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Chapterr 2 

DELPHII experiment 

DELPHII  (DEtector with Lepton, Photon and Hadron Identification), is a detector for e+e 
physics,, with special emphasis on particle identification, three-dimensional tracking infor-
mation,, high granularity and precise vertex determination. It is installed at the Large Electron 
andd Positron collider (LEP) at CERN where it has operated since 1989. Figure 2.1 shows a 
cut-awayy view of the DELPHI detector, which consists of a central cylindrical (or "barrel") 
sectionn and two end-caps (or "forward" sections), one of which is shown; the overall length 
andd diameter are over 10 m. 

Bunchess of electrons and positrons travel in opposite directions inside the vacuum pipe 
(shownn as the black tube through the centre) and meet in the middle of the detector. Occa-
sionallyy an electron and a positron pass close enough to each other to collide and annihilate 
eachh other. The products of the annihilation fly radially outwards. 

Thee DELPHI detector has been described in detail elsewhere [15]. Only the components 
relevantt for this analysis wil l be discussed. The adopted reference frame is a right-handed 
framee with the z axis along the direction of the incoming e~ beam. The polar angle 6 is 
definedd with respect to this axis, the azimuthal angle o in the Ro plane orthogonal to this 
direction. . 

2.11 The tracking system 

Inn the barrel region, the Tracking System is composed of cylindrical coaxial detectors: the 
Vertexx Detector (VD), the Inner Detector (ID), the Time Projection Chamber (TPC) and the 
Outerr Detector (OD). In the forward region (11° < 0 < 33° and 147° < 0 < 169°) the 
trackingg system is completed with two sets of drift chambers placed at  160 cm (FCA) and 

 270cm(FCB)in z. 

AA super-conducting solenoid surrounding the whole tracking system—7.5 m long and 
withh inner diameter ƒ?„, = 5.2 m—generates a high magnetic field of 1.23 T coaxial with 
thee beam direction. It is used for the measurement of the charged particle momenta. The 
trajectoryy of each charged particle is a helix in this magnetic field with a radius proportional 
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Figuree 2.1: A schematic cut-view of DELPHI detector 
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too the transverse momentum of the particle. The average momentum resolution, depending 
onn the detectors included in the fit, ranges from óp/p2 ~ 0.001 to 0.01 (GeV/c)^1. 

Inn the following DELPHI'S tracking sub-detectors are described starting from the centre 
off  the detector towards larger radii. 

Thee Vertex Detector 

Thee Vertex Detector (VD) is the detector nearest to the interaction region. It consists of 3 
concentricc layers of silicon micro-strips located at average radii of 6.3 cm, 8.8 cm and 10.9 
cm.. Each layer has 4 modules in the z direction and 24 modules in R4>. For polar angles 
off  44° < 6 < 136°, a particle crosses all three layers of the VD. The VD provides R(p 
coordinatess of charged tracks close to the interaction point. This improves the reconstruction 
off  the primary vertex and of secondary vertices from heavy flavour decays. At the start 
off  1994, the first (Inner) and third (Outer) layers were equipped with double-sided silicon 
detectors,, giving also measurements in the z direction. The polar angle coverage of the inner 
layerr was increased to 25° < 9 < 155°. The performance indicator for a vertex detector is 
thee resolution on the impact parameter. The impact parameter is the distance between the 
primaryy vertex and the track at its closest approach to this vertex. The uncertainty of the 
impactt parameter as a function of momentum and polar angle, 9, can be parameterised for 
thee DELPHI detector by: 

65 5 
uiuuiu = 20 © j — /mi 

p[GeV/c]]  sin*  9 
75 5 

ORZORZ = 39 © — —  — --7— u m 
p[GeV/c]]  sin3 9 

Theree are two contributions: the first one comes from the single point (hit) resolution of the 
siliconn detector and the second one is determined by the multiple scattering in the material 
off  the detector. On average the equivalent point precision is 10.8 /mi in R<p and 13 //m in 
Rz. Rz. 

Thee Inner Detector 

Thee Inner Detector (ID) is a cylindrical wire chamber covering polar angles between 29° and 
151°° with inner radius of 12 cm and outer radius of 28 cm. It immediately surrounds the 
Vertexx Detector and consists of two major parts: the Jet Chamber and the Trigger Layers. 

Thee Jet Chamber occupies the region between 12 cm and 22 cm radii and is segmented 
azimuthallyy into 24 sectors. Each sector is a separate drift chamber with the electric field 
arrangedd in such a way that drifting electrons—ionization electrons created in the gas by 
chargedd particles passing through the chamber—have a constant angular velocity towards 
thee centrally located anode plane. The anode plane comprises 24 anode wires. The drift time 
informationn of (up to) 24 anode wires gives an accurate Ro track element of about 10 cm 
long.. The single wire precision varies from 75/mi to 125 //m depending on the drift distance. 
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Thiss corresponds to a local track element precision of a (Rep) — 50/mi and o{(p) — 1.5 mrad. 
Thee measured position of the local track element has a left-right ambiguity. 

Thee Trigger Layers are located between radii of 23 cm and 28 cm. They consist of 5 
layerss of Multi Wire Proportional Chambers (MWPC's). For an isolated track the z precision 
fromm a single MWPC layer varies from 0.5 to 1.0 mm depending on 9. 

Fromm the beginning of 1995 a new longer ID is in use. The polar angle acceptance has 
beenn increased to 15° < 9 < 165°. The Jet Chamber has exactly the same wire configuration 
ass the previous one. It has an average single wire precision of 85//.m and local track element 
precisionn of a {Ré) = 40//m and a{o) = 0.89 mrad. Surrounding the Jet Chamber there are 
noww 5 cylindrical layers of straw tube detectors (192 tubes per layer) measuring Rep. There 
iss no longer any z measurement. 

Thee Time Projection Chamber 

Thee Time Projection Chamber (TPC) is the main tracking device of DELPHI. It provides 
three-dimensionall  information on the trajectories of charged tracks. It is a cylinder—inner 
radiuss 30 cm, outer radius 122 cm and 2.7 m long—divided into two drift volumes which 
aree separated by a HT (High Tension, -20kVolts) plate producing an electric field of 150 
Volts/cm.. A charged particle crossing the TPC produces by ionization around 70 electrons 
perr cm traversed in the gas—a mixture of 80% Argon {AT) and 20% Methane (CH4) at 
atmosphericc pressure. Under the action of the electric field these primary electrons drift 
towardss the end plates, which are equipped with MWPCs. The MWPCs are arranged in 
60°° segments. In total there are 2x6 segments. Each MWPC has 16 cathode pad rows 
concentricc with the beam pipe. For polar angles in the range 39° < 6 < 141°, they allow 
thee reconstruction of (up to) 16 space points per particle trajectory at radii between 40 and 
1100 cm. For polar angles 20° < 9 < 160° at least three space points are available per track. 
Inn front of the pad plates there is the anode grid which contains 192 sensitive wires per sector. 
Thee charge deposited by each track on these wires is used to estimate the energy loss of the 
particlee (dE/dx). 

Thee TPC has an average single point resolution of 230 /mi in the Ro plane and 900 /mi 
inn z. The double track separation was measured to be An0 — 2cm and A ; = 1cm. The 
resolutionn of the dE/dx measurement for minimum ionising particles is 6.2%. 

Thee Outer Detector 

Thee Outer Detector (OD) consists of 5 layers of drift tubes located between radii of 197 
andd 206 cm. The 4.7 m long drift tubes with cross-sections of 1.65x1.65 enr operate in 
thee limited streamer mode. Successive layers are staggered and adjacent modules of 24 
azimuthall  sectors overlap, giving full azimuthal coverage. The polar angle acceptance is 
42°° < 9 < 138°. The single point precision in Ro is 110 /mi independent of the drift 
distance.. Three internal layers are equipped with TDCs to measure the r coordinate by 
timingg the signals at the ends of the anode wires. The precision in the z coordinate is a{z) -
3.55 cm. 
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Thee OD has a fast readout, which allows the information to be used in the trigger. 

Thee Forward Chamber A 

Att each side of the TPC, three modules of the Forward Chamber A (FCA) are mounted. 
Theirr distance to the interaction point amounts to about 160 cm in z. A module consists of 
22 staggered planes of drift tubes, operated in limited streamer mode. The wire orientation 
inn successive modules is rotated by 120°. The FCA covers polar angles of 11° < 6 < 32° 
andd 148° < 9 < 169°. The reconstructed track elements have a precision of a(x) — 290/im, 
a(y)a(y) = 240/im, a{6) = 8.5mrad. a(cp) averaged over 9 is 24 mrad. 

Thee Forward Chamber B 

Thee Forward Chamber B (FCB) is a drift chamber at a distance of about \z\=215 cm from 
thee interaction point. The chamber consists of 12 sense-wire planes. The planes in groups 
off  four have wire orientations of ° with respect to the x-axis. The sensitive area of FCB 
correspondss to polar angles of 11° < 9 < 36° and 144° < 6 < 169°. The track elements are 
reconstructedd with resolutions a(x,y) - 150 //m, a(9) = 3.5 mrad and a((p) =4.0 mrad/sin#. 

Thee Muon detection system 

Thee Muon detection system is divided into three parts: the Barrel MUon chambers (MUB), 
Thee Forward MUon chambers (MUF), and, since 1994, an additional layer of Surrounding 
Muonn Chambers (SMC). All chambers are simple drift chambers positioned inside and on 
thee outside of the iron yoke (see Figure 2.1). 

Thee MUB consist of 1372 drift chambers arranged in 24 sectors on the A (z < 0: 
91.5°° < 0 < 127.0°) end and C (z > 0: 53.0° < 9 < 88.5°) end of DELPHI. Each 
sectorr contains three modules of chambers, the inner module is embedded in the HCAL, the 
outerr and peripheral modules lie on the outside of DELPHI. The peripheral modules cover 
thee holes in the coverage of the other modules in adjoining sectors. The resolution obtained 
forr extrapolated tracks is ~ 0.3 cm in R<p and ~ 1.8 cm in z. 

Bothh arms of the MUF consist of two layers of chambers covering the angular regions 
9°° < 6 < 42° and 138° < 9 < 171°. One layer is located inside the yoke after 85 cm of iron 
andd the second is 30-cm away from the yoke. The resolution is ~ 5 mm in the xy plane. 

Thee SMC fill s the gap between the barrel and forward regions: 42° < 9 < 53° and 
127°° < 0 < 138°. It provides space point measurements with an accuracy of about 1 cm. 

2.22 Energy measurement 

Thee energy of electrons and photons is measured with an electromagnetic calorimeter. It 
iss based on the fact that electrons and positrons radiate a considerable part of their energy 
ass photons when decelerated in the intense field close to a nucleus. This radiation is called 
bremsstrahlung.. The intensity of this radiation is inversely proportional to the square of 
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thee mass of the incident particle. This affects in particular electrons and positrons, which 
aree stopped in the calorimeter, while hadrons (7^, K , p, p) and muons, /1, will generally 
passs through. Moreover, photons with energy above 2mec

2 may convert to an electron-
positronn pair in the electric field of a nucleus. Electrons and positrons which emerge from 
aa conversion can, if energetic enough, radiate further bremsstrahlung photons which in their 
turnn may convert. The result is that an electromagnetic shower develops containing a roughly 
equall  mixture of electrons, positrons and photons. 

Thee barrel electromagnetic calorimeter, HPC, is located inside the magnetic field. It 
consistss of 144 modules arranged in 6 rings inside the magnetic field along the length of the 
detector.. Each ring consists of 24 modules, each with an inner radius of 208 cm and an outer 
radiuss of 260 cm. A module is a small TPC. Lead layers serve as converter material and 
providee a drift field. The total converter thickness is 18X0/ sh\9. In the module there are 
1288 pads arranged in 9 rows. Electron and positrons produced in the electromagnetic shower 
createe ionisation electrons in the gas volume, and these electrons deposit the charge on pads. 
Thee charge collected on a pad is sampled in 256 time slots, providing very high granularity 
inn z. The shower position is measured with ag = 1 mrad and 0$ - 1.7 mrad. The energy 
resolutionn of photons/electrons can be parametrised as a(E)/E = 0.043 © 0.32/y/£'[GeV]. 

Thee forward electromagnetic calorimeter, FEMC, consists of two arrays of 4532 Cherenkov 
leadd glass blocks; the front faces are placed at \z\ « 284 cm, covering the polar angles 
8°° < 9 < 35° and 145° < 9 < 172°. The blocks are truncated pyramids with inner (outer) 
facee dimensions of 5.0 x 5.0 (5.6 x 5.6) cm2 and depths of 40 cm, corresponding to 20 ra-
diationn lengths. Each block is mounted in such a way that it points towards the interaction 
region.. A tilt of ~ 1° was applied to avoid particles escaping undetected, through the cracks 
betweenn the blocks. The Cherenkov photons induced by the electron and positrons in the 
showerr are read out by a photo-multiplier, coupled to a low noise preamplifier. The energy 
resolutionn can be parametrised as a(E)/E = 0.03 0 0.12/̂ /E\Ge\F\ © 0.11/E. 

Thee energy of neutral and charged hadrons—7r+, K+, p, K", n and their antiparticles— 
iss measured in hadron calorimeters. In order for hadrons to stop many interaction lengths 
off  material are required. In DELPHI an iron-gas hadron calorimeter is used, the HAC. The 
HACC consists of the iron return yoke of the super-conducting magnet instrumented with 
limitedd streamer mode detectors. The resulting sampling gas detector detects showers either 
alreadyy initiated in the material detector in front of the HAC, or in the calorimeter itself by 
thee incidence of neutral and charged hadrons. The hadron calorimeter covers almost the full 
solidd angle: 11° < 9 < 169°. In the barrel region 52° < 9 < 128° the total thickness 
iss 7/sm8 hadronic interaction lengths and the energy resolution is found to be a(E)/E = 
0.211 © 1.12/y/E[GeV], The fixed term in this expression is due to the material between 
thee hadron calorimeter and the electromagnetic calorimeter. The resolution achieved in z is 
approximatelyy 10 cm. 
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pp (GeV/c) 

Figuree 2.2: The TPC dE/dx measurement versus momentum. 
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2.33 The identification system 
Ass mentioned in the beginning, DELPHI is a detector with special emphasis on particle iden-
tification.. It has determined the choice as well as the position of the sub-detectors, i.e., the 
TPC,, the electromagnetic calorimeters (HPC and FEMC), the hadron calorimeter (HAC), the 
muonn chambers (MUB, MUF and SMC) and the ring imaging Cherenkov detectors (BRICH 
andd FRICH). The use of Cherenkov detectors makes DELPHI unique among the four detec-
torss installed and operated at LEP. 

Thee identification of particles makes use of the measured ionization loss per unit path 
lengthh (dE/dx) in the TPC, information of the Ring Imaging Cherenkov detectors, infor-
mationn from the electromagnetic and hadronic showers in the electromagnetic and hadron 
calorimeters,, and information about a possible track in the muon chambers. 

Thee Charged Hadron identification: pp. K-. TT-

Thee ionization loss per unit path length in a medium (e.g., the gas of the TPC) of a singly 
chargedd particle with velocity 3c (8 — pj E) is inverse-proportional to 8 and directly pro-
portionall  to a logarithm of 7 (7 = l / \ / l — [3c)1). If the momentum of a charged particle 
iss measured, one can say which mass hypothesis is more probable to have a particular ion-
izationn loss—p. K,7r,/i,e (see Figure 2.2). The RICH provides a more powerful tool for 
pp.. K^, ^-identification. These detectors and their use for particle identification wil l be 
discussedd in detail in the following two chapters. 

Thee Electron and Photon identification 

Electronn and photon identification is provided by the electromagnetic calorimeters—the 
Highh density Projection Chamber (HPC) in the barrel region and the Forward Electro-Magnetic 
Calorimeterr (FEMC) in the forward region—using the tracking information from the Track-
ingg System. The clusters of energy deposition in the calorimeters are associated with tracks 
reconstructedd by the Tracking System. If a cluster cannot be associated with a track, then it is 
assumedd to be due to a photon. If a cluster can be associated with a track and the momentum 
off  the track corresponds to the energy of the cluster then the track is identified as an electron. 

Thee Muon identification 

Muonss are identified by comparing the extrapolations of reconstructed tracks with hits in 
thee muon drift chambers. Muons with momentum larger than 2 GeV/c reach the Muon 
Chambers. . 


