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DETECTOR STUDIES FOR TESLA�Ronald SettlesMax-Plan
k-Institut für Physik80805 Muni
h, Germanye-mail: settles�mppmu.mpg.de(Re
eived April 28, 1999)European preparations for building a dete
tor for the e+e� physi
s upto 1 TeV 
enter-of-mass energies at the linear 
ollider are des
ribed.PACS numbers: 29.40.�n1. Dete
tor 
on
ept1.1. Introdu
tionA dete
tor for e+e� the linear 
ollider (LC) is under 
on
eption. Apreliminary version of it was prepared during the 1996 ECFA/DESY Studyon Physi
s and Dete
tors for the Linear Collider [1℄ and resulted from one
hoi
e for subdete
tors among many possibilities 
onsidered. This dete
tor[2, 3℄ mat
hes the requirements of the physi
s analyses up to the highest
ollider energies of � 1 TeV.It was the starting point as so-
alled �referen
e dete
tor� for the2nd ECFA/DESY Study on Physi
s and Dete
tors for the Linear Collider [4℄whi
h began last year (1998) and is still in progress. The performan
e ofall subsystems is being reexamined in a �shakedown� of the referen
e de-te
tor in light of the upgraded design of the TESLA Linear Collider whi
hwill deliver an order of magnitude greater luminosity than the �rst version.This new design will be denoted hiLTESLA in the following. Also dete
torR&D proje
ts will be laun
hed in order to better de
ide whi
h subdete
torsto build.This R&D will be 
arried out in 
ooperation with the Ameri
an andAsian regions whi
h also have linear 
ollider studies [5℄ under way for theirma
hines, NLC and JLC respe
tively. This will establish a basis for a world� Presented at the Cra
ow Epiphany Conferen
e on Ele
tron�Positron Colliders,Cra
ow, Poland, January 5�10, 1999.(2085)
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ollaboration to build a dete
tor and do the physi
s at whi
hever LC ma
hinegets approved. Here, the European version [2,3℄ will be referred to simply asthe �TESLA Dete
tor� although it is understood that it 
ould do the physi
sat any of the ma
hines. 1.2. RequirementsThe physi
s program of the linear 
ollider has been the subje
t of intenseinvestigation in the present [4℄ and past [6�21℄ workshops. The dete
torneeds were evaluated [22�24℄ in some detail, but, quite globally, the physi
sfor whi
h the analysis power must be ex
ellent (p) are:DETECTORMissing Jet-jet Lepton b,
,� ForwardPHYSICS energy re
onstr. resolution vertexing dire
tionHiggs bran
hing ratios p p p p pTop threshold s
an p p p pW-boson 
ouplings p p p p~��j ~�0i ~̀~q spe
tros
opy p p p pThus the dete
tor must be really good. Some 
ru
ial points for designingthe dete
tor are:� Good energy-�ow measurement is ensured by high granularity in tra
k-ing and 
alorimeters for jet re
onstru
tion and by good parti
le iden-ti�
ation.� Calorimeters are thus inside the 
oil with longitudinal granularity forsoftware 
ompensation and with a minimum of material in front of theele
tromagneti
 
alorimeter.� Tra
king with very a

urate momentum determination is needed tomeasure e.g. the Higgs 
ouplings.� Ex
ellent vertex resolution is needed for heavy �avour identi�
ation.� The dete
tor should be hermeti
, with good measurement in the for-ward dire
tion whi
h gains on importan
e the higher the e+e� ps.� Very good lepton identi�
ation and e-� separation are required.� The trigger must be �exible to adapt to new physi
s.



Dete
tor Studies for TESLA 2087The LEP dete
tors are presently gaining experien
e in handling multijetevents at higher energies, and this has turned out to be one of the mostdi�
ult tasks at LEP2. This is the reason for the emphasis on very good jetand energy-�ow resolution for the LC dete
tor.The se
ond point above means putting a reasonable amount of the had-ron 
alorimeter inside the 
oil guarantees that as many of the rea
tion prod-u
ts as possible are dete
ted before the dead region starts. The reasonfor wanting this is simple, but not so easy to quantify: the more that ismeasured and the less that o

urs in dead regions, the less dependent themeasurements are on the Monte Carlo and the smaller are their systemati
errors.The performan
e goals are given in Table I and mat
h the needs ofthe physi
s analysis and the te
hni
al feasibility. They result from the 2ndECFA/DESY LC Study [4℄ and are more ambitious than for the referen
edete
tor of the �rst study. TABLE IDete
tor performan
e goalsVertexing Æ(IPr�;z) � 5�m� 10 �mGeV=
p sin3=2 �Forward tra
king Æpp < 20%, Æ� < 200�radfor 100�250GeV parti
lesdown to lowest polar angle �Tra
king Æptpt2 � 0:6 � 10�4(GeV
 )�1Good parti
le identi�
ation (dE=dx)Ele
tromagneti
 
alorimeter ÆEE � 0:10 1pE � 0:01 (E in GeV)Granularity � 0:9Æ � 0:9Æ;� 3 samples in depthHadroni
 
alorimeter ÆEE � 0:50 1pE � 0:04 (E in GeV)Granularity � 2Æ � 2Æ;� 3 samples in depthMuon dete
tor Fe yoke instrumented as tail 
at
herand muon tra
ker. Toroid or yoke momentumanalysis for forward muons,Æpp < 20% for (� < 15Æ)Energy �ow ÆEE ' 0:3 1pE (E in GeV)Hermeti
 
overage j
os �j < 0:99



2088 R. Settles2. LayoutThe basi
 layout follows the well-proven 
on
ept of tra
king in a magneti
�eld at inner radii and 
alorimetry at outer radii. Figure 1 shows a s
hemati

ross se
tion through the version arising from the �rst ECFA/DESY Study [1℄.Figure 2 gives details of the inner region.

Fig. 1. S
hemati
al layout of one quadrant of the LC Dete
tor

Fig. 2. S
hemati
 layout of the inner region of the dete
tor2.1. Subdete
tor alternativesTable II shows subdete
tor te
hniques being studied within the ECFA/DESY series. This table is being formed stage and thus not 
omplete, andapologies to those doing R&D who are not yet in the list.



Dete
tor Studies for TESLA 2089TABLE IITe
hniques being 
onsidered for the LC dete
torSubdete
tor Te
hnique Labs involvedBarrelVertex dete
tor � CCD � LCFI Group: Brunel,Glasgow, Lan
aster,Liverpool, Oxford, RAL,U.Oregon, UCSB� APS � CERN, Cra
ow,Helsinki, MilanoIntermediate tra
ker � Honey
omb straw tubes � Aa
hen� S
intillating �bres � Zeuthen, ETH Züri
h� GEM � Aa
hen, Brussels,CERN,Helsinki� Si-Strip �Main tra
ker TPC � Gas studies � CERN,Cra
ow� Wire 
hamber readout � LBL,MPI-Muni
h� GEM readout � CERN,DESY,LBL,MPI-Muni
h� Mi
romegas readout � Sa
layPresampler � S
intillating �bers � DESY/IfH-ZeuthenE
al, H
al � Pb,Cu-s
intillator Shashlik � Caleido Coll.: Bologna,CERN,Milano,Padova,Protvino,Serpukov� Shaslik,
rystals,glasses � Intas Coll.: DESY,Lebedev(Mos
ow),Lund,INP-Tashkent� Heavy liquid � UCSC� Sili
on/Tungsten � E
ole Polyte
hniqueTail
at
her, � Resistive plate 
hambers � Bologna,Fras
atimuon identi�er ForwardForward tra
king dis
s � Sili
on strip �Forward muon tra
ker � Tra
king in B-�eld, yoke � Bologna,Fras
ati� Toroids � Bologna,Fras
atiwith honey
omb tubesL
al � Quartz �bre � Fras
ati� Parallel plate � Fras
ati� Liquid s
intillator � Fras
ati� Heavy-gas/GEM � ProtvinoInstrumented mask � Quartz �bre � Fras
ati� Parallel plate � Fras
ati� Liquid s
intillator � Fras
ati



2090 R. SettlesThe di�erent subdete
tors 
hosen in the referen
e design are reviewedbrie�y in the following paragraphs and 
ompared with the alternative being
onsidered.Vertex dete
torEither Charged Coupled Devi
es (CCD) or A
tive Pixel Sensors (APS)
ould provide the performan
e required for a vertex dete
tor. They areregarded as alternatives with R&D programmes 
ontinuing. The advantagesof CCDs are their small pixel size (20�m2, 
ompared with 50�m2 for APSs)and their thinness (30�m of sili
on with very light support stru
tures, givingonly 0.12%X0 per layer, as 
ompared with 0.8%X0 for APS). The advantageof APSs is their robustness in the neutron ba
kground. Sili
on strip dete
torsare shown not to be suitable in the vertex region be
ause of o

upan
yproblems with high multipli
ity events and the photon ba
kground. Theouter two layers of the vertex dete
tor will taper down 
oni
ally at 30Æ atthe outer edge of the barrel to improve the forward tra
king.Intermediate tra
king regionThe intermediate tra
ker aids linking tra
ks from the main tra
ker tothe vertex dete
tor and 
an provide a fast tra
k-trigger, whi
h was the mainreason for having a dedi
ated subdete
tor in the referen
e dete
tor. Nowthe trigger is being redesigned (see Trigger below), as is also this innerregion. Both straw tubes and s
intillating �bers were investigated in the�rst study, and the straw-tube �honey
omb 
hamber� was 
hosen for thereferen
e design as having the advantage of better intrinsi
 resolution andmu
h less material (0.23% X0 total 
ompared with 1% X0 per layer fors
intillating �bers). However now in the se
ond study there is a preferen
efor a 
hamber with 3-dimensional granularity in this region, a small TPC, asmaller inner radius of the large TPC, GEM dete
tor or a layer of Si-stripare in the dis
ussion. The latter would be either the Intermediate Si-striplayer itself forseen in the referen
e dete
tor, whi
h was in
luded to providea pre
ise referen
e for aligning the vertex dete
tor with the TPC and whi
himproves the overall momentum resolution, or an additional su
h layer.Central tra
kerThe TPC main tra
ker has a number of advantages over other te
hniques.It presents the minimum of material for the 
onversion of outgoing photonsfrom beam-beam e�e
ts (2.0% X0 for the inner �eld 
age plus gas, 
omparedwith, for example, 10% distributed over the whole volume for MSGCs). Itsz resolution is better than a jet 
hamber, and it 
an be gated to eliminatethe distortion due to positive ions from the dete
tion planes drifting into



Dete
tor Studies for TESLA 2091the dete
tor volume. It is a 
ost-e�e
tive way of instrumenting a largesensitive volume with high tra
king redundan
y and 3-D granularity, givesreasonable parti
le identi�
ation via dE=dx, is more 
omfortable the largerthe magneti
 �eld and is easy to maintain; but it does require the magneti
�eld to be mapped to better that 10�3. A drawba
k is its 50 �s memorytime whi
h integrates over ba
kgrounds from 100 bun
h 
rossings in the 
aseof hiLTESLA. This is being 
ompensated for by striving for the highestpossible granularity � a few �109 3-D pixels in the gas volume. The variouste
hnigues possible under study for the readout planes are wire 
hambers,GEM and Mi
romegas.Ele
tromagneti
 
alorimeterFor the ele
tromagneti
 
alorimeter, E
al, the Pb-s
intillator Shashlikte
hnique was taken for the referen
e design sin
e it gives better longitu-dinal granularity than a 
rystal 
alorimeter. The performan
e goal for theele
tromagneti
 energy resolution <� 10%=pE does not allow hardware 
om-pensation for the measurement of hadroni
 showers; good longitudinal gran-ularity will enables this to be done in software. Crystals have better energyresolution but physi
s studies have shown that <� 10%=pE will be su�-
ient for most physi
s. In
luded in the referen
e dete
tor was a s
intillating�ber presampler with thin layers of lead 
onverter, whi
h delivers pre
ise
oordinates for shower 
onversions and pre
ise timing information. Liquidargon would involve 
ryostats whi
h redu
e the spa
e for all inner tra
k-ing dete
tors and introdu
e dead spa
e whi
h 
ompromises the hermeti
ity.Shashlik, 
rystals and glasses are still under study, and re
ently the designof a sili
on-tungsten 
alorimeter started whi
h looks very attra
tive.Hadron 
alorimeterAlso for the hadron 
alorimeter, H
al, a Shashlik approa
h was �rst
hosen similar to that for the ele
tromagneti
 layer, but with 
opper as ab-sorber. It would have the �exibility to optimize the granularity and samplingin depth to mat
h the towers to those of the E
al. There will be at leastthree or four intera
tion lengths of 
alorimeter within the 
oil at the equator,with more in the forward and ba
kward towers. The alternative te
hnologiesfor the H
al are similar to those of E
al dis
ussed above.Instrumented ironThe tail-
at
her will use the iron return-yoke of the magnet to measurethe leakage of energy from the ba
k of the hadron 
alorimeter and es
apes the
oil. A powerful muon dete
tor will result from sampling the muon tra
ks inthe iron. Resistive plate 
hambers are likely to be 
heaper and easier to build



2092 R. Settlesthan limited streamer tubes for the same performan
e. Either te
hnique 
analso provide fast triggering for 
osmi
 ray events.Luminosity 
alorimeter and instrumented maskThe luminosity 
alorimeter, L
al, 
overing from about 30 to 55 (30 to85)mrad for TESLA from the beam dire
tion inside the tungsten shieldingmasks, has to measure high energy ele
tron showers � in the presen
e ofintense soft ele
tromagneti
 radiation from beam-beam pair produ
tion andbeamsstrahlung. Solutions based on quartz �bers, parallel-plate 
hambersand liquid s
intillator are being 
onsidered. The instrumentation of thetungsten mask using these te
hnologies is also under investigation in orderto obtain the best possible hermeti
ity. For this appli
ation quartz �bresare a good 
andidate sin
e they are the most robust in a high ba
kgroundenvironment.Forward tra
kingA sequen
e of forward tra
king dete
tors will be used to measure tra
ks
lose to the outer surfa
e of the mask, espe
ially muons and Bhabha ele
trons(for a
ollinearity measurement to give the luminosity spe
trum). Dis
s ofpixel or sili
on-strip dete
tors will be inserted inside the intermediate tra
k-ing and inside the TPC inner 
ylinder (see Fig. 2). Also it is needed tomeasure the sign and the momentum of muons at small angles to the beamdire
tion � e.g. in the study ofW+W� produ
tion or for the absolute 
.m.s.energy determination. Toriods with tra
king 
hambers were proposed for thereferen
e dete
tor. Re
ent studies indi
ate that a 
ombination of the forwardtra
king dete
tors near the IP, outer tra
king planes around the yoke andthe return B-�eld of the dete
tor magnet will yield the desired resolution,so that toriods are probably not needed.MagnetThe magneti
 �eld has two important r�les: it bends 
harged parti
lesfor momentum measurement and it limits beam related ba
kground by im-posing a 
uto� in the transverse momentum of those e+e� pairs from beam-strahlung that enter the dete
tor. A �eld strength of B = 3T was 
hosenfor the referen
e dete
tor as a reasonable 
ompromise between high �eld,large volume and safe te
hnology. The 4T te
hnology is now well advan
edfor CMS, so that this is being re
onsidered for the TESLA dete
tor. Thedimensions of the 
oil are determined by the need to have good momentumresolution and the de
ision to have the ele
tromagneti
 
alorimeter and partof the hadroni
 
alorimetry inside the 
oil. This leads to the 
hoi
e of aninternal 
oil diameter of 6m. In order to provide good tra
king down toj 
os �j = 0:99, good �eld homogeneity is required for the TPC in order to
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tor Studies for TESLA 2093redu
e E �B distortions on the ele
tron drift. Thus the length of the mag-net was 
hosen to be 9.2m. With these dimensions the last quadrupoles areinside the 
oil and sin
e they are super
ondu
ting at TESLA, they have amaximum �eld allowed at the 
ondu
tor, whi
h was 3T in the �rst study. Inthe present 2nd ECFA/DESY LC Study a new design of doublets based onNb3Sn 
ondu
tor, whi
h 
an stand a mu
h higher �eld, so that this wouldno longer be a hinderness for a 4T solenoid for the TESLA dete
tor.DAQ and triggerAt the design luminosity the physi
s rate to be re
orded was expe
ted tobe about 0.1Hz for the �rst version and thus will be about 5 times higherfor the hiLTESLA. Ba
kgrounds expe
ted to be reje
ted by the triggerin
lude those arising from beam-beam e�e
ts, beam-gas intera
tions and
osmi
 rays. There must be �exibility for adjusting the trigger rate due toba
kground to the needs of the experiment.Table III shows DAQ rates for BaBar and LHC along with linear 
olliderexpe
tations from the �rst study. These allow a realisti
 design and a purelysoftware trigger is now being proposed. Compared to the LHC requirements,the data a
quisition for the experiment is not a 
riti
al issue. TABLE IIIComparison of three triggering proje
tsBaBar LHC LCBun
h 
rossing time 4 ns 25 ns 4-708 nsLevel-1 a

ept rate 2 kHz 100 kHz <0.1 kHzEvent building 0.4Gbit/s 20-500Gbit/s 1Gbit/sPro
essing power 103MIPS 106MIPS 105MIPS2.2. Ba
kgrounds, ratesThe sour
es of ba
kground are beam-beam e�e
ts, syn
hrotron radia-tion and debris from the �nal quadrupoles, and muon ba
kgrounds arisingfrom upstream sour
es. The main ba
kgrounds are due to beam�beam ef-fe
ts. Table IV gives an overview of some ma
hine properties and relatedba
kground rates.Via the beam-beam intera
tion, ea
h bun
h 
rossing o

urring withinthe time resolution of a subdete
tor may produ
e parti
les in addition tothose of a real physi
s event triggered by a di�erent bun
h in the train.The row labeled �Minijet ev./100 ns, pminT = 3:2GeV=
� gives a measure ofthe probability of having sti� parti
les from underlying hadroni
 events ina good physi
s event for a typi
al subdete
tor with a timing resolution of100 ns.



2094 R. Settles TABLE IVTable of some ma
hine properties and related ba
kgroundsPrev. TESLA hiLTESLA JLC/NLC[Units in bra
kets℄ 0.5TeVBeam propertiesL [1033 
m�2s�1℄ 6 31 7Trains/s 5 5 120Bun
hes/train 1130 2820 95Interbun
h spa
ing 708 ns 337 ns 2.8 nsNe� per bun
h [1010℄ 3.6 2.0 0.95Nbeamstr:
 per e� 2.0 1.6 1.1ÆB [%℄ 2.5 2.7 3.8Ba
kgrounds/bun
hNbeamstr:e�/bun
h 
rossing 31 45 10� > 150mrad, pt > 20MeV=
Hadr.ev./bun
h 0.13 0.23 0.08E

�
:m:s: � 5GeVMinijet ev./bun
h [10�2℄ 0.30 0.59 0.20pminT = 3:2GeV=
 Ba
kgrounds/100 nsNbeamstr:e�/100 ns 31 45 357� > 150mrad, pt > 20MeV=
Minijet ev./100 ns, 0.003 0.006 0.07pminT = 3:2GeV=
Hadr.ev./100ns 0.13 0.23 2.8E

�
:m:s: �5GeV Physi
s events per hourBhabha 3200 17600 3700W+W� 140 770 160t�t 15 82 18ZHSM 1.2 7 1.4REFERENCES[1℄ Con
eptual Design of a 500 GeV e+e� Linear Collider with Integrated X-rayLaser Fa
ility, eds. R. Brinkmann, G. Materlik, J. Rossba
h and A. Wagner,DESY 1997-048/ECFA 1997-182, Vols. I and II.[2℄ S. Aïd, A. Andreazza, P. Bambade, G. Bardin, T. Barklow, W. Bartel,M. Battaglia, R. Bellanzzini, S. Bertolu

i, G. Blair, R. Brinkmann, I. Bro
k,R. Brown, J. Bürger, P.J. Bussey, M. Ca

ia, C. Cavata, P. Che

hia,G. Coignet, P. Colas, P. Clarke, C. Damerell, G. Daskalakis, M. David,
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