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OVERVIEW OF THE ATLAS DETECTOR AT LHC�Ilias Efthymiopoulosfor the ATLAS CollaborationUniversity of Geneva, Switzerland(Re
eived May 13, 1999)ATLAS is a general-purpose experiment that will exploit the full po-tential of the LHC p-p 
ollision program. The design aspe
ts of the AT-LAS sub-dete
tors are des
ribed here, in
luding performan
e results fromthe prototypes being built in the past years. Most of the information istaken from the re
ently published Te
hni
al Design Reports for all thesyb-systems of the experiment. In addition, some highlights of the LHCma
hine and its 
hallenges are des
ribed in the beginning.PACS numbers: 07.05.Fb, 13.75.Cs1. The LHC ma
hineThe Large Hadron Collider (LHC) is a high-energy, high luminosityproton�proton 
ollider to be built in the existing LEP tunnel at CERN [1℄. Itwill 
ollide proton beams of 7 TeV and its design luminosity is 1034 
m�2 s�1.The primary purpose of the LHC is to sear
h for and to study new physi
s.Although with the LEP results the Standard Model is tested sometimes tobetter than 1% level, some fundamental questions are still open. In par-ti
ular, one hopes to understand the origin of ele
troweak symmetry break-ing (masses of W and Z bosons), looking primarily for one or more Higgsbosons, for example. The LHC 
an also be used to sear
h for Supersym-metri
 (SUSY) parti
les whi
h � if exist � will be produ
ed in some 
aseswith large rates, sin
e the 
ross-se
tions for produ
ing for example squarksand gluinos are large. Some other possibilities for new physi
s that 
ouldbe studied at LHC are: quark 
ompositeness, leptoquarks, and heavy ve
torbosons (W ', Z'). And last but not least, with the new energy regime thatopens, there is always room for the unexpe
ted.� Presented at the XXVII International Meeting on Fundamental Physi
s, SierraNevada, Granada, Spain, February 1�5, 1999.(2309)



2310 I. EfthymiopoulosExperiments at LHC will be able to make many measurements relatedto known physi
s, su
h as top de
ay properties, B-physi
s and numerous
ross-se
tion measurements (W , Z, 
 and jet produ
tion, for example). TheB-physi
s programme will in
lude studies of CP violation whi
h will allowtesting of the Standard Model in whi
h CP violation is parametrised withinthe CKM matrix. It will also in
lude the measurement of B0s os
illations, thesear
h for rare B de
ays su
h as B0d ! �+��(X), and the study of hadronsas B
.The LHC 
an also be used to 
ollide beams of heavy ions, e.g. lead ions,with a 
entre-of-mass energy of about 6 TeV per nu
leon, but with lowerluminosity (� 1027 
m�2 s�1) and intera
tion rate of � 104 s�1, 
omparedto � 109 s�1 for p�p 
ollisions. The heavy-ion programme has as its primaryobje
tive the sear
h for the quark�gluon plasma. One will try to investigatedi�erent stages in the produ
tion of the plasma before the formation of thenormal hadroni
 matter: the initial 
onditions, the quark�gluon plasma, thephase transition and the hadroni
 matter. Finally it would be possible tooperate simultaneously the LHC and a rebuild LEP ma
hines and produ
ee�p 
ollisions, but this only if there are strong physi
s arguments in thefuture. 1.1. The experimental environment at LHCIn the LHC ma
hine, bun
hes of protons in 
ounter-rotating beams willbe made to 
ollide at the �intera
tion points�. An important parameter ofthe ma
hine is the 25 ns bun
h spa
ing. The LHC will operate at a very highluminosity of 1034 
m�2 s�1. The total inelasti
, non-di�ra
tive 
ross-se
tionat LHC energies will be about 100 mb, 
orresponding to an intera
tion rateof 109Hz. The task of the LHC experiments is to identify and sele
t theinteresting events on top of this ba
kground. For example, in the 
ase of theHiggs parti
le with mass 500GeV, about 17K events will be produ
ed peryear, 
ompared to a total of 1:7�1016 events from the inelasti
 intera
tions!In addition, with the bun
h-
rossing rate of 40MHz (period of 25 ns), about23 intera
tions will happen in ea
h bun
h 
rossing (�pile-up�) resulting inabout 10,000 tra
ks in the dete
tor within 100 ns, the typi
al duration ofa pulse in the dete
tors. All these impose stringent requirements to thedesign and performan
e of the LHC dete
tors: they must be rather fast, inorder not to integrate the signals from the pile-up events over many bun
h
rossings; they must be highly granular in order to minimise the 
ontributionof pile-up in a given dete
tor 
ell.The high �ux of parti
les from proton�proton intera
tions (and to a lesserextent from beam losses) pla
es the dete
tors and asso
iated ele
troni
s in ahigh-radiation environment. Only radiation resistant dete
tors and read-outele
troni
s 
an be used.



Overview of the ATLAS Dete
tor at LHC 23112. The ATLAS dete
torAmong the four experiments proposed for the LHC, di�erent designphilosophies have been adopted depending on whi
h strong point ea
h 
ol-laboration 
hose for the dete
tor, in an e�ort to optimise them, taking intoa

ount the physi
s goals and the need to keep the 
ost at a reasonable level.ATLAS uses a large (�20m diameter) air-
ore toroid system for its muonspe
trometer, as shown in �gure 1. The ele
tromagneti
 (EM) 
alorimetryuses the liquid-argon te
hnique. In the barrel, an iron�s
intillator hadroni

alorimeter is used and in the end
ap the hadroni
 
alorimeter is of theliquid-argon type. In front of the barrel EM 
alorimeter (integrated in thesame 
ryostat) is a super
ondu
ting-solenoid 
oil that provides a 2T �eld.The inner-tra
king system 
onsists of semi
ondu
tor dete
tors in the inner-most part and straw-tubes in the outer part.
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Fig. 1. The ATLAS dete
tor.The basi
 design 
onsiderations for the ATLAS dete
tor 
an be sum-marised as follows: very good EM�
alorimetry for e; 
 identi�
ation andmeasurement; hermeti
 jet and EmissT 
alorimetry; e�
ient tra
king at highluminosity for lepton measurement, b-quark tagging and enhan
ed e; 
 iden-ti�
ation; � and heavy �avour vertexing and re
onstru
tion 
apability ofsome B de
ays (low luminosity running); low pT thresholds for the trigger;The dete
tor is expe
ted to be operational in the middle of 2005, when thestartup of the LHC ma
hine is planned.The ATLAS dete
tor 
on
ept was �rst presented in the Letter of Intent(LoI) [2℄ and later in the Te
hni
al Proposal [3℄. Sin
e then, the design hasevolved guided by detailed physi
s performan
e studies, experien
e from arigorous and broad R&D programme, and the ne
essity to stay within 
ost-e�e
tive te
hnologies. The ATLAS experiment is designed, 
onstru
ted and



2312 I. Efthymiopoulosoperated by a world-wide 
ollaboration of s
ientists and engineers (� 1; 800members) from 146 institutions and 33 
ountries. Spain is 
ontributing withthree Institutes and a total of about 4.1% of the ATLAS members.During 1996 and 1998, the Te
hni
al Design Reports for all the majorsub-systems of the experiment were written (ex
ept for the Computing andthe High Level Trigger and DAQ systems, whi
h are s
heduled for later inorder to gain the most from te
hnologi
al developments) and presented tothe LHC Committee. Sin
e then, following a positive re
ommendation bythe 
ommittee, the 
ollaboration entered in a new phase, that of produ
tion,whi
h is now starting for many systems. A set of milestones for the proje
tand a 
omplete s
heme for regular progress reviews is de�ned for ea
h sys-tem. Su
h major progress reviews took pla
e in 1998 for the 
alorimetry,the muon, the inner dete
tor and the magnet systems, with positive results.Apart from the various sub-dete
tors of the experiment whi
h will bedes
ribed in detail in the following se
tions, major 
omponents are the so
alled �
ommon proje
ts�, whi
h in
lude the magnet system with its innertra
ker solenoid and the outer air 
ore toroids for the muon spe
trometer,the three 
ryostats housing the Liquid Argon Calorimeter and the supportsfor the inner 
ylinder. Substantial progress has been made in these areasand prototype modules for the 
oils are under 
onstru
tion along with alarge test area [4℄ for the overall 
ryogeni
s [4℄. The a
tivity in this areaas well as of the overall experimental hall is in the hands of the Te
hni
alCoordination of the experiment whi
h has re
ently published its Te
hni
alDesign Report.In the following se
tions a brief des
ription of the sub-dete
tors of theexperiment is given emphasising the results from their Module-0 program.The status and major milestones for ea
h system are given as well.2.1. The Inner Dete
torThe task of the Inner Dete
tor (ID) is to re
onstru
t the tra
ks andverti
es in the event with high e�
ien
y, 
ontributing, together with the
alorimeter and muon systems to the ele
tron, photon and muon measure-ment and providing the signature for short-lived parti
le de
ay verti
es. Itsa

eptan
e 
overs the range j�j < 2:5; mat
hing that of the rest of the AT-LAS systems for pre
ision measurements [5℄.The dete
tors used for the ID at LHC have to meet very stringent require-ments su
h as: be very fast, be radiation hard, have high granularity andgood momentum resolution. In addition, the amount of material should bekept as small as possible, otherwise the momentum resolution in the tra
keritself will be degraded due to the multiple s
attering, and the photon andele
tron identi�
ation and energy measurement in the 
alorimeters will be



Overview of the ATLAS Dete
tor at LHC 2313spoiled. ATLAS has 
hosen for the innermost part of the tra
ker semi
on-du
tor dete
tors. A three dimensional 
ut-away view of the layout of the IDis shown in �gure 2. The outer radius of the tra
ker 
avity is 115 
m andthe total length is 7m. Me
hani
ally, the ID 
onsists of three units: a barrelpart extending over 2�80 
m, and two identi
al end-
aps 
overing the restof the 
ylindri
al 
avity. In the barrel (j�j < 1); the high-pre
ision dete
torlayers are arranged on 
on
entri
 
ylinders around the beam axis, while theend-
ap dete
tors are mounted on disks perpendi
ular to the beam axis.
Forward SCT

Barrel SCT

TRT

Pixel DetectorsFig. 2. Three dimensional 
ut-away view of the ATLAS Inner Dete
tor.Starting from the beam pipe, in the range from 4 to 22 
m in radius, pixeldete
tors are used whi
h provide up to 3 spa
e points per tra
k. Followingthat, and up to 56 
m in radius, Si-strip dete
tors are used, providing fourspa
e points per tra
k. For improved momentum re
onstru
tion, patternre
ognition and ele
tron identi�
ation, a straw tube Transition RadiationTra
ker (TRT) is used, whi
h provides 36 points per tra
k (> 7 points/tra
kfor e-id). The basi
 design parameters and resolutions for the spa
e-pointmeasurements are summarised in Table I. Although the straw hits have lowerpre
ision than the ones from the sili
on layers, their large number and thefa
t that they 
ome from larger average radius 
ompensate for that, su
h thatthe overall momentum resolution is improved and no single measurementdominates. This means that the overall performan
e is robust, even in the
ase that a single system would not perform to its full spe
i�
ation. The fullmomentum resolution, 
ombining the information from the dis
rete pre
isionpoints and the large number of drift-time measurements of the TRT in aglobal �t through the realisti
 solenoid �eld map is shown in �gure 3.The innermost sili
on layer of the pixel dete
tor lo
ated at about 4 
mfrom the IP, also 
alled �the B-layer�, has a substantial 
ontribution to these
ondary vertex measurement performan
e, during the initial low luminos-ity running of LHC, in parti
ular for the B- physi
s se
tor. Due to thehostile environment at this position in terms of radiation, this layer is de-



2314 I. Efthymiopoulos TABLE IThe main parameters of the Inner Dete
tor. The resolutions quoted are typi
alvalues (the a
tual resolution in ea
h dete
tor depends on j�j ).Position Area Resolution Channels Coverage(m2) �(�m) (106) (�)Pixel Dete
tor1 repl. barrel layer 0.2 R� = 12; z = 66 16 �2.52 barrel layers 1.4 R� = 12; z = 66 81 �1.75 e
 disks/side 0.7 R� = 12; R = 77 43 1.7�2.5SCT Dete
tor4 barrel layers 34.4 R� = 16; z = 580 3.2 �1:49 e
 wheels/side 26.7 R� = 16; R = 580 3.0 1.4-2.5TRT Dete
toraxial barrel straws 170/straw 0.1 0.7radial end-
ap straws 170/straw 0.32 0.7�2.5

0

0.25

0.5

0.75

1

0 0.5 1 1.5 2 2.5

|η|

σ(
1/

p T
) 

(T
eV

-1
)

Fig. 3. Expe
ted momentum resolution from the ID system.signed to be repla
eable, during the high luminosity running, sin
e re
entphysi
s studies have demonstrated the need for good b-tagging performan
eduring all phases of the LHC, in Higgs and supersymmetry sear
hes. Theimpa
t parameter resolution shown in �gure 4, 
an be parametrised in R� as�(d0) = 11 + 60/pT _sin� and in z as �(z0)=70+100/pT sin3 � (in �m) whenthe dedi
ated b-layer is present.



Overview of the ATLAS Dete
tor at LHC 2315

0

50

100

150

200

1 10 10
2

With B-layer
Without B-layer

|η| < 0.25

pT (GeV)

σ(
d 0)

 (
µm

)

0

100

200

300

1 10 10
2

With B-layer
Without B-layer

|η| < 0.25

pT (GeV)

σ(
z 0)

 (
µm

)
Fig. 4. The impa
t parameter resolution: (left) transverse, (right) longitudinal.Every e�ort has been made to keep the material in the tra
king volumeto a minimum, by 
areful design of the a
tive dete
tors and by the use oflow-Z materials su
h as aluminium for the power 
ables, and 
arbon-�brereinfor
ed plasti
 for the support stru
tures (�gure 5).
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Fig. 5. Prototype of the SCT dete
tor support 
ylinder 
onstru
ted in Spain.More details on ea
h sub-system of the ID are presented below.The ATLAS Pixel Dete
tor is 
omposed of modular units. Read outintegrated 
ir
uits are mounted on a dete
tor substrate to form barrel anddisk modules. The dete
tor substrate is sili
on, and the 
urrent baseline isan n+�n bulk sensor, with a pixel granularity of 50�m� 300�m. The readout integrated 
ir
uits are mounted on the sili
on sensor using bonding te
h-niques. An additional integrated 
ir
uit for 
ontrol and 
lo
k distributionand data 
ompression is mounted on ea
h module, and �exible 
ables 
on-



2316 I. Efthymiopoulosne
t ea
h module to data transmission/
ontrol 
ir
uitry lo
ated within thedete
tor volume. Prototype modules for the dete
tor have been built andtested in the beam (�gure 6). The modules are overlapped on the support
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Fig. 6. Prototype module for the pixel dete
tor.stru
ture in order to give hermeti
 
overage. There are about 1,500 identi
albarrel modules and about 1,000 disk modules for the system. Both the bar-rel and disk modules are mounted on spe
ial supporting stru
tures and theresulting me
hani
al stru
ture is very stable and provides the 
ooling 
apa-bility to maintain the sili
on temperature at �-6ÆC, even with the large heatload from the ele
troni
s. Spe
ial attention is made to the radiation hard-ness of the dete
tors, sin
e they have to withstand over 300KGy of ionisingradiation and over 5� 1014 neutrons per 
m2 in ten years of operation.The ATLAS Semi
ondu
tor Tra
ker (SCT) system is an order ofmagnitude larger in surfa
e area than previous generations of sili
on mi-
rostrip dete
tors and in addition, it must fa
e radiation levels whi
h willalter the fundamental 
hara
teristi
s of the sili
on wafers themselves. Thebarrel SCT uses four layers of sili
on mi
rostrip dete
tors to provide pre
i-sion points in the R� and z 
oordinates, using small angle stereo to obtainthe z measurement. Ea
h sili
on dete
tor is 6:36 � 6:40 
m2 with 768 read-out strips ea
h with 80�m pit
h. The dete
tor 
ontains 61m2 of sili
ondete
tors, with 6.2 million read-out 
hannels. Solutions have been found tothe 
riti
al issues in the system, and prototype modules have been su

ess-fully tested in beams in a magneti
 �eld, showing the required performan
ein resolution, signal-to-noise and speed. Modules 
ontaining both front-endele
troni
s and dete
tors, irradiated to the level expe
ted for 10 years ofLHC operation have been shown to operate within spe
i�
ations (�gure 7).



Overview of the ATLAS Dete
tor at LHC 2317The Transition Radiation Tra
ker is based on the use of straw de-te
tors, whi
h 
an operate at the very high rates needed, by virtue of theirsmall diameter and the isolation of the sense wires within individual gas en-velopes. Ele
tron identi�
ation 
apability is added by employing Xe gas todete
t transition-radiation photons 
reated in a radiator between the straws.Ea
h straw is 4mm in diameter, giving a fast response and good me
hani-
al properties for a maximum straw length of 150 
m. The barrel 
ontainsabout 50,000 straws, ea
h divided in two at the 
entre in order to redu
e theo

upan
y and read out at ea
h end. The end-
aps 
ontain 320,000 radialstraws, with the read-out at the outer radius. The total number of ele
troni

hannels is 420,000. Ea
h 
hannel provides a drift-time measurement, givinga spatial resolution of 170� m per straw, and two independent thresholds.These allow the dete
tor to dis
riminate between tra
king hits, whi
h passthe lower threshold, and transition-radiation hits, whi
h pass the higher.
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Fig. 7. View of an assembled SCT module.2.2. CalorimetryThe 
alorimeters will play a 
ru
ial role at the LHC. They are required tomeasure the energy and dire
tion of photons, ele
trons, isolated hadrons andjets, as well as the missing transverse energy. At the LHC, 
alorimeters willbe the leading dete
tors for many measurements in physi
s 
hannels of primeinterest. Combined with the inner tra
ker, 
alorimeter measurements areused for ele
tron and photon identi�
ation. Fast dete
tor response (<50 ns)and �ne granularity are required to minimise the impa
t of the pile-up onthe physi
s performan
e. High radiation resistan
e is also needed, given thehigh parti
le �uxes expe
ted over a period of operation of at least ten years.



2318 I. EfthymiopoulosThe ATLAS 
alorimetry 
overs the range j�j < 5 using di�erent te
h-niques as best suited to the di�erent requirements and radiation environ-ment. A view of the ATLAS 
alorimetry is shown in �gure 8. The rapidity
overage and basi
 granularity of the 
alorimeters is summarised in Table II.The EM 
alorimeter system is 
ontained in a 
ylinder of outer radius 2.25mand a total length of 6.65m along the beam axis. The barrel hadroni

alorimeter system has an outer radius of 4.23m and a total length of �12m.The total weight of the 
alorimeter system is about 4,000T. The end
ap EM,Hadroni
 and Forward 
alorimeters are housed in the same 
ryostat.TABLE IIThe ATLAS 
alorimeter system.System � 
overage Granularity (�� ���)EM barrel j�j < 1:475 0:003� 0:1 (s1)0:025� 0:025 (s2)0:05� 0:025 (s3)Presampler j�j < 1:8 0:025� 0:1Hadroni
 barrel j�j < 1:8 0:1� 0:1Hardoni
 EC 1:5 < j�j < 2:5 0:1� 0:12:5 < j�j < 3:2 0:2� 0:2FWD Calo 3:2 < j�j < 4:9 � 0:2� 0:2The Ele
tromagneti
 Calorimeter is a Lead Liquid-Argon (LAr) de-te
tor with a

ordion geometry [6℄. The prin
iple of the 
alorimeter is seenin �gure 9. In the pseudorapidity range j�j < 1:8 it is pre
eded by a pre-sampler dete
tor, installed immediately behind the 
ryostat 
old wall, andused to 
orre
t for the energy lost in the material (inner dete
tor, 
ryostats,
oil) upstream the 
alorimeter. It's total thi
kness is �25X0 in the barreland 26X0 in the end-
aps. The total number of 
hannels is about 200,000.During 1998 full size dete
tor modules were 
onstru
ted and put in thebeam (�gure 10). The energy resolution for ele
trons is in agreement withthe values obtained from the prototype program, with a sampling term of(9.90�10.4)%, a lo
al 
onstant term of (0.27�0.35)% and a noise term of (280�520)MeV over the full � range. The target �gure for the overall 
onstantterm (whi
h dominates at high energies, therefore very important for LHC)is 0.7% whi
h puts stringent requirements on the dete
tor 
onstru
tion, thedead material in front and the 
alibration pre
ision.Apart from energy measurement, the EM 
alorimeter will provide, thanksto its high granularity, powerful ele
tron/photon identi�
ation and reje
tionof the jet ba
kground. The thin strips in the �rst sampling are a unique
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h of the a

ordion stru
ture of the ele
tromagneti
 
alorimeter.feature of this 
alorimeter. They allow �0 reje
tion, by a fa
tor larger than3 at 50GeVET. In total, the jet reje
tion, at 20GeV or above, is expe
tedto be about 5,000. Su
h a reje
tion is required to eliminate the huge QCDba
kgrounds to the H! 

 
hannel. The narrow strips 
ontribute also to
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Fig. 10. EM barrel 
alorimeter full size module.the photon angular measurement in the � dire
tion, with an a

ura
y ofabout 50mrad=pE, an essential information in the re
onstru
tion of the
hannel mentioned above. The EM 
alorimeter also serves in identifying �de
ays into hadrons. Combined with the tra
ker, a reje
tion of about 400against jets is possible for about 30% e�
ien
y, allowing to improve signi�-
antly the signal to ba
kground ratio in the sear
h for MSSM Higgs bosons(A=H) de
aying into �� [7℄.The Tile Hadroni
 Calorimeter 
overs the range j�j < 1:6 and it 
on-sist of the barrel and the two extended barrel 
ylinders [8℄. The hadroni
barrel 
alorimeter is a 
ylinder with an inner radius of 2.28m and an outerradius of 4.23m. It is divided in three se
tions: the 
entral barrel and twoextended barrels. It is based on a sampling te
hnique with plasti
 s
intilla-tor plates (tiles) embedded in an iron absorber matrix and read out by wavelength shifting �bres. The tiles are pla
ed in plane perpendi
ular to thebeam axis and staggered in depth, simplifying the me
hani
al 
onstru
tionand the �bre routing. In �gure 11 a full size extended barrel 
alorimetermodule is shown.The 
alorimeter is segmented in three layers, approximately 1.4, 4.0 and1.8� thi
k at � = 0. Azimuthally, the barrel and extended barrels aredivided into 64 modules. In �, the read-out 
ells, built by grouping �bresto a photomultiplier, are pseudo-proje
tive to the intera
tion region. Thetotal number of 
hannels is of the order of 10,000. The 
alorimeter is pla
edbehind the EM 
alorimeter (� 1:2�) and the solenoid 
oil, resulting in atotal a
tive 
alorimeter thi
kness (EM + Tile) of 9.2� at � = 0 and a



Overview of the ATLAS Dete
tor at LHC 2321

Fig. 11. A Tile Calorimeter extended barrel module 
onstru
ted in Spain.total amount of material in front of the muon system, in
luding the supportstru
ture of the Tile 
alorimeter, of 11� at � = 0.The required energy resolution is driven by jets measurement, i.e. �EE =50%pE �3;%within j�j < 3:From the test beam runs with the EM and hadroni
prototype modules the pion resolution obtained is �EE = (38:3�4:6)%pE +(1:62�0:29)% � (3:06�0:18)E , well within the spe
i�
ations for ATLAS.In the range 1:5 < j�j < 4:9 the Liquid Argon Hadroni
 Calorime-ter takes over: the end-
ap hadroni
 
alorimeter extends to j�j= 3:2 whilethe range 3:1 < j�j < 4:9 is 
overed by the high-density forward 
alorimeter.Both the hadroni
 end-
ap and the forward 
alorimeters are integrated inthe same 
ryostat housing also the EM end-
aps. Ea
h hadroni
 end-
ap
alorimeter 
onsists of two, equal diameter, independent wheels. The �rstwheel is built out of 25mm 
opper plates, while the se
ond one uses 50mmplates; in both wheels the gap between 
onse
utive 
opper plates is 8.5mm,and is equipped with 3 ele
trodes that split it in 4 drift spa
es of �1.8mmea
h. The wheels are divided in two longitudinal read-out segments. Theread-out 
ells are fully pointing in � but only �pseudo pointing� in �. Thethi
kness of the a
tive part of the end-
ap 
alorimeter is �12�.



2322 I. EfthymiopoulosIn ATLAS the Forward Calorimeter is integrated in the end-
ap 
ryo-stat, with the front fa
e at about 5 meters from the intera
tion point. Thismakes the forward 
alorimeter a parti
ularly 
hallenging dete
tor due to thehigh level of radiation. However, a 
lear bene�t in terms of 
ontinuity of
overage, redu
ing to the minimum the e�e
ts of the 
ra
k in the transitionregion around j�j=3.1, with advantages to the e�
ien
y of forward jet tag-ging and the redu
tion of the tails in the EmissT distribution. The forward
alorimeter has to a

ommodate at least 9� of a
tive dete
tor in a rathershort longitudinal spa
e. Thus it is a high density dete
tor, 
onsisting ofthree longitudinal se
tions, the �rst one made of 
opper, and the other twoof tungsten. Ea
h of them 
onsists of a metal matrix with regularly spa
edlongitudinal 
hannels �lled with rods. The sensitive medium is Liquid Ar-gon and �lls the gap between the rod and matrix. The gaps are 250 mi
ronswide in the �rst se
tion and 375 (500) mi
rons in the se
ond (last) one. Inthe forward 
alorimeter the ele
troni
 noise in a jet 
one of �R = 0:5 is�1GeVET at �=3.2 and drops qui
kly to 0.1GeV in ET at �=4.6. Theexpe
ted jet resolution in the full rapidity range 
ombining the informationfrom the various 
alorimeters is shown in �gure 12 and is adequate for themeasurements to be performed.

Fig. 12. The expe
ted jet resolution in ATLAS for the full rapidity range.2.3. The muon spe
trometerHigh-momentum �nal-state muons are among the most promising androbust signatures of physi
s at the Large Hadron Collider (LHC). The dis
ov-ery potential of the spe
trometer has been optimised on the basis of sele
tedben
hmark pro
esses, in parti
ular Standard Model and supersymmetri
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ays and new ve
tor bosons. The performan
e of the apparatus forlow transverse momenta whi
h is of interest for beauty physi
s and CP viola-tion has also been studied. Important parameters that need to be optimisedfor maximum physi
s rea
h are: resolution, se
ond-
oordinate measurement,rapidity 
overage of tra
k re
onstru
tion, trigger sele
tivity, trigger 
over-age and bun
h-
rossing identi�
ation. To exploit this potential, the ATLAS
ollaboration has designed a high-resolution muon spe
trometer with stand-alone triggering and momentum measurement 
apability over a wide rangeof transverse momentum, pseudorapidity, and azimuthal angle [9℄. The viewof the muon spe
trometer is shown in �gure 13.
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14161820 21012 468 mFig. 13. View of the ATLAS muon spe
trometer.The muon spe
trometer exploits the magneti
 de�e
tion of muon tra
ksin a system of three large super
ondu
ting air-
ore toroid magnets (one bar-rel and two end-
aps) instrumented with separate-fun
tion trigger and high-pre
ision tra
king 
hambers. In the pseudorapidity range j�j < 1;magneti
bending is provided by a large barrel magnet 
onsisting of eight 
oils sur-rounding the hadron 
alorimeter. For 1:4 < j�j < 2:7;muon tra
ks are bentin two smaller end-
ap magnets inserted into both ends of the barrel toroid.In the interval 1:0 < j�j < 1:4; referred to as transition region, magneti
 de-�e
tion is provided by a 
ombination of barrel and end-
ap �elds. Thismagnet 
on�guration provides a �eld that is mostly orthogonal to the muontraje
tories, and minimizing the degradation of resolution due to multiples
attering.The di�erent 
ontributions to the barrel momentum resolution are shownin �gure 14. The behaviour observed is typi
al for an open-geometry mag-neti
 spe
trometer. The resolution is limited by energy loss �u
tuations at



2324 I. Efthymiopoulossmall momenta and by dete
tor resolution at high momenta, whereas themultiple s
attering e�e
t is approximately momentum-independent. Themomentum resolution is typi
ally 2-3% over most of the kinemati
 rangeapart from very high momenta, where it in
reases to �10% at pT=1TeV.Its dependen
e in j�j is also shown in �gure 15 for pT=100GeV muons.The resolution is largely 
onstant over the � range of the spe
trometer, withthe ex
eption of some spikes at pseudorapidities obstru
ted by barrel mag-net elements, and of an degradation around �=1.5 owing to a less bendingpower in the transition region between barrel and end-
ap magnets.
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Fig. 14. Contributions to the momentum resolution of the muon spe
trometer,averaged over j�j < 1:5 and azimuthal angle, in a standard se
tor.Over most of the pseudorapidity range, a pre
ision measurement of thetra
k 
oordinates in the prin
ipal bending dire
tion of the magneti
 �eld isprovided byMonitored Drif Tubes (MDT). The basi
 dete
tion elementsare aluminium tubes of 300mm diameter and 400� m wall thi
kness, witha 50 � m diameter 
entral W-Re wire. The tubes are operated with anon-�ammable ArCO2 mixture at 3 bar absolute pressure. The envisagedworking point provides for a non linear spa
e-time relation with a maximumdrift time of � 700 ns, a small Lorentz angle, and good ageing propertiesdue to small gas ampli�
ation. The single-wire resolution is typi
ally 80�m.To improve the resolution of a 
hamber beyond the single-wire limit and toa
hieve adequate redundan
y for pattern re
ognition, the MDT 
hambersare 
onstru
ted from 2� 4 monolayers of drift tubes for the inner and 2� 3monolayers for the middle and outer stations. The tubes are arranged inmultilayers of three or four monolayers, respe
tively, on either side of a rigidsupport stru
ture. The 
onstru
tion of prototypes has demonstrated that
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Fig. 15. Momentum resolution for pT=100GeVas a fun
tion of � averaged overall azimuth angles. The solid 
urve applies to a standard se
tor; the dotted 
urve
orresponds to one of the bottom se
tors, where barrel toroid 
oils are 
apturedinside the support stru
ture for the inner parts of the dete
tor.they 
an be built to the required me
hani
al a

ura
y of � 30�m. Full sizeprototype modules have been built and tested in the beam, showing goodperforman
e within the spe
i�
ations for ATLAS.Cathode Strip Chambers (CSC) are used in the �rst station of theend-
ap region and for pseudorapidities j�j > 2 ; to provide a �ner granu-larity whi
h is required to 
ope with the demanding rate and ba
kground
onditions. The CSCs are multiwire proportional 
hambers with 
athodestrip read-out and with a symmetri
 
ell in whi
h the anode-
athode spa
-ing is equal to the anode wire pit
h. The pre
ision 
oordinate is obtained bymeasuring the 
harge indu
ed on the segmented 
athode by the avalan
heformed on the anode wire. The anode wire pit
h is 2.54mm and the 
athoderead-out pit
h is 5.08 mm; r.m.s. resolutions of better than 60 �m have beenmeasured in several prototypes. Other important 
hara
teristi
s are smallele
tron drift times (30 ns), good time resolution (7 ns), good two-tra
k res-olution, and low neutron sensitivity. The CSCs are arranged in 2� 4 layers.The design utilizes low-mass 
onstru
tion materials to minimize multiples
attering and dete
tor weight (�gure 16).The Trigger Chambers for the ATLAS muon spe
trometer serve athreefold purpose: bun
h 
rossing identi�
ation, requiring a time resolutionbetter than the LHC bun
h spa
ing of 25 ns; a trigger with well-de�nedpT 
ut-o� in moderate magneti
 �elds, requiring a granularity of the orderof 1 
m; measurement of the se
ond 
oordinate in a dire
tion orthogonalto the one measured in the pre
ision 
hambers with a typi
al resolution of5�10mm.
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Fig. 16. View of the CSC and MDT prototype modules in the test beam setup.The proposed system employs two di�erent types of dete
tors, Resis-tive Plate Chambers (RPC) in the barrel (j�j < 1:4) and Thin GapChambers (TGC) in the end-
ap region. The trigger 
hambers 
over atotal area of about 3650m2 in the barrel and 2900m2 in the end-
ap region,ea
h 
hamber 
ontaining at least two dete
tor layers. The total number of
hannels is about 350,000 for the barrel and 440,000 in the end-
aps.The RPC is a gaseous dete
tor providing a typi
al spa
e-time resolutionof 1 
m�1 ns with digital read-out. The basi
 RPC unit is a narrow gasgap formed by two parallel resistive bakelite plates, separated by insulatingspa
ers. The TGC 
hambers are designed in a way similar to multiwireproportional 
hambers, with the di�eren
e that the anode wire pit
h is largerthan the 
athode-anode distan
e. Signals from the anode wires, arrangedparallel to the MDT wires, provide the trigger information together withread-out strips arranged orthogonal to the wires. The read-out strips alsoserve to measure the se
ond 
oordinate.3. Trigger/DAQ and physi
s performan
eThe high intera
tion rate of LHC puts stringent requirements to the trig-ger and data-a
quisition systems. Only a tiny fra
tion of the intera
tions
an be re
orded for o�-line analysis, requiring a trigger sele
tivity of aboutone intera
tion in 107. Furthermore, massive amounts of data have to betransmitted to and stored in bu�er memories while the trigger system per-forms its 
al
ulations. Note that, sin
e it is impossible to make a triggerde
ision within the 25 ns between bun
h 
rossings, the so-
alled �pipelinedreadout� has to be used, typi
ally with ele
troni
s mounted on the dete
tor.The s
heme of the pipelined readout along with the general ar
hite
ture ofthe Trigger and DAQ system is illustrated in �gure 17.
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Data recordingFig. 17. View of the pipelined readout ar
hite
ture for the ATLAS LHC dete
tor.

Fig. 18. Higgs parti
le dis
overy potential for ATLAS.After having des
ribed all the 
omponents of the ATLAS dete
tor, theproof that they perform as a whole 
an only be demonstrated by the ex-pe
ted results for some interesting physi
s issues at LHC. One of those isthe sear
h for the Higgs, whi
h implies stringent requirements in all dete
torparts in order to 
over a broad mass spe
trum with dis
overy 
apability inthe relevant de
ay 
hannels. Figure 18 shows that this is a
hievable overthe whole mass range. Another 
ase is the sear
h for Supersymmetry, whereit seems 
lear that � if it exists � it 
an be dis
overed through the de-
ay 
hains of squarks and qluinos to LSP. The real issue will be to extra
tmeasurements for well-
hosen points in the SUGRA parameter spa
e. If
hara
teristi
 deviations from the SM appear and they point to some 
lass



2328 I. Efthymiopoulosof models indi
ating the rough mass s
ale, then typi
al kinemati
 features ofthe events (su
h as a sharp 
ut in the dilepton mass as shown in �gure 19)
ould further help exploiting 
onstraint �ts to a large number of hypotheses.
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Fig. 19. Dilepton signal for SUGRA point 5(solid), ba
kground from other SUSYsour
es(dashed) and sum of SM ba
kgrounds(dotted).Con
erning the B-physi
s studies, a ri
h �eld for the initial low lumi-nosity, it has been shown that the angles of the unitarity triangle 
an bemeasured through asymmetries in the relevant B-de
ays. With the a
hiev-able pre
ision in sin 2� and sin 2� of �0:01 and �0:05 respe
tively, it willbe possible to establish dire
t CP violation. Last, but not least, variousStandard Model measurements 
an be performed. As an example, the erroron the W and the top masses whi
h are expe
ted to be 0.025 GeV and 2GeVin ATLAS respe
tively put signi�
ant 
onstraints on the Higgs mass.I would like to thank the organizers of the XXVII Winter Meeting onFundamental Physi
s and in parti
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