, will provide useful information 
on the Z1 couplings and possibly asymmetries. 

8. 7 Search for Quark Substructure 

The hypothesis of a part.on substructure can be tested 
by measuring the inclusive jet cross-section. A com
posite nature of quarks would show up as deviations 
from the standard QCD expectations at high trans
verse momenta, where valence quark scattering dom
inates. Figure 8.20 shows the deviations of the cross
section from QCD for different values of the com
positeness scale (Ac). Also indicated is the statisti
cal accuracy which can be reached 'vith integrated 
luminosities of 104 pb- 1and 105 pb- 1 . The result 
will depend on the quality of the measurement as 
well as on the theoretical knowledge of the expected 
cross-section. Systematic uncertainties on the linear
ity, resolution and overall response of lhe calorimeter 
may enhance the measured rates for the higher PT 
values, thus faking the presence of a contact interac
tion. Typical systematic effects at a fixed PT of 4 TeV 
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Figure 8.20: De1,iation from QCD for different Ac 
values. The dashed lines shou• the effect of possi
ble systematics error as described in Table 8. 7. The 
statistical sensitivities for 104 pb- 1 (full circle) and 
105 pb- 1 (open circle) are also shown 

are listed in Table 8.7. While non-Gaussian tails in 
the energy spectrum and a v.·i<le range of values of the 
l /VE scaling term arc not critical, the constant term 
in the resolution is some¥1hat rnore i1nportant. The 
biggest system11tic effect is caused by iion-linearities 
in the calorim<'tcr response. If an uncorrected non
linearity of 4% subsists between fJOO GeV and 1 TeV, 
it will fake a conipositeness signal with Ac,.._. 15 TeV. 
All these contributions strongly depend on the en-

Table 8.7: Syslr111.atic effects on i11cl11si1•c jct spec
trum. at fixed JlT of 4 Te V 

Effect (JJT = 4 'l'e\1) O"n1ea.•./O"QCD 

~ - 70%/v'E 1.1 

-'h = 50%/ v'E + 5% 1.25 
Non-Gaussian tails 1.15 
1% non-linearity 1.7 

ergy scale calibration, its monitoring and extrapola
tion to the highest JlT values. In p11rticular, for a non
compensating calorimeter, the accuracy of the jet en
ergy calibration, which will be extracted from t.est 
beam 111easuren1cnt on single hadrons, will depend 
on the knowledge of the ch11rged to neutral particle 
ratio in the frag1nenlation. The c11lculations also rely 
on a good knowledge of the parton densities in the 

proton, the jet fragmentation properties and higher
order contributions to the cross-section. 

8.8 Gauge Boson Pair Production 

Gauge boson pair production provides an essential 
test of the three vector-boson coupling. The gauge 
cancellations predicted by the Standard Model can be 
studied and possible anomalous couplings detected. 
Under some very general assumptions such anoma-
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Figure 8.21: Transverse momentun of-y in W-y c1>rnfs 

for K ~ 1.0 {light grey) and 1.2 {dark grey). 

lies can be described by two parameters Kand>. (the 
Standard 1Iodel values are K = 1 and>.= 0). As an 
example the \V-y channel can be studied using \ep
tonic W decays. In this channel, the photon trans
verse mo1ncntnm distribution is very sensitive lo pos
sible anomalous couplings, especially at large p; (see 
Fig. 8.21). The main backgrounds arise from tt 'Y 
and bb -y, but also from W+jcts, bb and tt -+ lcp
ton+jets, "''here a jet is misidentified as a photon. \'!e 
assume photon identification cuts with a rejection of 
104 against jets (see Section 8.2.1) and lepton isola
tion cuts sin1ilar to those discussed in Section 8.2.2. 
For P~· >25 GeV, p; > 100 GeV and 1111 1

'-r < 2.5, 
we expect to observe ....., 17000 Wr p<tirs above a back
ground of,...... 10000 events, for an integrated luminos
ity of 105 pb- 1 . A significant excess of 160 evrnts, 
with p} > 300 GeV, above the expected Standard 
11odel rate of "" 700 events, would be observed for 
K = 1.1. 
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8.9 Heavy-ion Collisions 

Heavy ion collisions constitute an attractive addi
tion to the pp physics programme. Very high energy 
density and temperature of nuclear matter may be 
reached in Pb-Pb collisions at LHC, which could lead 
to a phase transition and the creation of a Quark 
Gluon Plasma (QGP). 

The ATLAS detector may be complementary to 
a dedicated heavy ion experiment in the search for 
some rare processes considered as possible signatures 
of the QGP. The study of heavy quarkonium states 
(cc and bb) is of particular interest. Such studies will 
concentrate mainly on bottonium rather than char
monium production, since J/if; production will arise 
dominantly from B-meson decay at LHC (except at 
very low PT). 

In order to extract a possible signal from the QGP, 
it is necessary to measure the production rates of the 
interesting bottonium states as a function of global 
variables related to the energy density and to the ge
ometry of the collision, but also of more specific ob
servables, where the behaviour of the various 1' states 
is not predicted to be the same [51]. For instance no 
suppression due to De bye colour screening is expected 
for the first directly produced i state as a function 
of pj.. 

The ATLAS performance in terms of momen
tum resolution is adequate to separate the various 
i states, only if the inner tracking detector can be 
used. In this case the expected relative mass resolu
tion is ,..... 1 %, but would be ,..... 3.5% using only the 
outer muon measurement. Obviously detailed simu
lations of Pb-Pb collisions are needed in order to un
derstand the tracking detector performance in these 
much more difficult conditions. In an environment 
with charged particle multiplicities at least ten times 
higher than for high luminosity pp collisions, an up
grade of the inner tracking detector may be needed 
to achieve adequate pattern recognition and electron 
identification. 

A trigger on electron pairs with PT > 5 GeV and 
on muon pairs with p~ > 6 (12) GeV, in the air-core 
(iron-core) option, should be feasible at the luminosi
ties foreseen for Pb-Pb collisions, and would therefore 
result in an unbiased measurement ofi production as 
a function of pj., down to small enough values of pj.. 
A trigger on central collisions (and energy density) 
would be easy to implement using both the electro
magnetic and hadronic calorimetry. Significant vari
ations of the energy density could be achieved by per
forming measurements with different projectiles. 
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9 R&D, Costs, and Sharing of 
Responsibilities 

9.1 R&D Summary 

At this early stage of preparation for an LHC ex
periment it is not yet possible to make a definite se
lection of the technology for many of the detector 
subsystems. One key element in the decision process 
are results and extrapolations from R&D and pre
prototype test activities. Only realistic large scale 
tests can demonstrate the feasibility of a given tech
nology and its potential to fulfil, in a cost-effective 
way, the essential physics requirements. 

Many memhers of the ATLAS Collaboration 
are therefore involved in detector R&D and pre
prototype projects. The activities of particular in
terest to ATLAS are summarized in Table 9.1 which 
also includes for each project an indication of its rele
vance to the future detector design. We request that 
these projects be supported with high priority. 

Technical R&D efforts are also required to study 
and optimize further the magnet options in order to 
arrive at a selection before the Technical Proposal. 

9.2 Costs and Schedules 

The detector concept presented in this Letter of In
tent has been guided so far primarily by the physics 
requirements and not by a strict cost target. The 
ATLAS Collaboration is therefore still at an early 
stage of cost estimates and of detector optimization 
with respect to costs. At the moment engineering 
and industrial cost estimates are available only for 
part of the components of the detector. It is particu
larly difficult to estimate electronics and DAQ costs, 
and large extrapolations have to be made from to
day's costs. This is even more so for the inner detec
tor and possibly the calorimeter front-end electronics 
which have to be radiation hard. Therefore it must be 
stressed that present estimates are to be considered 
preliminary and indicative only. 

Whenever possible, experience from the R&D 
projects has been used in the estimates which are 
summarized in Table 9.2 for the baseline design (or 
baseline options) of all detector subsystems. As guid
ing principle all manpower for industrial products as 
well as for industrial support is included in the mate
rial costs, but no explicit contingencies are included 
at this stage. It has to be noted that the cost esti
mates of various baseline options for a given detector 
subsystem do not always assume the same level of 
industrial involvement. In addition, very substantial 
laboratory support manpower (engineers and techni-

cians) will be needed to construct, test, and install 
the detector. A first estimate amounts to a total of 
at least 1500 man-years. Every effort will be made to 
find them within the collaborating institutions. 

The choices of technologies still left open at this 
stage introduce another element of uncertainty in the 
overall detector cost estimate which is reflected in 
Table 9.2. 

The preliminary cost estimate given in Table 9.2 
refers to the complete detector, and amounts to 370-
450 MCIIF depending on the final choices of the 
muon magnet systern and detector subsystem op
tions. It is recognized by the ATLAS Collaboration 
that further optimization work on the detector con
cept is required with the goal of reducing costs while 
maintaining the physics objectives. Staging could be 
introduced only at the price of reduced physics per
formance. Several scenarios with deferred installation 
of parts of detector subsystems will have to be eval
uated carefully should financial or time constraints 
impose a need for it. Such possibilities are, for ex
ample, a deferred installation of the end toroid muon 
spectrometers at the price of a very significantly re
duced acceptance or only a progressive completion 
of the read-out electronics or of other detector sub
systems. In the case of the superconducting air-core 
muon magnet, an alternative cost saving would be 
achieved by replacing, in the end-caps, the air-core 
by warm iron-core toroids. 

First order construction schedules have been 
worked out for some of the most critical large compo
nents as well as for the installation of the detector in 
the experimental area (see 6). In brief, the design and 
construction time is dominated by the muon magnets 
(see 4) and the calorimetry (see 2) which may both 
require as much as 5 to 6 years including tests at the 
surface. A period of 1.5 to 2 years, partially over
lapping with the testing time, is estimated for the 
installation in the experimental cavern. 

9.3 Collaboration Structure 

The organizational structure of the collaboration has 
been kept as simple as possible for the phase of the 
preparation of this Letter of Intent (Loi). Questions 
of detector optimization are discussed within appro
priate Working Groups comprising all necessary ex
pertise from the collaboration. The Working Groups 
prepare the general discussions in the Plenary Meet
ings and in the Loi Board with nominated members 
responsible to represent all physics, detector and lo
gistics aspects. The Loi Board meetings, open to all 
members of the collaboration, have been steering the 
work towards the detector concept and the experi-

104 



mental programme presented in this Loi. 
The decision-making body is the assembly of one 

representative from each collaborating institution 
(Collaboration Board). This body acts after discus
sion in a Plenary Meeting. The overall co-ordination 
is the responsibility of F. Dydak and P. Jenni acting 
as co-spokespersons. 

The organizational structure for the phase after ap
proval by the J,HC Committee to proceed towards a 
Technical Proposal has not yet been defined. It is ex
pected that it will be based on similar working bodies 
and that it will maintain the present open spirit of the 
collaboration, although with the addition of a more 
formal definition of responsibilities corresponding to 
the commitments to be taken for the Technical Pro
posal. 

9.4 Construction Responsibilities 

The construction responsibilities can only be estab
lished once final choices and definite commitments are 
taken for the detector concept to be presented in a 
Technical Proposal. At this stage only an indication 
can be given in terms of areas of interest expressed 
by the collaborating institutions. 

The areas of interests of the different groups for the 
detector construction are listed in Table 9.3 for those 
where this is known already. CERN, with its dual role 
as host laboratory and collaboration partner, is not 
listed explicitly at this stage. CERN is expected to 
contribute to infrastructure, overall engineering, and 
other general co-ordination efforts such as DAQ and 
offline analysis tools, as well as to one or two ma
jor detector subsystems. The first indications from 
Table 9.3 are that the interests and potential con
struction capabilities of the collaboration are spread 
over all aspects of the detector subsystems. 
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Table 9.1: Defector Rf3D and pre-prototype activities with ATLAS involvement 

Detector Subsystem R&D and Pre-prototype Activity Comments 
Inner detector 
- vertexing and RD19 Si pixel detectors All are part of the baseline design, and R&D 

innermost tracking RD20 Si micro-strip detectors is needed to optimize integrated design 
RDS GaAs detectors 

- outer tracking and RD2 Si strip and pad detectors All are part of the baseline design, and R&D 
electron identif. RD6 TRD straw detectors is needed to optimize integrated design 

RD28 micro-strip gas counters 

RD7 scintillating fibres Alternative, R&D is needed to confirm 
the feasibility of the scheme 

Em calorimeter and RD3 LAr Accordion Baseline barrel, baseline option end-cap 
preshower detector R&D is needed to optimize design 

P44 LAr TGT Alternative barrel, baseline option end-cap 
R&D is needed to demonstrate feasibility 

RDl scintillating fibres Alternative, only reduced R&D is needed 
Hadronic calorimeter RDl scintillating fibres All are baseline options, and 

RD3 LAr Accordion R&D is required to arrive at a 
P44 LAr TGT decision before the Technical Propm;al 
Scintillator tiles pre-prototype 

Forward calorimeter Liquid scintillator and Both are baseline options, and 
High pressure gas pre-prototypes R&D is required to arrive at a 

decision before the Technical Proposal 
Muon system 
- tracking detectors RD5 honeycomb strip chambers All are baseline options, and 

High pressure drift tubes R&D is required to arrive at a 
Jct cell drift chambers decision before the Technical Proposal 

- trigger detect.ors RD5 resistive plate chambers Same comment as above 

- general aspects RD5 punch through, em showers etc 
'!'rigger 
- level 1 RD5 muon triggers 

RD27 calorimeter triggers, system aspects 

- level 2 RD2 and RD6 electron track triggers 
RDll EAST general architectures 

- level 3 RD13 general architectures 
.FE electronics RD12 general read-out systems 

RD16 FERMI digital calor. FE/read-out. 
RD29 Dl\.llLL radiation hard electronics 
(detector specific FE electronics R&D is 
included in the corresponding projects) 

DAQ systen1 RD13 general DAQ and readout 
RD23 optoelectronic signal transfer 
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Table 9.2: Preliminary cost estimates (in MCHF) 

Detector subsystem Material cost Material cost Total subsystem 
(baseline or baseline option) mechanics or system electronics material cost 

Inner detector 74 
- SJTV 15.0 10.0 
- GaAs 1.5 1.5 
- SIT 9.5 9.5 
- MSGC 3.0 10.0 
- TRD/T 8.0 5.0 
- moderator and supports 1.0 
Superconducting solenoid 8.0 8 13 
Flux return yoke (if separate) 4.5 
Em calorimeter barrel and end-cap 49 
LAr Accordion (including preshower) 30.0 19.0 
Hadronic calorimeter 27 43 
- LAr Accordion 38.5 4.5 
- scintillating fibres 27.5 10.0 
- scintillator tiles 14.0 13.0-21.5 
Cryostat and cryogenics 30 45 
- em and hadronic LAr calorimeter 45.0 
- em LAr calorimeter only 30.0 
Forward calorimeter 9-10 
- liquid scintillator 6.0 3.0 
- pressurized gas 5.5 4.0 
Muon toroid magnet 72-115 
- superconducting air-core 110.0 
- cryogenics 5.0 
- warm iron-core 71.5 
Muon detectors 23-27 
- high pressure drift tubes 11.5 6.5 
- honeycomb strip chambers 5.5 10.5-13.0 
- jet cell drift chambers 16.0 4.0 
- resistive plate chamber trigger 4.0 2.5 
Trigger electronics 26.0 26 
Data acquisition and slow control 27.0 27 
Ofll.ine computing 5.0 5 
Infrastructure 18.5 19 

\ Total detector material cost 370-450 
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Table 9.3: Areas of interest for the detector construction {see text for CERN} 

Detector subsystem Institutions interested 
Inner detector Amsterdam NIKHEF, Bern, Birmingham, Bratislava, 

Cambridge, Cracow INP, Cracow INPT, Dortmund, Florence, Freiburg, 
Geneva, Glasgow, Hamburg, Jlelsinski, Kosice, Lancaster, 
Liverpool, London QM\.\'C, J,ondon UC, Lund, Manchester, 
Marseille CPPM, Melbourne, Milano, Mosco¥; Lebedev, Moscow MEPhl, 
T\foscow MSU, Munich MPI, Oslo, Oxford, Pisa, Prague, RAL, 
Sheffield, Siegen, St. Petersburg NPI, Sydney ANS1'0, Tel-Aviv, 
Uppsala, Vienna, Weizmann, Wuppertal 

Superconducting solenoid Tlclsinki, RAL, Saclay DAPNIA 
Calorimetry and preshower Alberta, Alma-Ata, Annecy LAPP, Barcelona UA, British Colurnhia, 

Clermont-Ferrand, Dubna JINR, Grenoble ISN, Kosice, 
Lisbon, Madrid UA, Mainz, Marseille CPPM, Milano, Montreal, 
Munich MPI, Orsay I.AL, Paris VI and VII, Pavia, Prague, 
Protvino IHEP, Rio de Janeiro COPPE, Saclay DAPNIA, 
Stockholm MSI, Victoria 

Forward calorimetry Moscow ITEP, Protvino IHEP 
Muon magnet Helsinki, RAL, Saclay DAI'NIA 
Muon detectors Amsterdam NIKIIEF, Athens N'l'U, Bratislava, Cosenza, Duhna JTNR, 

Frascati, Freiburg, Kobe, Mainz, Manchester, Moscow MSU, 
Munich Ll\IU, Munich MPI, Nijmegen (KUN, NIKHEF), Pisa, 
Prague, Protvino ITIEP, Rome I an<l II, Saclay DAPNIA, Saratov, 
St. Petersburg IFT\10, Tel-Aviv, Tokyo, Weizmann 

Trigger Amsterdam NIKHEF, Annecy LAPP, Bir1ningham, 
Copenhagen NBT, Cracow INP, Dubna JINR, Frascati, Jlcidclberg IIIEP, 
Jena, London Ql\I\'iTC, London RHBNC, Lund, Mannheim, Ors11y LAL, 
Oslo, Paris VI and VII, Prague, l'rolvino IHEP, RAL, Rome J and 11, 
Saclay DAI-'NlA, Sheffield, Stockholm, Stockholm MSI, Tokyo, 
Valencia 

Data acquisition Annccy LAPP, Athens, Barcelona UA, Birmingham, Cambridge, 
Cracow INP, Cracow INI)'f, Debreo~n ATOMKI, Dubnfl, Glasgow, 
Liverpool, Londo11 UC, Lund, Mainz, l\Ianchester, 1\-larscillc CPPT\-1, 
Oslo, Paris VI and VII, Pavia, RAL, Saclay DAPNIA, 
Stockholrn :tvlSI, St. Petersburg NPI, 'l'okyo 
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