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Chapterr  1 

Introductio n n 

Thee quest of mankind to explain all phenomena as interactions between basic con-
stituentss of matter, dates back many centuries: it ranges from the division into the 
basicc building blocks of Earth, Water, Wood, Metal and Fire many centuries BC, to 
thee division into the Proton, Neutron, Electron, Electron-neutrino and the Photon 
somee fifty years ago and to the present day picture in which leptons and quarks play 
aa fundamental role. 

Wee learn about the way something is constructed by taking it apart, and re-
assemblingg it. It appears that the smaller the objects of study are, the more energy 
iss needed to take them apart. Therefore, the deeper we probe into the world of the 
smallestt particles, the more energy is needed. Experiments developed from tabletop 
sizee to the vast 27 km circumference accelerator near Geneva, Switzerland, with which 
wee performed our measurements. High energy physics deals with the study of elemen-
taryy particles and their interactions. 

Thee analysis presented in this thesis deals with a specific class of decays of the 
heaviestt lepton we know, the r lepton. We measure the exclusive one prong kaon 
productionn in r decays, i.e. r -* KuT, where 'one-prong' stands for one charged 
particlee in the final state. Because of its large mass of 1.8 GeV \ the r is the only 
leptonn which can decay into hadrons. This feature provides us with a tool to study the 
couplingg of leptons to hadrons, in particular, to confront the theoretical prediction for 
aa specific decay rate with measurement. 

Inn chapter 2, the current model of elementary particles and their interactions is 
brieflyy discussed. In Chapter 3, the DELPHI experiment is introduced and discussed. 
Inn the analysis presented in this thesis, we discriminate neutral particles from charged 
particless with the electromagnetic calorimeter of DELPHI. In chapter 4 this detector is 
describedd and methods for identifying electrons are discussed. In our experiment, we 
usedused the Ring Imaging Cherenkov (RICH) detector of DELPHI to identify kaons on 
aa track-by-track basis. The design, the working principle and the performance of the 
RICHH are discussed in chapter 5. In chapter 6, the r event selection is discussed. The 

'Throughoutt this thesis we used the convention h = c = 1. 
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particlee identification of our final data sample using the RICH is described and results 
aree given for two identification methods. Then, the final results on the branching ratio 
TT —*  KvT are presented, and a comparison is made with other results on the branching 
ratioo r —  KvT. 



Chapterr 2 

Theory y 

2.11 Introductio n 

Inn present day experimental high energy physics, the main goal is to investigate the 
stilll  unverified aspects of the very succesful theory of electromagnetic, weak and strong 
interactions.. The model we have for describing these interactions is known as the 
Standardd Model. So far, experimental results have shown excellent agreement with 
predictionss of this model. However, there are indications that this model is not the 
finalfinal word. For instance, it does not predict the masses of elementary particles and the 
numberr of generations of fundamental fermions. Moreover, gravitation is not incorpo-
ratedd in the model. 

AA number of extensions of the Standard Model are under consideration to provide 
explanationss for these questions. So far, no experimental indications have been found 
onn the direction to follow. One approach to find such indications is through the study 
off  rare processes at energies now available. The topic of this thesis, single prong kaon 
productionn in r decays, focusses on one of these processes. 

Thee Standard Model is formulated as a gauge field theory. In the following sections 
thee Standard Model prediction for single prong kaon production in r decays is given, 
andd possible effects of physics beyond the Standard Model are discussed. 

2.22 A brief look at the Standard Model 

Thee Standard Model is described by the UY(1) ® SUL{2) ® SUC(S) groups. The 
Uy{l)Uy{l)  ® SUL(2) group describes the electro-weak interactions. Masses are introduced 
byy spontaneous breaking of the SUL{2) symmetry. Uy(l) mixes with SUL(2), one un-
brokenbroken generator remains and is identified as the photon, the other three generators 
aree broken and become massive. They are the Z°,W~ and W+ bosons, the carriers of 
thee weak force. The gauge fields needed to retain S£/c(3) invariance are called gluons. 
Theree are eight gluons and they are the mediators of the strong force. 

7 7 
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Tablee 2.1: The three generations of the Standard Model. The charge Q is expressed 
inn units of elementary charge. T is the weak isospin. Included are the righthanded 
neutrino'ss but we note that they do not participate in electroweak interactions. 

Thee gauge fields enter in the covariant derivative which reads in general: 

D D „„  = 0  ̂+ ieA„Y + -gB^ <j<j  + igsGu,  A (2.1) ) 

wheree Y is the hypercharge (Q = T3 +  a the generators for SU(2) and A those 
forr SU(3). The fields A^, B^, and G  ̂ are the gauge bosons needed to retain Uy{l), 
SUL(2)SUL(2) and St/c(3) invariance. They stand for the photon field, boson field and gluon 
fieldfield respectively. The subscript s in #s denotes strong interaction. See for an explicit 
formulationn of the total Lagrangian for instance [1]. 

InIn table 2.1, the three generations of fundamental fermions are listed per multiplet 
withh their quantumnumbers. We note that the quarks in table 2.1 are the SUL{2) 
eigenstates.. The SUL{2) doublet for quarks is L = f ü d'j , where the prime indicates 
aa linear combination of mass eigenstates. The transformation between the two different 
bases,, i.e. between SUL(2) and the real mass eigenstates (d, s and b) , is given by the 
Cabibbo-Kobayashi-Maskawaa matrix: 

d'\d'\ (V* Vus Vub\ ( d 
s's' = Krf Vcs VA\\ a 

yy v vtd vts vtb \ b 
(2.2) ) 

Thee Cabibbo-Kobayashi-Maskawa matrix is unitary and complex. The four matrix 
elementss in the upper left corner can be approximated by: 

cos#c c 
—— sin 8 c 

sinn 9c 
coss 9c ){'.) ){'.) (2.3) ) 
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Thee 2 x2 matrix thus obtained has one degree of freedom, the angle 6Q- This angle is 
knownn as the Cabibbo angle and plays a crucial role in the analysis presented in this 
thesiss [2]. 

2.33 Effective Theory and cross sections 

Inn this section we will calculate hadronic decay rates of the r lepton, the decay of 
forr instance r to K is depicted in figure 1(a). Hadrons are particles which consist of 
quarks. . 

Thee rate of a decay can be expressed as follows: 

* ^ M ! ( 2 . W & r , ) n ^^  (2-4) 

wheree the subscript ƒ denotes all final state particles, d the decaying particle and the 
matrixx element M contains the details of the process involved. The general form for a 
decayingg r is: 

A 4 ~ GF i v / * ( l + 7
5 ) r Jaa (2.5) 

wheree vry
a (1 -f 75) T = vT (7**  — 757a) r represents the charged current connected with 

thee r and Ja denotes the current it couples to. This coupling is known as the V-A 
coupling,, referring to vector (7°) and axial vector (7s7") couplings. We note that: 

VrlVrl aa (l + 75) T = vT\ (l - 7
5) 7« (l + 7

5) r = 2I7TL7«TL (2.6) 

Thiss term comes directly from LpL where L is the lepton doublet. The hadronic 
currentt Ja can be found from (2.6) by the substitutions vr —> u and r —  d'. Remember 
that2 2 

d'd' = Vudd+ Vuss = cos6cd + sin 6cs (2.7) 

Thiss leads to the introduction of the Cabibbo angle 0c in the decay rate3. The constant 
GpGp in (2.5) is called the Fermi constant. This constant can be expressed as: 

GGFF = V 2 - 4- (2.8) 
877% % 

Thee actual coupling of a W to a us charged current can be calculated. However, it 
iss not a free us pair which is formed, but a quark anti-quark state which is called 
aa meson. It is not clear how to calculate this bound state from first principles. We 
thereforee need an effective description for the coupling of the W to the meson. 

2Wee neglect the third generation quarks. 
3sin0c»O.23 3 
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Tablee 2.2: Quantum numbers of r decay channels 

Fourr years before the actual discovery of the r lepton, Tsai [3] systematically calcu-
latedd all hadronic modes of the r decay. The coefficients a and v are spectral functions 
dependingg on the squared momentum of the final state particles, q2. 

Forr the total hadronic decay width for the r we obtain: 

G%G% f(mT—Tnv)
2 

r ( rr -> hadrons + vT) = ƒ 3 I dq2(m2
T - q2)2 x (2.9) 

{cos{cos2200cc [(m2
T + 2q2)(Vl(q

2) + ax(q
2)) + m2

T(v0(q
2) + a0(q

2))} + 

sinsin2299cc [(m2
T + 2q2)(v{(q2) + al(q2)) + m2

r(v
s
0(Q

2) + <(Q%} 

wheree the a and v denote axial-vector and vector parts, the superscript s denotes 
strangenesss and the subscripts indicate the spin of the hadron. In table 2.2 the quantum 
numberss are given together with the possible decay modes. 

2.3.11 The decay r —  KvT 

Inn this thesis we are concerned with one prong hadronic decays of the r lepton. A one 
prongg decay is a decay with one charged track in the final state. The most interesting 
channell  is r —  KuT. This decay is Cabibbo suppressed, which means that the 
couplingg of the W to the K involves terms of sin2 9c where the Cabibbo allowed decay 
intoo n has cos2 9c- Relative to the Cabibbo allowed decay, the suppressed channel has 
aa very low rate (r —  TTUT : r —  KvT ~ 20 : 1). Therefore any additional interaction 
whichh is not present in the current model, will affect the Cabibbo suppressed decay 
relativelyy more than the Cabibbo allowed decay. Both the coupling of the W to the 
usus charged current and the formation of the two quark bound state are hidden in the 
couplingg fx- By definition, this factor fn is also present in the process K —> \iv^ 
seee figure 2.1. To be more specific, both matrix elements M are identical and T differs 
onlyy in phase space. By taking the ratio of the two rates, the factor fa cancels and 
enabless a precise calculation of exclusive kaon production in r decays. Although the 
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(a)) T decays to a kaon (b) Kaon decays to a muon 

Figuree 2.1: Feynman diagrams of weak decays 

precisionn with which we can calculate this process turns out to be much higher than 
wee can presently achieve experimentally, we can set a limit on additional interactions. 
Thee T —> Kvr width is found by substituting 

agfa2)) = 2nfKS(q2 - m\) (2.10) 

intoo equation (2.9) and yields: 

r(rr - Kur) = ̂ GlfKŜ ecml (l -  ̂ (2.11) 

Ass mentioned before, the process K —> ui/  ̂is similar to r —  KvT apart from phase 
spacee factors. The rate is given by: 

11 ( m2\2 

T{KT{K -»,u/M) = -G\Hsin20cmlmK \l - - ^ J (2.12) 

Thee relation between the width T and the branching ratio BR is given by: 

r,r, = ^BRt, T = (rr)  (2.13) 

forr some decay i. By taking the ratio of equations (2.11) and (2.12), we find: 

BR(TBR(T -* KvT) = — x TT x BR{K -»fivJ x ƒ(m„, mK, mT) (2.14) 

Here,, f(mtl,mK,mT) follows from taking the ratio. It is a function of the particles 
massess only and is given in appendix B. Decker and Finkemeier calculated radiative 
correctionss for the ratio [4]: 
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TT \ T 

\9T\9T = 1 ffus = sin 0 

(a)) Standard Model interaction (b) A different scenario 

Figuree 2.2: Standard Model couplings and extensions 

andd found 6RT/K = (0.90  0.22) • 10"2. Here, the parameter SRr/K is defined by: 

RRT/KT/K = R°T/K (l + 6RT/K) (2.16) 

wheree the superscript 0 denotes the prediction without radiative corrections. Other un­
certaintiess come from the lifetime measurements and the branching ratio measurement 
off K —> fiv,,. 

Insertingg the lifetimes, the branching ratio BR(K —* fiv^), and the masses of the 
particless in ƒ, we find: 

BR(TBR(T -> KvT) = 0.72  0.01% (2.17) 

2.3.22 Additional interactions in r —• Kvr 

Thee determination of the branching ratio r —> KvT enables us to identify or to set 
aa limit on additional interactions. This is done by again calculating the ratio (2.15). 
Thiss time, the calculation is led by the most general principles. Instead of the V-
AA Lorentz structure described in the previous section, we added an interaction with 
aa general Lorentz structure in M. In appendix B the details of the calculation are 
given.. The result of the calculation can be compared with the ratio (2.15) found by 
substitutingg the measured values in the numerator and denominator. This leads to a 
limitt on additional interactions as we will see. 

Thee physical interpretation of the general Lorentz structure is that we allow any 
bosonn to propagate between the r and the vT on one side and the K on the other side 
ass shown in figure 2.2. Of course, the same scenario applies for the case K —»jtti/„. In 
ourr derivation we considered spin 0 and spin 1 bosons with different vector axial-vector 
couplings. . 

Forr the specific decays we are interested in, the difference between a spin 0 or a 
spinn 1 boson is that the latter introduces factors mT and mM for the numerator and 
denominatorr of equation (2.15) respectively (see appendix B). 
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Wee investigated three scenario's, they are an additional interaction of the normal 
V-AA Lorentz structure, a V+A Lorentz structure and a pure V or A Lorentz structure. 
Thee following relations apply: 

V-A: : 

V+A : : 

Rr/KRr/K = ( l + 2^^(9'r ~ Sfj\ f(m^mKtmT) (2.18) 

Rr/KRr/K = f 1 + {^^) - (JJuƒ) /K , mKt mT) (2.19) 

Puree V or A: 

,''  „ ' 
RT/K=[1RT/K=[1 + ^Ar - sin 6cg^g'ua I f(m^mK, mT) (2.20) 

Thee factors g'us, g'T and g'  ̂ denote couplings to the new boson, the effect of which 
iss enhanced by the sin#c in the denominator. By inserting the value for ƒ and the 
measuredd value for R, we can set a limit on the combination of the new couplings as 
givenn above. 
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Chapterr 3 

Thee DELPHI detector 

3.11 The LEP collider 

DELPHII  is one of the four experiments at the Large Electron Positron collider (LEP) 
att CERN, Geneva. LEP is an accelerator and storage ring for counter rotating bunches 
off  electrons and positrons with a circumference of 26.7 km located at a depth of about 
1000 m. In figure 3.1 a schematic view of the location of the accelerator and the four 

Genevaa Airport 

Figuree 3.1: LEP and the PS/SPS injector chain configuration 

15 5 
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Year r 
1990 0 
1991 1 
1992 2 
1993 3 
1994 4 
1995 5 
Tota l l 

LL in pb 1 

6. 5 5 
10. 0 0 
24. 0 0 
35. 3 3 
47. 5 5 
33. 5 5 

156. 8 8 

Mode e 
sca n n 
sca n n 
peak k 
sca n n 
peak k 
sca n n 

hadroni cc  Z°' s 
1255 k 
2755 k 
7511 k 
7555 k 

14844 k 
7500 k 

41400 k 

Tablee 3.1: Integrated luminosities (L) taken by DELPHI since the start of LEP 

detectorss is given. 
Dependingg on the mode of operation, the electron and positron beams in the ac-

celeratorr each consist of four or eight discrete bunches. They collide in four points. 
Inn four bunch mode, the bunch crossing frequency is about 45 kHz. In other words, 
theree is a 22 /xs period between successive bunch crossings. At each interaction point 
aa detector is installed: L3, Aleph, Opal and DELPHI. 

Inn the first phase of LEP operation, electrons and positrons are collided at centre-
of-masss energies close to the Z° resonance (about 45 GeV per beam). If an electron 
andd positron annihilate, they make a Z° at rest. Some years have been dedicated to 
runningg at the peak of the resonance, other years to energy scans over the resonance. 
Thee event rate per unit of cross section is given by the luminosity, which is a function 
off  the particle densities of the bunches, the revolution frequency and the size of the 
crossingg bunches. 

Thee peak cross section for the process e+ê  —> Z° is about 44 nb. The number of 
Z°'sZ°'s produced is found by multiplying the cross section with the integrated luminosity. 
Thee Z°'s decay for about 70 % (about 31 nb) to hadrons, 10 % to charged leptons, 
andd the remaining 20 % decay to neutrino pairs, invisible for the detectors. In table 
3.11 integrated luminosities taken by DELPHI and collected Z°'s are listed per year. 

3.22 Components of the DELPH I detector 

DELPHII  -DEtector with Lepton, Photon and Hadron Identification- (see figure 3.2) 
iss a general purpose detector with emphasis on particle identification. To this end 
DELPHII  is equiped with Ring Imaging Cherenkov detectors (RICH). Ionisation energy 
losss measurements in the Time Projection Chamber (TPC) provide an additional way 
off  identifying particles in DELPHI. 

DELPHII  is a cylindrical detector. It has a barrel part and two end caps. All barrel 
detectorss form concentric cylindrical shells around the beam axis. The DELPHI coor-



3.2.3.2. Components of the DELPHI detector 17 7 

Forwardd ChamberA 

Forwardd RICH 

Forwardd Chamber B 

Forwardd EM Calorimeter 

Forwardd Hadron Calorimeter 

Forwardd Hodosco 

Forwardd Muon Chambers 

Surroundd Muon Chambers 

DELPHI I 

Barrell  Muon Chambers 

Barrell  Hadron Calorimeter 

Scintillators s 

erconductingg Coil 

ighh Density Projection Chamber 

Outerr Detector 

Barrell  RICH 

Smalll  Angle Tile Calorimeter 

.drupole e 

Veryy Small Angle Tagger 

Beamm Pipe 

Vertexx Detector 

Detector r 

Timee Projection Chamber 

Figuree 3.2: Schematic view of the DELPHI detector 
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dinatee system is such that the z-axis coincides with the beam-axis where the positive 
zz runs in the direction of the e~ beam. The x-axis is perpendicular to the z-axis and 
iss directed to the centre of the ring, the y-axis is perpendicular to the x- and z-axes to 
completee a right handed coordinate system. 

Thee RICH detector is described in detail in chapter 5. In this chapter we briefly 
describee the other detector components. 

Trackin gg detectors 

Trackingg detectors provide information about the trajectory of a charged particle. 
Thee operation is based on ionisation. The curvature of a particle's trajectory in the 
DELPHII  magnetic field is used to obtain its momentum. The field is produced by a 
superconductingg solenoid. The solenoid has a length of 7.4 m and an inner diameter 
off  5.2 m. The field strength produced is 1.2 T. In the magnetic field, charged particles 
wil ll  follow a helical trajectory. If r is the radius of curvature and C, the pitch angle, the 
relationn is given by: 

pcos<< = 0.3.Br (3.1) 

wheree p is given in GeV, B in Tesla and r in meters. Unit charge is assumed. The 
precisionn of the momentum measurement using the barrel tracking system is about 1 % 
forr tracks with a momentum of 10 GeV [5]. 

Startingg at the interaction point and moving outwards, the first detector is the Ver-
texx Detector (VD). It consists of three concentric layers of silicon micro strip detectors 
att radii 6.3, 9 and 11 cm. With the outer layer length of 24 cm, it covers a polar angle 
regionn from 43° to 137°. The inner and outer layers have double-sided readout strips, 
providingg both R<j>  and z measurements. The single hit precision is better than 10 /j,m 
inn R(j> and of the same order for z. 

Fromm radii 12 cm to 28 cm the Inner Detector (ID) is located. It consists of two 
parts:: a jet chamber and a set of trigger layers outside the jet chamber. The jet 
chamberr is subdivided in 24 sectors in R<j>, each subtending 15°. Every sector has 24 
sensee wires, measuring drift times in R<j>  direction. The single wire resolution varies 
fromm 75 /im to 125 ^m. The resolution of a local track element in the Inner Detector 
iss 50 fim in Rcj) and 1.5 mrad in (f>. 

Thee five trigger layers are cylindrical multi-wire proportional chambers (MWPC's) 
withh 192 anode wires parallel to the beam axis and 192 circular cathode strips per-
pendicularr to the beam. Single plane resolution along the beam-axis varies from 0.5 
too 1 mm for well isolated tracks depending on the angle of the track. A track-finding 
chipp performs pattern recognition on hit combinations in the five layers. It plays an 
importantt role in the formation of the DELPHI trigger decision. There are 8 chips per 
15°° sector. 
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Promm 1995 onwards, a new Inner Detector has been operational. First results indi-
catee a single wire resolution of 85 fim. The resolution of a local track element in the 
neww Inner Detector is 40 fim in R<j>  and 0.89 mrad in <j>  [5]. 

Fromm radii 29 cm to 122 cm, the Time Projection Chamber (TPC) is situated. The 
chamberr is divided in two halves by a high voltage plate at z = 0 (the interaction point 
iss located at z = 0). In both directions in z, the detector extends 130 cm. In Rxf>, the 
detectorr is divided in six sectors. When a particle traverses a sector, it ionises the drift 
gas.. Electrons drift to the end plates. There, they create an avalanche on the sense 
wiress (192 per sector, they offer a measurement of dE/dx), and induce a signal on the 
cathodee read out pads located behind the sense wires. There are 16 circular rows of 
pads,, so up to 16 space points per track can be reconstructed. Each sector contains 
16800 pads which allow a measurement in R(j) with a single point resolution of about 
2500 /un. The resolution in z is close to 1 mm. 

Thee outer detector (OD) ranges from 198 cm to 206 cm in R. It consists of 24 
sectorss in azimuth. Each sector measures 470 cm in z and contains 145 drift tubes in 
fivefive layers. The layers are staggered in order to ensure a full coverage in azimuth. All 
layerss give R<j) information. The three middle layers also give z information by relative 
timingg of signals at both ends. This fast z measurement is used in the trigger. The 
singlee point resolution in Rxj) is 110 /zm per track, the precision in z around 4 cm. 

Thee barrel muon chambers (MUB) are located on the outside of DELPHI. They are 
arrangedd in three layers with full coverage in azimuth. Each separate layer contains 
multiplee planes of drift chambers. Free electrons drift maximally 10 cm to an anode 
wire.. Time differences between the signals at each end of the chamber provide a z 
measurement.. The muon chambers measure about 3.7 m in z. The resolution obtained 
iss 1.5 mm in R<f> and about 1.0 cm in z. 

InIn the two forward regions, tracking is done by the Forward Chambers A (FCA), 
Forwardd Chambers B (FCB) and the Forward Muon Chambers (MUF). Typical reso-
lutionss of the A and B chambers are about 300 fim in x and y. For the forward muon 
chamberss the resolution is of the order of 1 mm. 

Calorimeters s 

DELPHII  is equipped with two kinds of calorimeters, electromagnetic calorimeters 
andd hadron calorimeters. 

Inn the barrel region the electromagnetic calorimeter (HPC) is a gas sampling calorime-
ter.. The detector itself is described in detail in the next chapter. The resolution 
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obtainedd is parametrised as follows: 

^^ = 0.043 0 32 

EE ' VÊ[GeV] 

Thee forward electromagnetic calorimeter (FEMC) covers polar angles between 10° 
andd 36.5° and between 143.5° and 170°. The detector is made out of lead glass blocks 
shapedd in truncated pyramids, pointing towards the interaction region. Its resolution 
iss about 6.5 % for Bhabha's (e+e- -• e+e~) at 46 GeV. 

TwoTwo other electromagnetic calorimeters are found in the forward direction, the 
Smalll Angle tagger (SAT) and the Very Small Angle tagger (VSAT). The SAT is the 
luminosityy monitor, consisting of alternating sheets of lead and scintillating fiber. In 
19944 it was replaced by the Small angle Tile Calorimeter (STIC) with similar spatial 
andd energy resolution, but with larger angular coverage. 

DELPHII is equipped with a HAdron Calorimeter (HAC) using iron as absorber. 
Thee calorimeter is incorporated in the return yoke of the magnet. The calorimeter 
iss placed in the barrel as well as in the end caps. Polar angle coverage extends from 
11.2°° - 48.5°, 42.6° - 137.4° and 131.5° - 168.8°. The detector is again a gas sampling 
calorimeter.. It has 20 layers of limited streamer mode detectors of thickness 2 cm. The 
absorberr layers are 5 cm thick iron plates. The resolution obtained with this detector 
i s s 

^ = 0 . 2 1 ®® U 2 

EE ' y/Ë[GeV] 

3.33 Triggerin g and data handling 

DELPHII has three levels of triggering. The first and second level trigger (Tl and T2) 
decisionss are made 3 /xs and 40 /is after the beam crossover (BCO). Decisions are based 
uponn information coming from subdetectors. This information is sent to subtriggers. 
Alll subtrigger data are collected in one module: the trigger supervisor. The final trigger 
decisionn is made by a logical combination of all subtriggers. The following subtriggers 
aree used in the process: 

•• Track subtrigger 

•• Muon subtrigger 

•• electromagnetic energy subtrigger 



3.3.3.3. Triggering and data handling 21 1 

•• Hadronic energy subtrigger 

•• Bhabha subtrigger 

Detectorss which provide this information are the inner detector(ID), the outer detec­
torr (OD), the time projection chamber (TPC), the time of flight detectors (TOF and 
HOF),, muon chambers and the electromagnetic and hadron calorimeters. The first 
andd second level triggers are implemented in hardware. 

Thee third level trigger T3 is purely a software trigger. Its task is to bring the final 
triggerr rate down to a few Hz. Typical processing time for the T3 is about 30 ms. 
Afterr T3, events are written to tape. 

Thee vast amount of data collected by the detector is processed using the DELPHI 
dataa reconstruction package DELANA [6]. This package contains routines for all de­
tectorss as submodules. Local pattern recognition is performed and later integrated in 
globall event information. 

Alll relevant detector parameters (geometry, temperatures, voltages, etc.) are recorded 
onlinee and put in a database. This database is called by DELANA during event recon­
struction.. The DELANA output is written to Data Summary Tapes (DST's). They 
servee as the starting point for physics analysis. 
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Electronn identification with the 
HPC C 

4.11 The detector 

Thee High-density Projection Chamber (HPC) is the barrel electromagnetic calorimeter 
off  DELPHI. It is a sampling calorimeter with a depth of about 18 radiation lengths. By 
meanss of a gas-sampling technique, it provides a measurement of the energy deposited 
byy a traversing particle, in three dimensions and with high granularity. Sheets of lead 
causee the traversing particles to interact which results in a shower of particles. The 
showerr particles ionise gas molecules. The ionisation charges drift towards proportional 
readoutt chambers. The collected charge provides a measure of the energy of the incident 
particle. . 

Thee HPC is a cylinder with inner and outer radii of 208 and 255 cm. The total 
lengthh in z measures 500 cm. The detector is subdivided in 24 sectors in 0 and 6 sectors 
inn z, combining to a total of 144 independent modules. 

Ann HPC module consists of 41 layers of lead, spaced by 8 mm gaps. The volume 
betweenn the lead layers is filled with drift gas: an 80 % argon / 20 % methane mixture. 
Thee lead layers consist of a fiberglass-epoxy support on which thin lead wires are glued. 
AA resistor chain is used to provide a voltage gradient between neighbouring lead wires, 
yieldingg a drift field of about 100 Volts/cm in z. The ionisation charges drift to readout 
chambers.Thee chambers are single-plane Multi Wire Proportional Chambers (MWPC). 
Thee segmented cathode layer consists of 8 mm by 8 mm U-shaped brass elements. The 
sensee wire is a 20 fim gold plated wire. The cathode elements are grouped into 128 
pads.. The pattern is shown in figure 4.1. 

Informationn about the z-coordinate is obtained by drift time measurements. The 
amplifiedd charge is sampled at 15 MHz. The sampling frequency combined with an 
averagee drift velocity of 5.5 cm/fis gives a granularity of about 3.7 mm. 

Thee HPC has ten layers in depth. The fourth layer consists of a plane of scintilla-
torss and is dedicated to triggering. The HPC yields a granularity of 1 degree in 0 and 

23 3 
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Figuree 4.1: Pad layout of the MWPC, the stars depict a typical shower of a traversing 
electron. . 

ninee samples in depth. 

Thee construction of the HPC does not allow full solid angle coverage. In between 
adjacentt modules there are about 1 cm wide cracks. There are two kinds of cracks, 
(^crackss and 6- or z-cracks. The 0-cracks point to the interaction region. Particles 
doo shower in ^-cracks but most information is lost in the dead material. Only tails of 
thee shower are seen in the calorimeter and shower information can only be deduced 
indirectly.. The ö-cracks are less problematic. Particles coming from the interaction 
pointt traverse 0-cracks only for a small segment of the track. They then enter the 
calorimeterr again. In this case, part of the information is lost but the measurement is 
correctedd for this effect in the analysis. 

Sincee the HPC is a gas sampling calorimeter, the energy resolution is not partic-
ularlyy good. However, the spatial granularity is very good and provides a good three 
dimensionall  reconstruction of the deposited energy, which is deposited in a narrow 
cone.. This enables one to distinguish between different decay products of the r. The 
HPCC is particularly well suited for separating electrons from other decay products. 
Thiss will be discussed in the next sections. 
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4.22 Signatures for  electron identification wit h the 
HPC C 

Thee analysis described in this thesis is for a large part based on particle identification 
withh the RICH detector. Since kaon production in r decays is strongly suppressed, great 
caree has to be taken to avoid misidentification. Electrons are a source of misidentifi-
cation.. They interact easily with the material of the detector, leading to deflections of 
thee original trajectory of the electron, the emission of photons, or even the production 
off  showers in front of the RICH. Another source of misidentification are AT*'s. If the 
photonss due to a 7r° from a K* decay are not detected, or the energy deposited by the 
photonss in the HPC are not associated with the charged track, a K* will be identified 
ass a kaon. With a single set of cuts based on the HPC measurements, both electrons 
andd K*'s are effectively rejected. This will be explained when we discuss our event 
selectionn for the study of exclusive one prong kaon production in r decays in chapter 
6. . 

Onn the other hand, if we want to measure the inclusive one prong kaon production 
inn r decays (r —> KvT + nn°, n > 0), we have to distinguish between electrons and 
7r°'s.. Since a small fraction of misidentified electrons can significantly influence the 
branchingg ratio measurement, the electrons have to be efficiently vetoed. Therefore, 
thee electron tag must be designed for high rejection efficiency and only to a lesser 
extentt for low impurity. 

Inn this chapter, we describe the development of an electron tag which fulfill s this 
requirement.. To this end, we used two sets of data. One set consists of KORALZ[7] 
generatedd e+e~ —• T+T~ events which passed all r selection cuts except the HPC cuts. 
Thee selection cuts are described in chapter 6. The other set consists of real data taken 
inn 1994. The real data set is subjected to the same set of cuts as the one applied to 
thee simulated events. The electron identification cuts we will introduce and apply in 
thiss section, are taken sequentially. It is understood that when we discuss a certain 
cut,, the cuts discussed previously are already in effect. 

Thee rati o E/p 

Thee HPC measures the electromagnetic energy E deposited by a traversing par­
ticle.. Together with the momentum measurement p in DELPHI, the ratio E/p can 
bee determined. With this variable, distinction can be made between electrons and 
minimumm ionising particles. 

Electronss produce electromagnetic showers, and their energy is completely absorbed 
inn the HPC: the ratio E/p for electrons will peak around the value 1. Muons, pions 
andd kaons however, are minimum ionising in the HPC and the ratio E/p will therefore 
bee much lower. This is shown in figure 4.2. A cut on the E/p ratio does, however, not 
rejectt efficiently the r decays with neutral pions in the final state. In case r~ —> p~uT, 
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Figuree 4.2: The ratio of energy over momentum for electrons(shaded) and pi-
ons(hatched)) from selected r decays. The data is taken from KORALZ simulated 
eventsevents with full detector simulation. 

HPC C 

A</>A</>  = <j>„o  - 4 v 

r°° n 

HPC C 

(a)) A p decay in R-z view (b) A p decay in Rep view 

Figuree 4.3: p decay products entering the HPC 
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(a)) Longitudinal shower profile for electrons (b) Longitudinal shower profile for pions 

Figuree 4.4: Shower profiles for electrons and pions. The fourth bin or layer in this plot 
correspondss to a plane of scintillators used for triggering purposes. It therefore has no 
entries. . 

thee p decays to a n~ and a ir°. The 7r° in turn decays to two photons that produce 
showerss in the HPC. The charged track bends in the magnetic field whereas the neutral 
trackk is not deflected. For a small opening angle A<fi (figure 4.3), the energy deposition 
off  the neutral is attributed to the charged track. If the ir~ and w° have similar energy, 
thiss will lead to an E/p ratio around 1. For that reason, r decays with neutrals in the 
finalfinal state, are not as effectively cut as the exclusive one prong r deacys. 

Longitudinall  shower profile 

Thee nine samples in depth can be used to construct a longitudinal shower profile, i.e. 
thee deposited energy as a function of the distance traversed in the calorimeter. Again, 
thiss can be used to distinguish showering particles from minimum ionising particles. 
Ann electron or photon will lose its energy gradually in an electromagnetic shower. This 
leadss to a smooth longitudinal shower profile, peaking in the first layers of the HPC. 
Inn contrast, large energy deposits of pions in the HPC are due to strong interactions. 
Often,, the bulk of the energy is then found deeper in the calorimeter as compared to 
electrons.. Therefore, the shower profile for electrons and minimum ionising particles 
differss considerably, which is shown in figure 4.4. 

Posit ionn and direction of the shower 
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Becausee of the high granularity and the sampling technique used, a good measure-
mentt of the position and the direction of the showers is provided. These measurements 
cann be compared with the corresponding parameters of the charged track fit. As shown 
inn figure 4.3, in the case of a p~ decay, the position of the 7r° shower will in general 
nott coincide with that of the n~ track. In R0, the shower of a charged particle will in 
generall  not point to the interaction region because the track is bent in the magnetic 
field. . 

Fromm the TPC, charged tracks can be extrapolated to give a z-coordinate at the 
borderr of the HPC. This can then be compared with the z-coordinate of the shower 
centre.. This method is referred to in this thesis as z-match. The direction of the shower 
inn (j) can be compared with the direction in 4> of the charged track. This method is 
addressedd as ^-match in this thesis. 

Thee z- and </>-mateh both enable us to distinguish an electron from minimum ionising 
particless accompanied by neutrals. Note, however, that for small opening angles 9 (see 
figuree 4.3), this method becomes less sensitive. After applying the Efp cut, the z-
matchh is expected to show the best separation power. The angular resolution is about 
0.66 mrad in 9 for electrons. This corresponds to 1.3 mm in z at the border of the 
HPCC for a track with a polar angle of 90°. In <f>  the position resolution is 6.5 mm 
att the border of the HPC, corresponding to 3.1 mrad. For high energy photons the 
directionall  resolution is 1.0 mrad and 1.7 mrad in 9 and <j)  respectively. The <?i-match 
servess in our analysis primarily to separate p's from electrons. In order to resolve the 
differencee between the direction of charged it and the 7r° coming from the p, one needs 
aa curvature of the charged track corresponding to a pr of no more than 1 GeV. The 
momentumm of the particles we select in this analysis is too high to expect the </>-match 
criteriumm to be effective. 

4.33 Electron tagging with the HPC 

Thee general DELPHI software incorporates a very broad package called Elephant [8]. 
Thiss package provides refined calibration of the HPC, corrections on the measured 
energyy in case particles traverse cracks in the detector, and other corrections. Also, 
thee quantities discussed in the previous section are calculated. Together with third 
stagee pattern recognition they form the basic elements of an electron tag. 

Thee electron tag in Elephant is tuned on hadronic Z° decays. These decays are 
characterisedd by high multiplicity and low momentum tracks. In the present analy-
siss we study T decays into one charged particle which has much higher momentum. 
Furthermore,, the analysis of the inclusive one prong kaon production requires a high 
efficiencyy for electron tagging. In this chapter, a method for electron tagging is pre-
sentedd which is optimised for the needs in the r analysis. The method is, as we will 
see,, partly based on the quantities described in the previous section. 
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Thee criteria for tagging electrons in r decays are straightforward. The relatively 
cleann environment in r decays allows a study of efficiency versus purity of the electron 
tag,, by simply tuning a few cut values. This is not the case for the tag provided by 
Elephantt where quite sophisticated methods are used to reach a high purity electron 
sample.. Elephant provides three electron tags: the loose tag, the standard tag and the 
tightt tag. 

InIn addition to the tagging quantities shower profile, E/p, the z-match and the <j>-
match,, the Elephant package provides a comparison with the electron hypothesis by 
calculatingg probabilities. The advantage of using a probability rather than the quantity 
itselff  is illustrated with the example of the E/p ratio. The E/p distribution depends 
onn the momentum of the track. A low momentum electron bends considerably in 
thee magnetic field of DELPHI. Photons which are radiated off can be detected well 
outsidee the region of energy deposition attributed to the track. This effect leads to 
aa tail at low E/p values. On the other hand, a high momentum electron which is 
scattered,, can be attributed a lower momentum, leading to a tail at high E/p values. 
Thee probability calculated by Elephant takes this momentum dependence into account. 
Forr all quantities which were discussed ear her, probabilities are calculated [5]. 

Wee use the individual probabilities given in the Elephant package and tune the cut 
valuess to find the optimal tag for our analysis. Our tag then forms a four (i.e. the 
showerr profile, E/p, the z-match and the 0-match) dimensional cube in probability 
space.. Mathematically the most elegant way to design an electron tag is to combine all 
probabilitiess into an overall probability. Necessary and sufficient constraints are that 
thee variables should be independent and should have a flat probability spectrum for 
electronss only. When this last criterium is not met, the variable under consideration 
doess not follow a normal distribution. 

InIn experiments however, one does not encounter ideal distributions. By an incorrect 
estimatee of the error, the variables will follow a non-normal distribution. Also, because 
alll  four quantities are derived from the same detected hits, correlations are expected. 
Correlationss can introduce systematic effects and weaken the overall performance of 
thee single tagging variable. We therefore discard the idea of combining probabilities, 
andd use the separate probabilities instead. 
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Figuree 4.5: Trading purity against efficiency: the path to an optimal electron tag. 

4.44 Tuning the cuts 
Thee optimal electron tag is found by setting the cut values on the tagging variables 
suchh that an optimal ratio between efficiency and impurity is found. The efficiency is 
definedd as: 

Efficiencyy : 
numberr of electrons selected by the cuts 

totall  number of electrons 
xx 100% 

Thee impurity is defined as: 

numberr of non-electrons selected by the cuts 
Impurity y totall  number of particles selected by the cuts 

xx 100% 

(4.1) ) 

(4.2) ) 

Thee route to our electron tag is shown in figure 4.5: bring a cut on a new tagging 
variablee into effect when the separation power of the previous tagging variable lessens. 
Thee objective is to stay as close as possible to the upper left corner of the plot. All 
particless have passed the r selection cuts (chapter 6). In particular they have a mo-
mentumm between 4 GeV and 25 GeV. The plots which are shown contain only particles 
whichh traversed no cracks. In a similar way, the cuts are tuned for particles traversing 
cracks. . 



4.4.4.4. Tuning the cuts 31 1 
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Figuree 4.6: z-match probability for electrons (shaded) and non-electrons (hatched). 

Wee studied the probabilities based on E/p, shower profile, z - match and <f>  - match. 
Thee most important variable of this set, and therefore the first variable to cut on, is 
thee probability based on the ratio E/p. Indeed, the E/p variable is the only variable 
inn which the total deposited energy enters. All other variables are more sophisticated 
derivationss from the HPC measurement. If the energy measurement is incorrect, the 
otherr variables will surely not perform better. The cut value for the E/p based prob-
abilityy was set to 0.05. This corresponds to an efficiency of 97.4 % and an impurity of 
26.11 % of our electron sample. The numbers are taken from simulated events. 

Thee next variable to cut on is the probability based on the z-match. This variable 
iss expected to show the best separation power after the E/p cut is applied. The dis-
tributionn is shown in figure 4.6. From the figure one finds that quite some background 
cann be cut away almost without affecting the efficiency. The cut on this probability 
wass set to the value of 0.0001. Together with the cut on the E/p based probability, 
thiss yielded an efficiency of 96.9 % and an impurity of 15.2 %. 
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Figuree 4.7: The energy deposition in Figure 4.8: The energy deposition in 
thee first three layers of the HPC for the first three layers of the HPC for 
reall  events (dots) and simulated events electrons (shaded) and non-electrons 
(shaded).. (hatched). 

AA feature of electromagnetically interacting particles is that they will lose a sub-
stantiall  amount of their energy in the first few layers of the HPC. This in contrast to 
stronglyy interacting particles. A selection criterium for electrons would be the amount 
off  energy deposited in the layers before the trigger layer, i.e., in the first three layers of 
thee HPC. In figure 4.7 the distribution of the deposited energy in the first three layers 
forr real data and KORALZ simulation are plotted. In figure 4.8 the same distribu-
tionss are separately given for electrons and non-electrons, taken from simulated events. 
Clearly,, this provides an excellent handle to bring the background in the electron sam-
plee down. The cut value was set to 0.5 GeV, together with the cuts on the E/p and 
z-matchh probabilities this yielded already an efficiency of 96.4 % and an impurity of 
7.88 %. 
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Figuree 4.9: The energy deposition in Figure 4.10: The energy deposition 
thee first six layers of the HPC for in the first six layers of the HPC for 
reall  events (dots) and simulated events electrons (shaded) and non-electrons 
(shaded).. (hatched). 

Inn case the particle traversed cracks in the HPC, we used the energy deposition 
off  the first six layers where the layer with the least amount of energy was omitted. 
Thee comparison between real events and simulated events and the distributions for 
electronss and non-electrons are shown in figures 4.9 and 4.10. To produce this figure, 
wee used the data from tracks traversing no cracks to obtain enough statistics. 

Wee studied the probability based on the shower profile and found that the impurity 
couldd not be brought down without losing 10 % on our efficiency. Puzzled by the 
poorr performance of the shower profile probability, we started checking the energy 
distributionss over all layers for electrons which were given a low probability. The cause 
wass a relatively large energy deposit in one or more of the last three layers. 

Wee therefore developed an alternative shower profile where the aforementioned 
anomalyy was ruled out. The problem we mentioned was countered by only summing 
overr the first six layers 1. The variable we designed is a normalized \2 test quantity: 

^if^) 22 (4'3) 
wheree Ê, and ÊexPtl are the measured and expected energy in the first six layers, divided 
byy the total energy deposited in the first six layers. at is the width of the normalised 

'Thee fourth layer is dedicated to triggering and therefore does not enter the definition of the first 
sixx layers 
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Figuree 4.11: The \2 test quantity (hori- Figure 4.12: The \2 test quantity (hor-
zontally)) for real events (dots) and sim- izontally) for electrons (shaded) and 
ulatedd events (shaded). non-electrons (hatched). 

energyy distribution of the i-th layer. The expected energy per layer and the a per layer 
aree taken from simulated events. 

Bothh the measured energy and the expected energy per layer were scaled with the 
totall  energy measured. No effort was made to incorporate momentum dependence. 
Thee distributions for real events and simulated events and the separation between 
electronss and non-electrons are shown in figures 4.11 and 4.12. 

Wee put the cut on our \2 test quantity at the value 6. The \2 cut combined with 
thee cuts on the E/p based probability, the z-match probability and the cut on the 
minimumm amount of energy in the first three layers, it yields an overall efficiency of 
96.33 % and an impurity of 6.4 %. At the end of this chapter, cut values and efficiencies 
aree given for all regions, non-, 0- and </>-cracks. 

Wee end this section by noting that a cut on the presence of neutrals in the decay 
wouldd effectively cut away the p's and a\ 's from the electron sample. Such a cut how-
ever,, would cut away about 10 % of the electrons because of radiative r decays and is 
thereforee not applied. 
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4.4% % 

Threee layer cut 

96.44 % 

0.0% % 

2.0% % 

3.8% % 

5.2% % 

3.7% % 

2.9% % 

Chi-squared d 

96.33 % 
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1.6% % 

3.0% % 

4.4% % 

1.6% % 

2.9% % 

Tablee 4.1: Contributions of different decay channels in the simulated event sample after 
thee various (successive) cuts. 

4.55 Summary and discussion 

InIn this section, we discuss the influence of the previously described cuts on the different 
onee prong decay channels. All quoted numbers apply to selected one prong T decays 
wheree the charged track has a momentum between 4 and 25 GeV. Tracks pointing to 
crackss were removed. 

Ass can be seen from table 4.1, the cut on E/p drastically cuts away almost all 
muonss and reduces the 7r and K channels by a factor of ten. The cuts are less efficient in 
removingg the p's,, ai's and the K*'s. This was to be expected. Indeed, these resonances 
decayy into one charged track (multi prongs are ignored) and one or more neutrals. 
Inn principle a p should behave under this cut as a TT. In some cases however, the 
neutrall  energy becomes attributed to the charged track. This is even more the case 
forr K* —> Kn°. Studies on simulated events of the opening angle between the K and 
7T°° compared with the opening angle between the n and ir°  coming from a p, showed a 
largerr contribution at small opening angles for K*'s. 

Ass described in section 4.2, resonances can be distinguished using the granularity of 
thee HPC. With the cut on the z-match based probability the resonances are effectively 
reducedd to below ten percent. 

Thee cut on the energy deposited in the first three layers reduces the -K content with 
almostt a factor three. The decays where neutrals are involved are reduced by a factor 
off  two. 
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Tablee 4.2: Relative contributions of different decay channels in the simulated sample 
afterr the various (successive) cuts. Note that only the most important one prong decay 
channelss are taken into account. For this reason the columns do not add up to precisely 
1000 %. 

Thee sample is further purified with the cut on the x2- As can be seen from table 
4.1,, the percentage of 7r's, p's and ai's is further brought down by a factor 0.8. Since 
wee do not want to cut on the presence of neutrals in the decay, the p's and oi's which 
aree still left in the sample behave as 7r's under the x2 cut. The effect of the cut at this 
stagee is not very big. In table 4.2 the relative contributions of the different one prong 
decayy channels are listed as a function of the various cuts. From this table we see that 
thee contamination from other decay channels after all the cuts amounts to 6 % in total. 



4.6.4.6. Conclusions 37 

P(E/p)) > 

P(z-match)) > 

J^ZlayersJ^Zlayers > 

*-*- JJ6layers6layers -'* 

xx22 < 

E/neutralE/neutral "^ 

Efficiency y 

Impurity y 

Noo cracks 

0.05 5 

0.0001 1 

0.55 GeV 

. . 

6.0 0 

_ _ 

96.33 % 

6.4% % 

99 cracks 

0.01 1 

0.0001 1 

_ _ 

1.00 GeV 

6.0 0 

2.00 GeV 

90.99 % 

6.8% % 

4>4> cracks 

0.001 1 

0.0001 1 

_ _ 

1.00 GeV 

6.0 0 

1.00 GeV 

69.44 % 

7.0% % 

Tablee 4.3: Summary of all cuts 

Summarisingg we give the various cuts, efficiencies and impurities for all regions 
inn table 4.3. In the less efficient regions (cracks), the cut parameters are slightly al-
tered.. This is especially the case for the cut on the E/p variable which is loosened 
inn the crack regions. In order to further improve the electron rejection in the cracks, 
wee added a cut on the neutral energy deposited in a 20° cone around the track. The 
neutrall  energy was weighted with the inverse distance to the track. This cut is not 
appliedd in the no-crack region because it cuts away too much signal (the non-electrons). 

4.66 Conclusions 

Wee designed an electron tag with the aid of HPC information only. The overall ef-
ficiencyy amounts to 91.7 %, and in 6.5 % of the cases other particles are mistakenly 
identifiedd as electrons. The overall efficiency is calculated by separating the sample 
accordingg to the traversed regions, i.e. no cracks, 6- and <f>-  cracks. Then, the parti-
clee was tagged using the cuts which were described earlier. The performance of the 
electronn tag can be improved by introducing the energy-loss measurement in the TPC. 
Forr several cut values on the energy-loss based probability, the efficiency and impurity 
weree determined. The result is shown in figure 4.13. The standard, loose and tight 
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Figuree 4.13: Performance of the several electron tags. The curve is obtained by includ-
ingg in our electron tag a cut on the probability based on the energy-loss measurement, 
andd connecting the points for several cut values on this probability. 

Efficiency y 

Impurity y 

Ourr tag 

91.77 % 

6.5% % 

Loosee tag 

88.88 % 

6.2% % 

Standardd tag 

66.44 % 

1.8% % 

Tightt tag 

61.55 % 

1.0% % 

Tablee 4.4: Overall efficiencies of the various electron tags 

tagss from the Elephant package are shown for comparison. 

Efficienciess and impurities for all tags are summarised in table 4.4. The values in 
thee column 'our tag' were obtained by use of HPC information only. 

Fromm the numbers the difference in philosophy between our approach and that of the 
Elephantt team is clearly depicted. We want to identify as many electrons as possible 
whereass the Elephant tags enable one to obtain a very pure electron sample. The 
purityy as provided by the Elephant tags can be obtained by bringing in the energy-loss 
measurementss from the TPC or tightening the already existing cuts. 

Standardd tag 

—— Tight tag 

ii  . . i i
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Anotherr important difference is that the behaviour of the tag performance as a 
functionn of cut variables involved is known, as given in figure 4.13. This enables one 
too change the performance easily when necessary. 

Off  the particles mistakenly tagged as electrons, the bulk consists of p's, ai's and 
pions.. Considering the original number of these particles, less than 5 % of the popu-
lationn will be lost when the electron tag is used as a veto, as can be seen from table 
4.1. . 
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Chapterr 5 

Thee Barrel Ring Imaging 
Cherenkovv detectors in DELPHI 

5.11 Particl e identification using Cherenkov radia-
tion n 

Whenn a particle traverses a transparent medium with index of refraction n, and if the 
velocityy of the particle satisfies 

11 v 
j3>j3>  -, where j3 = - , (5.1) 

nn c 

itt will radiate photons. This is called the Cherenkov effect [9]. Together with a measure-
mentt of the momentum of the particle, equation (5.1) leads to the following constraint 
onn the mass of a particle emitting Cherenkov radiation: 

mm < pVn2 — 1 (5.2) 

wheree the relations p = jm{3 and 7 = (1 — /?2)~1/f2 are used. 
Twoo particles with equal momentum but with different mass, can be distinguished 

byy designing a detector in which one particle radiates Cherenkov photons while the 
otherr one does not. Detectors like this are called threshold Cherenkov counters. 

Thee photons are emitted under a well defined angle 9c, the Cherenkov angle, with 
respectt to the direction of flight of the particle: 

cos#cc = -5- (5-3) 

Byy measuring 9c and combining this with the measurement of the momentum, equation 
(5.3)) leads to a determination of the mass of the particle: 

mm = pyn2 cos2 9c — 1 (5.4) 

41 1 
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particl e e 
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UVV photon detector 

CC F, liquid radiator 
66 14 

Figuree 5.1: Schematic view of the barrel RICH working principle 

Thee working principle of the DELPHI Cherenkov detector is illustrated in figure 
5.1.. A particle traverses first a liquid CQF14 radiator. If equation (5.1) is satisfied, it 
wil ll  radiate photons in a cone around the track. The image of the cone is measured 
inn a UV photon detector, where the photons are converted into photo-electrons. After 
havingg traversed the photon detector, the particle enters the gas radiator, which is 
aa volume filled with the gas CsF12. The gas has a lower index of refraction than the 
liquid.. The photons emitted in the gas radiator are projected back onto the UV photon 
detectorr by focussing mirrors. The projected image of the cone is a ring whose radius 
iss proportional to the Cherenkov angle 6c- The use of two radiators increases the 
momentumm range for particle identification considerably. This is illustrated in table 
5.1. . 

Inn this chapter, we will use the terms 'veto identification' and 'ring identification' 
whichh we will explain here. In the analysis presented in this thesis, we are concerned 
withh identifying kaons. In T decays at LEP, kaons are produced with a minimal mo-
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e e 
t* t* 

K K 
P P 

C$Fi4 C$Fi4 

0.00066 GeV 
0.133 GeV 
0.177 GeV 
0.622 GeV 

1.22 GeV 

C5F12 2 

0.00866 GeV 
1.88 GeV 
2.44 GeV 
8.44 GeV 

16.11 GeV 

Tablee 5.1: Cherenkov thresholds for particles in Ce-Fu and C5F12 

mentumm of about 3.5 GeV. Since the Cherenkov threshold for kaons is 8.4 GeV in the 
gass radiator, we distinguish two momentum regions. One momentum region is from 
3.55 GeV to 8.4 GeV, where the kaon does not radiate Cherenkov photons in the gas 
radiator.. This region is called the veto region and the method of particle identification 
iss similar to that of a Cherenkov threshold counter. The other region is from 8.4 GeV 
upwards.. Here, the angle 6c is measured for all particles, this region is referred to as 
thee ring identification region. Pions start radiating at 2.4 GeV. In order to suppress 
backgroundd in the veto region for kaons, we will select only particles with momentum 
higherr than 4 GeV in this thesis. We define 4 GeV as the threshold for veto identi-
ficationfication and 9 GeV as the threshold for the ring identification region. However, we 
notee that there is a small overlap in momentum between veto and ring identification 
duee to the fact that the identification method also depends on the angle 0 of the track 
(determiningg the length of the trajectory in the gas radiator) and the momentum. The 
analysiss is explained in detail in the next chapter. 

5.22 The DELPHI barrel RICH 

Thee Barrel RICH (BRICH) is a 3.5 m long cylinder with inner and outer radii of 124 cm 
andd 197 cm respectively. It is divided into two halves by a 6.4 cm thick wall, located at 
zz = 0. The mid wall is made of a honeycomb structure clad by epoxy resin and glass 
fiberfiber mats. 

Eachh half is divided into 24 sectors in azimuth. Each sector contains a liquid 
radiator,, a photon detector which is a drift tube with a Multi Wire Proportional 
Chamberr (MWPC), and a set of six mirrors. The gas radiator fills the remaining 
volume. . 

Inn figure 5.2 the longitudinal cross section of the BRICH is shown. A particle com-
ingg from the interaction point enters the RICH through the inner cylinder wall. This 
iss a 15 mm mylar/polyurethane insulator wound on a aluminum honeycomb cylinder. 
Immediatelyy behind the inner cylinder, liquid radiator trays are located. A tray con-
tainss 1 cm of C%Fu and is closed by a 4 mm thick UV-grade quartz window. Around 
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Innerr Cylinder 

Figuree 5.2: Lay-out of the barrel RICH detector. Only one quarter of the longitudinal 
cross-sectionn is shown. 

thee tray there are 130/jm wide metallic strips with a pitch of 6 mm in z. They help 
too provide a well defined electrical field within the detector. The distance between the 
liquidd radiators and the drift tube is about 11 cm. 

AA drift tube measures about 155 cm in z, it is 34.5 cm wide and the depth varies 
fromm 4.2 to 6.2 cm, increasing away from the interaction point. The structure is made 
thiss way to avoid efficiency losses in electron transport close to the walls of the drift 
tube,, due to diffusion. The windows of the drift tube are made of UV-grade quartz. As 
aa photo-sensitive agent, TMAE l was chosen. Combined with the quartz windows, it 
allowss for a photon conversion in the energy range of about 5.6 - 7.4 eV. The lower limit 
correspondss to the ionization potential of the TMAE. The upper limit is due to photon 
absorptionn in the quartz. The TMAE has been added to a driftgas mixture of 75/25 % 
CHCH44/C/C22HH66.. On the surface of the drift tube, metallic strips are mounted. They have 
aa pitch of 3 mm in z. A resistor chain supplies the voltage gradient needed for the drift 
field.. The photo-electrons drift maximally 155 cm to the MWPC's mounted on the end 
off  the drift tubes. To provide a good single photon detection, drift attenuation lengths 
off  more than 5 m are realised. The MWPC's have an anode wire pitch of 2.62 mm, the 
wiress enable an np measurement. The cathode strip pitch is about 4 mm; it measures 
thee conversion depth. The z-coordinate is calculated through the measured drift time 

11 Tetrakis-diMethylAminoEthylene 
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andd the drift velocity. 
Apartt from the photo-electrons from Cherenkov photon conversions, the MWPC's 

registerr free electrons which come from the ionisation of the driftgas caused by the 
traversingg particle. The ionization hits are used in the analysis to determine if the 
driftt tube was operational. 

Betweenn the top of the drift tubes and the outer cylinder of the BRICH, there 
iss 39 cm of C5F12 gas; the gasradiator. Focussing mirrors are mounted on the outer 
cylinder.. The mirrors focus the Cherenkov photons from the gas radiator such, that 
thee projection onto the drift tubes is a ring. 

Amongg the many parameters to be monitored in the BRICH, temperature is one 
off  the most important. The BRICH operates at a temperature of 40° C. The boiling 
temperaturee of C5F12 is about 29° C and the TMAE concentration corresponds to its 
vaporr pressure at 28° C. If the temperature drops too much, these gases will condense. 
AA deposit of TMAE would damage the drift tubes severely. 

Fluctuationss in the temperature will also cause fluctuations in the drift velocity and 
thiss will consequently lead to mismeasurements of the Cherenkov angle. Furthermore, 
sincee thermal expansion directly leads to misalignment for all detector components 
withinn the BRICH, stability of temperature is necessary. 

Therefore,, the BRICH is equipped with a sophisticated heating system. On both 
thee outer and inner cylinder heating strips are mounted. These strips are driven by 
322 power supplies. The temperature is monitored by 245 temperature probes. The 
detectorr is thermally insulated from the rest of DELPHI to avoid heat dissipation. 
Furthermore,, a number of safety measures as alarm and interlock systems, automatic 
purgess and several back-up computer systems are installed. 

Thee BRICH is equipped with an online calibration system to monitor the drift 
velocity.. Per drift tube, a 9 x 5 matrix of quartz fibers is installed. It consists of rows 
off  nine fibers at five different locations in z. The fibers are driven by a UV-lamp located 
outsidee the DELPHI detector. The lamp is triggered by Bhabha events. The frequency 
iss about 0.3 Hz and the accuracy on the drift velocity thus obtained is 0.02 %. For a 
moree complete documentation on the BRICH and the alignment, we refer to [10]. 
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5.33 Performance study wit h di-muon events 

Too ensure a correct projection of the Cherenkov photons onto the drift tube, the detec-
torr has to be properly aligned. One of the aspects of the alignment process concerns 
thee mirror system. The mirrors are aligned by minimizing the spread in the Cherenkov 
anglee for a sample of high momentum (straight) tracks. We used a sample of di-muon 
events,, i.e. Z° —» fi+fj,~, for the alignment. The di-muon sample is selected by requiring 
exactlyy two charged collinear tracks, where both tracks have a momentum compatible 
withh the beam energy, and a low deposition of electromagnetic energy. The muon mo-
mentumm of 45 GeV provides an almost straight track through the detector as well as 
aa maximal number of Cherenkov photons emitted at the saturated Cherenkov angle, 
whichh is 61.5 mrad for the gas radiator. 

Thee location and direction of the track's trajectory in the radiator, together with 
thee position of the Cherenkov photons on the drift tube, are used to calculate the angle 
underr which Cherenkov photons are emitted. To ensure a correct determination of the 
Cherenkovv angle, cuts are made on the quality of the track. Therefore, the track has to 
havee elements in both the TPC and the Outer Detector. Interpolation of these track 
elementss will give the trajectory traversed in the barrel RICH. Since the barrel RICH 
iss divided in two by a mid-wall, the polar region from 86° to 94° is cut out because of 
reducedd efficiency. 

Badd sectors or runs are identified by checking the number of ionization hits along the 
trackk in the drift tube. For instance, high voltage trips may cause a sector to become 
temporarilyy non-operational and no ionization hits are detected. We require that a 
trackk should have at least two ionization hits in the drift tube. With this constraint, 
aboutt 10 % % of the good tracks are discarded. The loss is mainly attributed to particles 
passingg through gaps between the drift tubes. 

InIn addition, plots are made of the fraction of low Cherenkov photon production ƒ. 
Thiss fraction is defined as follows: 

__ number of tracks with less than 2 photons observed 
alll  tracks 

Thee fraction ƒ can help us identify bad sectors and/or runs. For example, threshold 
problemss of the discriminator, low concentration of TMAE or misalignment, can cause 
aa lower photon yield. By plotting the fraction ƒ as a function of sector and run number, 
aa good handle is obtained for the identification of bad sectors and runs. Figure 5.3 
showss a plot of the fraction of low photon production taken from [11]. Bad periods or 
runss are discarded to ensure good quality of the analysed RICH data. 

Att this stage, we reject background in the RICH data. The major source of back-
groundd is due to Cherenkov photons radiated in the liquid. For the minimum mo-
mentumm we require in our analysis of r decays that all particles traversing the liquid 
radiatorr produce the maximum number of Cherenkov photons, which is about 11. The 
photonss enter the drift tube in the side facing the interaction region. The photons 
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Figuree 5.3: The fraction of low photon production as a function of sector number and 
runn number. The surface of the squares is proportional to the value of the fraction. 

emittedd in the gas radiator are reflected in the mirrors and projected back onto the 
sidee of the drift tube facing outwards. The mean free path length for a Cherenkov 
photonn in the drift tube is about 1.8 cm [12] (remember that the depth of the drift 
tubee varies from 4.2 to 6.2 cm). The depth measurement of the MWPC's is used to 
kil ll  the photons which have a high probability of coming from the liquid radiators. 
Secondly,, we remove clusters of detected photons. Two photons belong to a cluster if 
theyy are found within a distance of 2.6 mm from each other. Clusters with more than 5 
photonss are rejected. Finally, there are Cherenkov photons producing hit-combinations 
off  anode wires and cathode strips in the MWPC when they arrive at the same time. 
Inn such events, two photons are identified as four photons with equal drift time and 
hitt pattern. The object is to determine which of the four photons are the two 'real' 
photons.. To that extent, the Cherenkov angles are calculated for each photon, and the 
differencee in Cherenkov angle is calculated for each pair. The photon pair with the 
largestt difference in Cherenkov angle is rejected. 

Inn di-muon events, deviations of the reconstructed Cherenkov angle from the satu-
ratedd value signal an improper behaviour of the apparatus. For instance, in 1994 the 
indexx of refraction of the gasradiator was changed when the C6FU liquid leaked into 
thee C5Fi2 gas radiator. The C6FU is heavier than the C5F12 and filled up the lower 
halff  of the detector. This way, the leakage of the liquid into the gas radiator showed 
upp as a Cherenkov angle dependence on the azimuthal angle <fi  of the charged track. 

Thee z-coordinate of the position where the Cherenkov photon is converted in the 
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Figuree 5.4: The error per photon on the measured Cherenkov angle for 1994 data. 

drif tt tube, is calculated by measuring the drift time. Since the use of wrong values 
forr the zero offset for the drift time and the drift velocity wil l lead to a shift of the 
Cherenkovv ring, di-muon data are used to parameterize the residual z-shifts as a func-
tionn of run number and drift distance. Al l calibration and alignment methods and 
resultss are described in detail in [11]. 

Forr each detected photon also the uncertainty of the measured Cherenkov angle is 
calculated.. It contains contributions due to the bending of the track and the position 
resolutionn of the detection plane [11]. The uncertainty due to chromatic dispersion, 
i.e.. the dependence of the index of refraction on the wavelength of a photon, is much 
smallerr than the other error contributions and can be neglected. The total error is 
determinedd using the data from our di-muon sample to fit  the resolution function: 

(5.6) ) 

wheree #7 and a1 are the Cherenkov angle per photon and its calculated error, and 
99expexp is the expected Cherenkov angle, which is the 'saturated' value of 61.5 mrad for 
di-muonn events. The error per photon is of the order of 2 to 7 mrad. The distributon of 
thee error on the measured Cherenkov angle per photon for 1994 data is shown in figure 
5.4.. The six peaks in the distribution correspond to the six mirrors of the barrel RICH 
andd are due to the contribution of the position resolution to the photon resolution. For 
aa detailed study of the position resolution per mirror group, see [11]. 

Thee distribution of the photon resolution function, or pull, for di-muon events is 
shownn in figures 5.5 through 5.8 for all years. The distribution is fitted with a Gaussian 
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Figuree 5.5: Pull for individual photons, 
19922 di-muon data. 

Figuree 5.6: Pull for individual photons, 
19933 di-muon data. 
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Figuree 5.7: Pull for individual photons, 
19944 di-muon data. 

Figuree 5.8: Pull for individual photons, 
19955 di-muon data. 

off  width 1 and a linearly rising background1. The fit shows that the error we calcu-
latee for individual photons is well understood up to +3<r. Above +3cr, the fit shows 
disagreement.. This is a feature of a cut made before the data is written on the DST. 
Thiss cut rejects photons which are found further away than +5CTDST, where CTDST is the 
estimatedd error. The (JDST however is found to be underestimated by a factor varying 

'assumingg a homogeneous background, the number of background photons increases with higher 
angless since the covered surface increases 
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fromm 1.2 to even 3. 

Thee remainder of this chapter describes further aspects of the performance of the 
BRICH.. These aspects are either important for veto- or ring identification. We start 
withh the veto identification, and we end with the ring identification. 

Wee checked the performance of the BRICH by looking at the number of observed 
photonss per track. The observed photons are defined as the photons found in a 2.5 a 
windoww around the expected Cherenkov angle. The average number of photons per 
trackk in the di-muon sample is 8.0 1 in 1992, 8.3 1 in 1993, 9.1 1 in 1994 and 
9.44 1 in 1995. The increase in average number of photons is due to a better un-
derstandingg and performance of the detector. In figures 5.9 through 5.12 the observed 
andd expected number of photons for di-muons are shown for all years. 

Thee expected number of photons differs per track. For each individual track it is 
usedd to generate a Poisson distribution. The thus obtained distribution is compared 
too the observed number of photons as is shown in figures 5.9 through 5.12. The figures 
showw that the distribution of the observed number of photons indeed follows a Poisson 
distribution.. The importance here is that the Poisson distribution is used to estimate 
misidentificationss in the veto region, namely the probability that a particle with mo-
mentumm above the threshold does not radiate Cherenkov photons. The number of 
Cherenkovv photons emitted by a traversing particle with a momentum above threshold 
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Figuree 5.9: Observed and expected Figure 5.10: Observed and expected 
numberr of photons per track, 1992 di- number of photons per track, 1993 di-
muonn data. muon data. 
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Figuree 5.11: Observed and expected 
numberr of photons per track, 1994 di-
muonn data. 

Figuree 5.12: Observed and expected 
numberr of photons per track, 1995 di-
muonn data. 

followss the Poisson distribution: 

P(n) P(n) (5.7) ) 

wheree a is the average number of Cherenkov photons, n the number of Cherenkov pho-
tonss actually emitted (i.e. <n>=a)  and P{n) the probability of emitting n photons. 
Thee average number of photons depends on the mass and momentum of the particle, 
thee distance traversed in the radiator and the photon detection efficiency of the RICH 

[13]. . 

Thee misidentification rate in veto identification is defined as the probability P(0) to 
findfind no photons in a 2.5 a window around the expected Cherenkov angle for a particle 
thatt does exceed the Cherenkov threshold. The analysis of di-muon events showed a 
variationn in misidentification rate from 0.03 % (1992) to 0.008 % (1995). 

Wee found that the veto identification is hampered by photons coming from the 
liquidd radiator. Although we cut away many photons, which according to the depth 
measurementt of the MWPC's come from the liquid, quite a number of photons can 
nott be unambiguously attributed to either the liquid or gas radiator. In case the polar 
anglee of the particle track is such that a portion of the liquid ring coincides with the 
(possible)) gas ring, the detected photon can come from the liquid or the gas radiator. 
Ass a result, we can not distinguish between signal and background. We therefore cut 
awayy the polar angle region 8 6 (70°, 110°) where liquid and gas rings overlap, for the 
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vetoo analysis. The analysis will be described in the next chapter. 

Alsoo to determine the Cherenkov angle per track for ring identification signal and 
backgroundd photons have to be distinguished from each other. To achieve this, the 
photonss are grouped. A group is any subset of photons that could a priori be assigned 
too the track. We define good photons as the photons which are assigned to the group, 
thee bad photons as photons which are excluded from the group. 

Startingg with the largest possible group, the average Cherenkov angle is calculated. 
Then,, per photon we check if the corresponding Cherenkov angle lies within a 2.5 <77 

windoww around the average value. Here, ay is the single photon resolution. The 
outcomee of this process leads to a new assignment of good and bad photons. This way, 
alll  permutations of the original set of photons are considered. If all good photons are 
foundd within the 2.5 <r7 window and all bad photons outside this window, the set is 
calledd consistent. If only one consistent set is found, the average Cherenkov angle is 
thee final Cherenkov angle for the track. If however, a second consistent set is found, 
thee one with maximal number of photons and minimal variance in the photon angles of 
thee set (with respect to the average angle) is chosen as the final Cherenkov angle. The 
differencee in average Cherenkov angle of the two candidates is added in quadrature to 
thee error. 
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Figuree 5.13: Pull for tracks, 1992 di-
muonn data. 

Figuree 5.14: Pull for tracks, 1993 di-
muonn data. 

Figuree 5.15: Pull for tracks, 1994 di-
muonn data. 

Figuree 5.16: Pull for tracks, 1995 di-
muonn data. 

Inn figures 5.13 through 5.16, the resolution function, or pull, for the average Cherenkov 
anglee for di-muons is shown. The distribution is fitted with a Gaussian with width 1, 
centeredd around zero. The logarithmic scale shows that there are hardly any tails and 
thuss no background, thus ensuring a low misidentification rate in the ring analysis. 
Fromm the plots, we conclude that the measured Cherenkov angle agrees well with the 
expectationn within the uncertainty of the measurement. 

Summarizing,, we conclude that the performance of the BRICH is good. The 
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Cherenkovv photon yield follows the Poisson distribution nicely, and the Cherenkov 
anglee resolution function follows a Gaussian with width 1. From the fact that the 
photonn yield and the resolution of the BRICH are in agreement with our expectation, 
wee conclude that we understand the performance of the BRICH. For the veto identifi-
cation,, the two major sources of background are understood: the misidentification in 
thee veto region due to photons coming from the liquid radiator and the misidentifica-
tionn in the veto region due to Poisson statistics. The photons coming from the liquid 
radiatorr are taken out by cutting away the region 9 E (70°, 110°). The background due 
too Poisson statistics can be effectively estimated. 

Forr the ring analysis, possible misidentification comes from the tails in the pull 
distributionss 5.13 through 5.16. The figures show that the ring finding algorithm 
effectivelyy suppresses the background. We are now ready to measure the very small 
fractionn of kaons in single prong r decays. 



Chapterr 6 

Measurementt of B R (r —> KuT) 

Inn this chapter a number of r decay channels are discussed. For a more complete 
overvieww of the r decay modes we refer to appendix A. The branching ratio of the 
decayy r —• KvT is measured using a sample of one prong r decays. Only decays 
withoutt particles interacting (mostly) electromagnetically (electrons, photons and 7r°'s) 
aree selected. Ideally, this sample only contains the decays r —> KvT, r —• nvT and 
rr  —• IIV^T. The branching ratio BR(r —• KvT) is then measured by determining the 
followingg ratio: 

numberr of r -»• Kvr 
KmeasKmeas = T 7 (6-1) 

numberr of r —> nur or /i^Ti^M 

Iff £i , i — K,fi,n are the efficiencies with which we select and identify the decay 
channels,, the following equation is valid: 

7^ e o aa = — eKBR(r-^KuT) 
s^BRirs^BRir —• / w w ) + enBR(r —• in/T) 

AA KORALZ [7] generated Z° —• T+T~ event sample with full detector simulation 1 is 
usedused to obtain the factors e*. The total simulated event sample corresponds to almost 
fourr times the integrated luminosity taken by DELPHI in 1994. The branching ratio 
rr —»• KvT is obtained through 

BR{TBR{T - KUT) = Kr^as X (^BR{T - /X^ ) + ^S i? ( r - MT)) (6.3) 

6.11 Event selection 

Wee used the data recorded at DELPHI in the years 1992, 1993, 1994 and 1995. The 
totall hadronic event sample for these years amounts to 751 k Z0,s in 1992, 755 k Z°'s 
inn 1993, 1484 k Z°'s in 1994 and 750 k Z°'s in 1995 [5]. 

lThee RICH detector was not included in the detector simulation 

55 5 
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Too select single prong T decays, the event is divided into two hemispheres. First, 
thee thrust axis is calculated using the charged particles. These particles have to have 
aa momentum of at least 0.6 GeV. Furthermore, the tracks have to come from the 
interactionn point to within 4.5 cm in z and 0.2 cm in the xy-plane. For the distance 
inn xy applies that if there are no vertex detector hits on the track, this distance is 
4.00 cm. The small value (i.e. 0.2 cm) is chosen in order to reject photo conversions 
andd cosmics. The event is then divided by a plane perpendicular to the thrust axis. 
Onee side is constrained to contain only one charged particle whereas the other side can 
containn up to three charged particles. 

Figuree 6.1: Kaon momen-
tumm distribution 

Figuree 6.2: Pion momen-
tumm distribution 

Figuree 6.3: Muon momen-
tumm distribution 

Next,, kinematical constraints are applied only to sides with one charged track to 
alloww particle identification in the RICH. The track has to pass through the barrel 
RICHH and therefore, the polar angle of the track has to be between 47° and 133°. The 
momentumm of the single charged track has to be higher than 4 GeV and lower than 
255 GeV. The lower limi t is set to 4 GeV to ensure the yield of a maximal number of 
Cherenkovv photons for pions and muons. This leads to less background in the kaon 
vetoo identification. Since kaons are produced in r decays with a minimal momentum 
off  3.5 GeV, we do not lose many kaons with this cut, see figures 6.1 through 6.3. At 
255 GeV, kaons have an almost saturated Cherenkov angle and separation between kaon 
andd •K is no longer possible. 

Now,, the sample we are left with is already quite pure in r decays. The Bhabha 
andd di-muon events are rejected by the requirement that charged tracks have to have a 
momentumm of maximally 25 GeV. The minimum momentum of 4 GeV rejects a large 
fractionn of two-photon events. The constraint of only one charged particle on at least 
onee side rejects hadronic events. We note, that the cuts we described until now, are 
thee kinematical requirements for kaon identification in the RICH. 

Thee background is further reduced by a cut on the angle between the charged track 
onn the one-prong side and the closest charged track in the opposite hemisphere, which 



6.1.6.1. Event selection 57 7 

hass to be larger than 165°. Then, a cut on the opposite side is introduced. In order to 
suppresss non-Z° background, the scalar sum of the charged particle momenta in the 
oppositee hemisphere has to be more than 1 GeV. 

Forr a determination of the branching ratio BR(T —• Kvr), we have to distinguish 
betweenn kaons and K*'s. For this purpose, a set of cuts based on the measurements of 
thee electromagnetic calorimeter (HPC) is introduced. The cuts are designed to reject 
anyy r decay which includes those particles interacting mostly electromagnetically. As 
aa consequence, the decay r —> evevT will be rejected too by these cuts. The rejection 
off the electron channel is only to our advantage since the RICH misidentification rate 
iss expected to be much higher for electrons than for muons or pions (see section 4.2). 
Becausee there is no need to distinguish between electrons or decays which include 
neutral(s),, the cuts described below are much easier to implement and are more efficient 
thann the cuts described in chapter 4. The electron tag which is explained in chapter 
44 is developed for the determination of the K* branching ratio, the determination of 
whichh will not be presented in this thesis. 

Wee note that kaons and 7r's can produce hadronic showers in the HPC. Those 
showerss start typically late in the HPC, they are broader and show larger statistical 
fluctuationsfluctuations than electromagnetically induced showers. The hadronic showers should 
nott be rejected by our cuts. With the following set of cuts, r decays which include 
electromagneticallyy interacting particles are identified: 

•• The ratio of the total electromagnetic energy deposited in a 20° cone around the 
thrustt axis and the momentum is higher than 0.7. If the charged track traverses 
ö-crackss or </>-cracks in the HPC, this value is set to 0.45 and 0.2 respectively. 

•• The total neutral electromagnetic energy (i.e. not connected to the charged track) 
inn the 20° cone is more than 0.4 GeV. The contributions from different showers 
aree weighted with the distance to the track. The weight only applies to showers 
closee to the charged track. 

•• There is an additional (rejected) track in the hemisphere. Usually this track 
comess from a photon conversion. 

Cosmicc events can lead to a mismeasurement of the branching ratio BR(r —> KvT). 
AA cosmic track going through the interaction point will radiate Cherenkov photons 
awayy from the mirror system in the upper half of the detector, whereas in the lower 
halff of the detector it will be detected by the RICH. If the momentum of the cosmic 
trackk is in the momentum region for kaon veto identification, the event will look like 
aa perfectly normal e+e~ —* T+T~ event where one r decays to a /i (lower half of the 
detector)) and the other r decays to a kaon. The event sample we selected still contains 
cosmics.. The cosmic events are identified with an appropriate set of cuts of which the 
mostt important are the requirement of collinear tracks (the a-collinearity had to be 
lesss than 2.5°) and the constraint that the momenta of the charged tracks are equal 
withinn 5cr. Once identified, the cosmic events were rejected. 
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TT decay 

e e 

/* * 

7T T 

P P 

fll fll 

K K 

K* K* 

Originall  sample 
composition n 

17.733  0.06% 

17.988  0.06% 

11.388 % 

24.677  0.07% 

8.455  0.05% 

0.722  0.01% 

0.422  0.01% 

Efficiencyy all cuts 
exceptt HPC cuts 

24.388 % 

33.677 % 

23.111  0.21% 

31.355 % 

33.700  0.27% 

23.099  0.82% 

36.255  1.22% 

Efficiencyy all 
cuts s 

0.300  0.02% 

32.244 % 

18.788  0.19% 

1.077  0.03% 

0.088  0.02% 

19.388  0.77% 

1.566  0.32% 

Sample e 
composition n 

0.633  0.05% 

67.799  0.26% 

24.999  0.24% 

3.099  0.10% 

0.088  0.02% 

1.633  0.07% 

0.088  0.02% 

Tablee 6.1: The sample composition of the original sample, the efficiency of the set of 
alll  cuts except the HPC cuts, the efficiency of the consecutive appliance of the HPC 
cuts,, and the resulting sample composition after all cuts have been applied. The data 
iss obtained through the KORALZ r generator with full detector simulation. 

Byy applying all cuts, we select the channels which enter the ratio (6.1). The back-
groundd cuts include cuts on the momentum, cosmics, the sum of the charged momentum 
onn the second hemisphere and the isolation angle cut. The track quality cuts include 
thee constraint of having track elements in both the TPC and the Outer detector. The 
HPCC cuts include the cuts described previously. In table 6.1 the effect of the set of 
HPCC cuts on the event sample is given. The table shows the relative abundancy of 
thee three decay channels /z, it and K which pass the HPC cuts. Also clear is that the 
selectionn efficiencies for 7r and K are equal. In principle the /i efficiency should be equal 
too,, but the momentum spectrum of the \i is slowly decreasing (see figure 6.3), leading 
too a relative abundancy of /z with respect to it and K. The abundancy of K* before 
thee HPC cuts is due to the fact that r —* K*v —> KKV is a three-body decay, causing 
thee momentum spectrum of the final state particles to be softer. 

Theree is still some background to be expected. For events with multiple charged 
trackss in either hemisphere, the background is due to hadronic Z° decays. For events 
whichh have a 1-1 topology (one charged track per hemisphere), the background comes 
fromm Bhabha, di-muon events, two-photon events and cosmics. 

Thee selected sample is therefore checked for those variables which are particularly 
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Chargedd multiplicity 
inn other hemisphere 
one e 
two o 
three e 
moree than three 

Data a 

81.00  0.5% 
3.99  0.2% 
14.22  0.4% 
0.99 % 

KORALZ Z 

80.88  0.2% 
4.11 % 
14.00  0.2% 
1.11 % 

Difference e 

0.33  0.5% 
-0.22  0.2% 

0.22  0.5% 
-0.22 % 

Tablee 6.2: Percentages of the number of charged tracks on the opposite hemisphere in 
19944 data and in r KORALZ simulated events. 

sensitivee to background. First of all, the performance of the HPC cuts is studied in 
detaill  on simulated data: KORALZ generated e+e~ —* T+T~ events with full detec-
torr simulation. In real data, most background will come from Bhabha events and 
hadronicc events. If these events are present in the selected sample, one expects to find 
moree photons coming from the Bhabha's, and more 7r°'s coming from hadronic events. 
Therefore,, the fraction of events rejected by the HPC cuts is a sensitive indication for 
thee existence of background. 

AA comparison was made between real data and KORALZ simulated data concerning 
thee fraction of events which passed the HPC cuts. For KORALZ simulated data 34.3
0.2%% of the tracks passed the HPC cuts. For real data this fraction is 33.3  0.4%. We 
thuss see that KORALZ simulated data and real data agree within the order of 1 %. 
Sincee the HPC cuts cut away neutrals and electrons, and, the percentages of all data 
eventss and r KORALZ events killed by the HPC cuts agree, we conclude that our set 
off  cuts prior to the HPC cuts, effectively reject Bhabha and hadronic events. 

Sincee most cuts described in this chapter apply to the one prong hemisphere, the 
secondd side is relatively unbiased. Therefore, the charged multiplicity on the second 
sidee is a sensitive indication for possible background. Again, the expectation is that 
thee presence of Bhabha and hadronic events alter the fractions of 1-1, 1-2, 1-3 and 1-n 
(n=4,5,6)) topologies. In table 6.2 the percentages of one, two, three or more than three 
chargedd tracks on the second side are given for data and KORALZ. The comparison 
showss that we understand our sample composition to within 1 %. 



60 0 ChapterChapter 6. Measurement of BR(T —> KvT) 

6.22 Kaon identification with the RICH 

Thee sample we obtained after applying all cuts consists mainly of the three r decay 
channelss as given in equation 6.2. All particle momenta are between 4 and 25 GeV and 
alll  particles traverse the barrel region (6 e 47° — 133°). In DELPHI we can distinguish 
thee T —> KvT channel from the fx/n channel on a track-by-track basis using the particle 
identificationidentification of the RICH detector. Dictated by the momentum range of the particles, 
onlyy the RICH gas radiator is used in the analysis. We will make a two-fold separation 
inn our sample: the particles will either belong to the kaon-class or to the n/n-class. 
Inn other words, we will not attempt to distinguish /z's from IT'S. Before we can iden-
tifyy particles, the sample is further cleaned from background to provide reliable RICH 
identification. . 

TwoTwo identification methods are used. Kaons start radiating Cherenkov photons at 
99 GeV (chapter 5). From 4 to 9 GeV kaons traverse the gas radiator without emitting 
Cherenkovv photons. For u's and 7r's, this threshold is already passed before 4 GeV. 
Therefore,, in between 4 and 9 GeV, distinction can be made between kaons and fi's/w's, 
byy the absence or presence of photons in a 2.5cr7 window around O^/n)- The angle 8^/^ 
iss the saturated Cherenkov angle in the gas radiator, corresponding to 61.5 mrad. As 
mentionedd before, the method of distinguishing particles by the absence of photons is 
calledd veto identification. 

Abovee 9 GeV particles are identified by measuring the Cherenkov angle. The mea-
suredd angle is compared to the expected Cherenkov angle for the different particle 

Figuree 6.4: Pull per track for r one 
prongg ring identification selection for 
19922 data. 

Figuree 6.5: Pull per track for r one 
prongg ring identification selection for 
19933 data. 
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Figuree 6.6: Pull per track for r one 
prongg ring identification selection for 
19944 data. 

Figuree 6.7: Pull per track for T one 
prongg ring identification selection for 
19955 data. 

hypothesess and the particle is then attributed to one of the two classes (i.e. the kaon 
classs or the it/ft class). This is called, as mentioned previously, ring identification. 
Throughh the iterative procedure discussed in section 5.3 the average Cherenkov angle 
iss determined. In figures 6.4 through 6.7 the pull distributions for our one prong r 
samplee are given for all years. In the plots a Gaussian with width 1 is drawn. The 
pulll  distributions of the one prong r sample agree well with the pull distributions of 
thee di-muon sample studied in chapter 5. 

Thee pull is made with respect to the pion hypothesis. The 'shoulder' on the left 
handd sides of the distributions indicate the presence of kaons. The logarithmic plots 
showw that there is almost no background. 

Inn order to ensure a reliable RICH identification, the particles have to pass the 
RICHH quality cuts as described in the di-muon study in the previous chapter; particles 
withoutt hits in the TPC and OD are discarded. Bad runs and bad sectors are cut 
away,, and particles without dE/dX hits in the RICH are discarded. Tracks with no 
orr inconsistent RICH data are discarded and tracks with too high background (more 
thann 30 photons connected to the track) are cut. After this general RICH quality 
selection,, there is another, identification method dependent, quality selection. This 
wil ll  be discussed in sections 6.3 and 6.4. 

Afterr applying all event selection cuts and all RICH quality cuts, we selected a total 
samplee of 1788 one prong r decays in 1992, 1698 in 1993, 7721 in 1994 and 3826 one 
prongg r decays in 1995. 
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6.33 Ring identification 

Inn order to classify for the ring analysis, the number of expected Cherenkov photons 
forr a kaon should be greater than 2. The expected number of photons depend on the 
momentumm of the track and the angle 6 of the track, which indicates the distance 
traversedd in the gas radiator. 

Iff  the number of expected Cherenkov photons for the kaon hypothesis is higher 
thann 2 for a track with a certain momentum, the particle has to pass the ring quality 
selection.. The most important criteria for a track to be cut away in the ring quality 
selectionss are: not enough photons in the fit (3 for tracks with momentum higher than 
155 GeV, 2 for tracks with lower momentum), too large error on the fitted Cherenkov 
angle,, a bad RMS on the fit, or too high background for ring identification. In table 
6.33 numbers are given for tracks which passed these cuts. The term 'good conditions' 
herebyy refers to passing the above mentioned ring quality cuts. 

Forr each detected photon, the angle with respect to the particle's trajectory, and 
itss error are calculated [11],[13]. The Cherenkov angle of the particle is determined 
throughh the iterative procedure as described in section 5.3. A particle is tagged as a 
kaonn if the Cherenkov angle is in agreement with the kaon hypothesis, i.e. if the angle 
iss found within a 2.5 o window around the expected Cherenkov angle for a kaon with 
similarr momentum, and incompatible with the 7T//J hypothesis. The latter constraint 
beingg more than 3.3 o below the expected angle for n/n. The value of 3.3 was carefully 

Year r 

Enterr the analysis 

Off  which have more than 
22 expected photons 
inn the K hypothesis 

Off  which good conditions 

Off  which: 

Taggedd as Kaon 

Taggedd as Pion/Muon 

1992 2 

1788 8 

1273 3 

989 9 

11 1 

545 5 

1993 3 

1698 8 

1150 0 

875 5 

10 0 

493 3 

1994 4 

7721 1 

5640 0 

4461 1 

65 5 

2574 4 

1995 5 

3826 6 

2753 3 

2140 0 

25 5 

1213 3 

Tablee 6.3: Results from the ring analysis for all years 
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chosenn after varying it over a wide range. The parameter indicating the value is called 
SEPP in this analysis. Its influence on the result is discussed in more detail in section 6.5. 

Ass the particle momentum increases, the acceptance for kaon identification becomes 
lesss and less because the kaon ring starts to overlap with the (saturated) fi/n ring. The 
acceptancee for particle identification as a function of momentum is given in section 6.5. 
Tablee 6.3 gives a listing of the number of particles during the various stages of the ring 
identificationn analysis for all years. The last two lines of the table give the identified 
kaonss and pions. This amounts to a bit over 30 % of the tracks which enter the analysis. 
Thosee tracks which can not be identified either have too low momentum to have the 
requiredd two photons in the kaon hypothesis, do not fullfil l the ring quality constraints, 
orr have too high momentum such that the kaon band and the pion band overlap (in 
whichh case no distinction can be made). 

Lookingg at the one prong r selection for ring identification, we find that the average 
numberr of Cherenkov photons per track in our r selection is 7.9 2 for 1992, 8.3 3 
forr 1993, 9.0 1 for 1994 and 9.3 1 for 1995. The averages are obtained with a 
dataa sample which passed the general RICH quality cuts and the constraints for good 
ringg conditions. The distributions of the number of photons per track for all years are 
givenn in figures 6.8 through 6.11. They are in agreement with the results obtained from 
thee di-muon sample (figures 5.9 through 5.12). 
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6.44 Veto identification 

Particless qualify for the veto analysis if the number of expected Cherenkov photons in 
thee kaon hypothesis is less than 3. If a particle satisfies this constraint, it has to pass 
thee veto quality cuts. The veto quality cuts include too low number of expected pion 
photons,, no dE/dx hits in the RICH and too high background (more than 2 photons 
inn a 2.5 - 5 a window around the pion Cherenkov angle). Since kaons are identified by 

y? ? 

'' L 

100 12.5 15 17.5 20 22.5 25 200 225 25 

Figuree 6.8: Number of observed and 
expectedd photons for 1992 data. 

Figuree 6.9: Number of observed and 
expectedd photons for 1993 data. 
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Figuree 6.10: Number of observed and 
expectedd photons for 1994 data. 

Figuree 6.11: Number of observed and 
expectedd photons for 1995 data. 
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thee absence of photons in the band around the expected Cherenkov angle for fi/n, we 
alsoo cut out the region 9 € (70°, 110°) from our veto identification analysis to avoid 
overlappingg liquid and gas rings. With this cut, about one-third of the tracks are re-
jected. . 

Inn figures 6.8 through 6.11 the observed and expected number of photons for our one 
prongg T selection for veto identification are shown. The expected number of Cherenkov 
photonss is calculated under the assumption that the particle is a pion. The excess in 
thee zero bin is due to the presence of kaons in the sample. 

Year r 

Enterr the analysis 

Off  which have less than 
33 expected photons 
inn the K hypothesis 

Off  which good conditions 

Off  which: 

Taggedd as Kaon 

Taggedd as Pion/Muon 

1992 2 

1788 8 

515 5 

187 7 

4 4 

183 3 

1993 3 

1698 8 

548 8 

211 1 

3 3 

208 8 

1994 4 

7721 1 

2081 1 

829 9 

10 0 

819 9 

1995 5 

3826 6 

1073 3 

435 5 

6 6 

429 9 

Tablee 6.4: Results from the veto analysis for all years 

Wee end this section with an overview of the amounts of particles during the various 
stagess of the veto analysis. The overview is given in table 6.4. 
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6.55 The branching rat io B R (r —> KvT) 

InIn the beginning of this chapter the branching ratio calculation was given by equation 
6.3.. In fact, this is the ideal situation. What we really measure as kaon sample is given 
inn the following equation: 

NNKK,identified,identified = {eKBR(r -» KvT) + £K*BR{T -» K*UT)+ 
88nnBR(rBR(r -• ixvT) + d^BRir - • fi^uT)) x NT (6.4) 

Here,, S^ and 8^ are the probabilities to select pions that do not radiate any photons 
(forr veto), or the probabilities that the average Cherenkov angle for the pion and the 
muonn satisfies the SEP constraints to be tagged as a a kaon (for ring). eK and £K* are 
thee efficiencies to select K's and K*'s, the latter being selected because the HPC cuts 
didd not keep all the K*'s out of our sample. 

Thee correct formula with which the branching ratio is calculated thus reads: 

BR(TBR(T -»> KVT) - Kmeas X 

(^BR(T(^BR(T -> pvrvy) + —BR{r -» TTI/T)+ 

^BR{T^BR{T -> puT) + £-^-BR(T -> aivT)\ -

—BR{T—BR{T -H> K*VT) - —BR(r -> nvT) -

^BR{T^BR{T -* fJLU^Vr) (6.5) 

Here,, T^meas is the ratio of the number of kaons we identify and measure, and the 
numberr of pions/muons we identify and measure. 

Thee efficiencies used in equation 6.5 are obtained as follows. The choice between 
usingg the veto identification method or the ring identification method is dictated by 
thee momentum and the polar angle of the particle. Because of the dependence on 
thee polar angle, the momentum regions for veto identified particles and ring identified 
particless overlap. This is shown is figures 6.12 through 6.14. 

Thee figures 6.12 through 6.14 are obtained from 1994 data. The efficiency is calcu­
latedd with the one-prong r sample where the tracks passed all cuts except the RICH 
relatedd cuts. By dividing the identified tracks by the total sample the efficiency is 
determined.. The relatively low identification efficiency in the veto region is due to the 
99 e (70°, 110°) cut. The decrease of ring efficiency with increasing momentum is caused 
byy the increasing overlap of kaon and pion rings. The RICH identification efficiency for 
19944 data as shown in figure 6.14 is then combined with the Monte Carlo simulation to 
determinee the overall efficiency for specific one prong r decay channels. We used figure 
6.144 to weight every particle with the efficiency of the bin which corresponds with the 
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Figuree 6.12: Veto identification effi-
ciencyy for 1994 data. 

Figuree 6.13: Ring identification effi-
ciencyy for 1994 data. 
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Figuree 6.14: Total identification efficiency for 1994 data. 
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momentumm of the particle. This way, the momentum dependence of the RICH particle 
identificationn is taken into account in the final selection efficiencies e,'s as well as the 
effectt of the RICH quality cuts. 

Tablee 6.5 shows that the branching ratios r —» KvT for all years agree. The overall 
resultt for the branching ratio r —» KvT is found by taking the weighted average of all 
years: : 

BR(rBR(r -> KvT) = 0.775  0.074stat% (6.6) 

Thee result given in equation 6.6 is in good agreement with the Standard Model pre­
diction: : 

BR(TBR(T -* KvT) = 0.72  0.01% (6.7) 

Thee STT and 5^ are connected with particle misidentification. Particle misidentifi­
cationn was corrected for on a statistical basis. In table 6.5 the identified kaons and 
pionss are listed together with misidentified particles. The first kind of misidentification 
impactss the veto identification result. The probability for a particle above threshold 
nott to radiate any photons is calculated through the relevant Poisson distribution. For 
everyy track, the probability P(0) (see equation 5.7) was calculated and summed. 

0-S S 
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- 1 55 - 1 2 . 5 - 1 0 - 7 . 5 - 5 - 2 . 5 0 2.5 5 7.5 10 

Figuree 6.15: Example of overlapping pull distributions. 

Thee second type of misidentification impacts the ring identification result. Depend­
ingg on the momentum of the particle, the pull distributions of the kaon and the pion 
overlapp (see figure 6.15). This leads to the possibility that a pion can have a Cherenkov 
anglee incompatible with the pion hypothesis, and compatible with the kaon hypothe­
sis.. In order to calculate the number of misidentified pions, the part of the pion pull 

Pionn pull 

Kaonn pull 
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compatiblee with the kaon hypothesis, was integrated and summed for every track. The 
contributionn of 5n and 6^ to the systematical error is in both cases (i.e. in veto and 
ringg identification) negligible. 

Inn table 6.6 a listing is given of all variables which contribute to the systematical 
error.. For all variables the uncertainty is known, either by calculation (statistical error 
onn the e's) or taken from the Particle Data Group (branching ratios) [14]. All contri-
butionss to the systematic error were obtained by varying the corresponding variable 
byy 7 and monitoring the change in the branching ratio result. None of the variables 
showedd an asymmetric contribution to the systematical error. 

Figuree 6.16: Ring branching ratios as a function of SEP for 1994 data. The horizontal 
liness indicate the ring branching ratio and the uncertainty on it for 1994 data. 

Besidess the uncertainty on e^s, there are still two important contributions to the 
systematicc error. They are the uncertainty on the branching ratios taken from the 
particlee data booklet and the contribution due to the parameter SEP, which is used 
too distinguish kaons from pions/muons in the ring identification method (see section 
6.3).. SEP was varied over a wide range of values. By increasing SEP the background 
decreasess and the number of identified particles (acceptance) becomes lower. The 
branchingg ratio r —• Kvr is stable for SEP above the value 3 as shown in figure 6.16. 
Thee contribution to the systematic error due to the acceptance, SEP, is as well specified 
inn table 6.6. 

Togetherr with the efficiency to select K's (eK), SEP forms the leading contribution 
too the systematic error. The £% because it is directly coupled to the branching ratio 
BR(TBR(T —* KvT) and therefore forms the denominator for all terms on the right-hand 
sidee of equation 6.5. SEP because this variable determines if a particle is a K or a n/fi 
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inn the RICH identification algorithm. 
Thee total systematical error is obtained by adding up the squared separate contri-

butions. . 
Withh all systematics taken into account, the overall result for the branching ratio 

rr —»• KvT is: 
BR(rBR(r -+ KuT) = 0.775  0.074stat  0.055S1/S% (6.8) 

Inn September 1998 the fifth international workshop on r lepton physics was held in 
Santander,, Spain. There, results were shown from other groups or experiments. The 
mainn two contributions on single prong kaon production in r decays came from the 
DELPHII and ALEPH experiments at CERN. The DELPHI analysis was later updated 
forr the HEP'99 conference in Finland [15]. 

Forr DELPHI the data analysed was taken from the years 1993 through 1995. The 
ALEPHH collaboration analysed the data taken in 1991 through 1995. The DELPHI 
analysiss was, just as in the analysis presented in this thesis, based upon the particle 
identificationidentification with the RICH. Furthermore, dE/dx measurements were used. The main 
differencee with the analysis presented in this thesis is that the other DELPHI analysis 
obtainedd the result through a maximisation of a likelihood function of dE/dx and RICH 
pullss [15]. This in contrast with the analysis presented in this thesis where we uniquely 
identifiiedd particles on a track by track basis. The result for the other DELPHI analysis 
is: : 

BR(rBR(r - • KvT) = 0.648  0.045stot  0.Q4Zsys% (6.9) 

Thiss result is, within 1 cr, in agreement with the result presented in this thesis. The 
reasonn why both DELPHI analyses differ in result using the same data set is because 
completelyy different event selections are used, i.e. the standard DELPHI r selection 
versuss the RICH identification based event selection presented in this thesis. On top 
off that, the methods of determining the kaon contents in the data samples differs com­
pletely. . 

ALEPHH presented a preliminary result, which was later published [16]. The ALEPH 
analysiss is solely based on their excellent dE/dx measurements. Their result reads: 

BR(rBR(r -» KvT) = 0.696  0.025stat  0.014SJ/S% (6.10) 

Thee remarkable difference in statistical error is mostly due to the fact that the ALEPH 
detectorr covers a larger solid angle and a larger K momentum interval is used in the 
dE/dxx measurement. 

Inn february 2001, OPAL published their result on one-prong r decays with a charged 
kaonn [17]. The results were obtained using the complete set of data collected by the 
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OPALL experiment between 1990 and 1995. The branching ratio for the exclusive r to 
kaonn decay reads: 

BR(TBR(T -H. KvT) = 0.658  0.027stot  0.029sys% (6.11) 

Again,, the results were obtained from an analysis of the ionisation energy loss of charged 
particless selected from e+e~ —• T+T candidates. 

Alll results are in good agreement. 
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6.66 Conclusion 

Wee measured the exclusive kaon production in one prong r decays r —• KuT using the 
dataa collected by the DELPHI detector in 1992, 1993, 1994 and 1995. 

Twoo identification methods based on the measurements of the RICH detector are 
usedd to obtain the total number of kaons produced. The methods are described in the 
previouss sections, the results from the different methods are given in table 6.5. 

Thee branching ratio BR(r —*• Ki/T) is calculated using the Standard Model. In 
thee Standard Model, all leptons couple to the W boson with universal strength. Our 
measurementt is in agreement with the Standard Model prediction and thereby we 
indirectlyy confirm lepton universality. 

Thee combination of the low branching ratio BR(r —> KuT) and the precise the­
oreticall prediction makes the measurement of this decay a sensitive instrument for 
interactionss beyond the Standard Model. Our branching ratio measurement does not 
indicatee the existence of interactions beyond the Standard Model. With two standard 
deviationss or 95 % confidence level, we set limits on possible new interaction couplings. 
First,, the branching ratio is determined as described in the previous section. Then, 
limitss can be set on the different additional couplings through relations (2.18) to (2.20). 
Thiss results in relations for additional interaction couplings as given in table 6.7. 

Thee g'^s are the additional interaction couplings as defined in appendix B. We note 
thatt the <;"s indicate the fraction of the Standard Model coupling. This means that if 
wee assume g'^ ~ 0, the combination g'usg'T should be less than 4 % of the combination 
off Standard Model couplings in case of a V-A Lorentz structure (first line of table 6.7). 
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Year r 

RingRing good conditions 

RingRing kaons 

RingRing fraction K* 

RingRing misidentified 
pions/muons s 

Ringg pions/muons 

Ringg branching ratio 

Vetoo good conditions 

Vetoo kaons 

Vetoo fraction K* 

Vetoo misidentified 
pions/muons s 

Vetoo pions/muons 

Vetoo branching ratio 

Totall  branching ratio 

1992 2 

989 9 

11 1 

0.80 0 

0.54 4 

545 5 

0.7299  0.245 

187 7 

4 4 

0.12 2 

0.10 0 

183 3 

1.0066  0.530 

0.7788  0.222 

1993 3 

875 5 

10 0 

0.72 2 

0.55 5 

493 3 

0.7288  0.257 

211 1 

3 3 

0.13 3 

0.07 7 

208 8 

0.6533  0.402 

0.7066  0.217 

1994 4 

4461 1 

65 5 

3.70 0 

2.14 4 

2574 4 

0.9433  0.127 

829 9 

10 0 

0.53 3 

0.19 9 

819 9 

0.5522  0.187 

0.8199  0.105 

1995 5 

2140 0 

25 5 

1.77 7 

1.12 2 

1213 3 

0.7499  0.166 

435 5 

6 6 

0.28 8 

0.08 8 

429 9 

0.6411  0.277 

0.7211  0.143 

Tablee 6.5: The combined result for veto and ring identification analysis per year. Apart 
fromfrom the branching ratios, all numbers indicate number of events. The branching ratios 
onlyy give statistical errors. 
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Parameter r 
SK SK 

e» e» 

z* z* 

EEp p 

eeKK* * 

BR(TBR(T ->fi) 

BR(rBR(r -+ TT) 

BR(TBR(T -» J f) 

SEP P 

total l 

Valuee and sigma % 
ringg 7.22  0.50 
vetoo 1.45  0.23 

ringg 11.93  0.13 
vetoo 3.02  0.07 
ringring 7.04  0.12 
vetoo 1.39  0.06 
ringg 0.41  0.02 
vetoo 0.08  0.01 
ringg 0.77  0.22 
vetoo 0.08  0.01 

17.377  0.09 

11.088  0.13 

0.522  0.05 

3.00  0.3 

Contributionn % 
0.047 7 

0.005 5 

0.003 3 

0.001 1 

0.012 2 

0.003 3 

0.003 3 

0.005 5 

0.025 5 

0.055 5 

Tablee 6.6: The contributions to the systematical error. Parameters which do not show 
upp in this table have a negligible contribution 

Lorentzz structure 

V-A A 

V+A A 

Vorr A 

Limi t t 

<?Us 'r -<7 ' J<< 0.039 

9'l9'lss{9'l-9'l)<{9'l-9'l)< 0-017 

9'us(9'r9'us(9'r -9'u)< 0-077 

Tablee 6.7: Limits on additional interaction couplings for several Lorentz structures 
withh 95 % confidence level. Only the uncertainty on the measured branching ratio 
BR(TBR(T —• KvT) is taken into account 
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Resonancess in r decays 

Inn this appendix relative contributions of final state decay channels of r decays to res-
onances,, are given. The resonances taken into account in this note are p,K*,di,Ki 
andd />(1700). To determine the relative contributions of different final state channels, 
usee is made of Clebsch Gordan coefficients for isospin decomposition. 

Theree are nine well known decay channels of the r lepton. Together they cover the 
bulkk of all T decays. Of these nine, four are the direct one-prong decays e, fi, ir and K 
pluss neutrino(s). The other five final state decay channels involve resonances. They 
yieldd a whole spectrum of multi-particle decays, both one- and multi prongs. They 
aree : 

Resonance e 

P~ P~ 
K*~ K*~ 
a{ a{ 
Kx Kx 
p"(1700) ) 

2 2 
1 1 

h h 
-1 1 

1 1 
2 2 

-1 1 
1 1 
2 2 

-1 1 

s s 
0 0 

-1 1 
0 0 

-1 1 
0 0 

Dominantt decay channel l 
7T1T 7T1T 

KTT KTT 

pir pir 

K*n K*n 
pTTTT pTTTT 

KK* KK* 

Tablee A.l : Quantum numbers of resonances and their dominant decay modes. Only 
decayy products of r~ are given. The r+ modes are obtained by taking the charge 
conjugates.. S denotes strangeness in this table. 

Thee first channel is the simplest, the p meson almost exclusively decays into two 
pions,, i.e. p*  —• ir0^. The decay channels of the other resonances are found by isospin 
decomposition.. Since the K doublets will come in frequently, the relevant quantum 
numberss are given in table A.2. 
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s\h s\h 
SS = l 

SS = -l 

K K 

K K 

TT - 1 T 1 

K+K+ K° 

K°K° K-

K* K* 

k* k* 

TT — 1 7 — 1 
^33 - 2 73 - ~2 

KK*+*+  K*o 

K*°K*°  K*~ 

Tablee A.2: Relevant quantum numbers for the kaon system. 

Thee decomposition of K* yields the following channels and their fraction. 

K* K* tfV tfV 

n°K~ n°K~ 

K%-K%-

Kfn-Kfn-

 T -
7TT 7TT7T 

•K°K-•K°K-

111111 — 1 
3 - 2 - 33 9 
22 1 1 
3-2-3 3 

22 I 
3*2 2 

3 3 
9 9 

11 — 3 
33 9 

Inn obtaining the relative contributions, the step K® —• irir is approximated by 

ir^ir*ir^ir* : 2w° = 2 : 1, 

whereass the particle data group gives 68.6 : 31.4. The other numbers come from 
Clebschh Gordan coefficient tables. 

Thee ax decays into /wr. Therefore, the possible modes are easily obtained. 

p°7T-p°7T-

7rV V 27T°7r--

Thee allowed isospin decomposition of K\ is as follows: 
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KK-- _*+ ^K*~ -L» *°R°K- - ^ ^üfj ir - -2-» A ^ v r " I . | . I . | = i 

- ^^ 7r°^°7r- —* 7r0tf,07r-

XX 2TT°K- —•+ 2n°K-

37T-00 - 1 2 1 1 _ J_ 
O/ll /i 3 ' 3 ' 2 - 3 27 

11 2 1 _ 1 
3 -- 3 - 2 27 

11 l _ i 
33 "3 27 

-2-»» 37r°7T- 2 1 1 1 = J. 
0 7 11 " 3 ' 3 - 2 - 3 27 

XX ^Kflt- — TT^TT- f-è-è = * 

Notee that modes 1-3 and 5-7 are completely identical in their final states and decay 
fractions. fractions. 

Thee last channel is the /9(1700). We start with the non-strange channel: 

,£>(1700)) X TTV X 2TTV " 

XX - -
J.. 1 
22 n — 2 -i-

— •• Cq7T • 7T p 7T -
l l 

-2-++ 7r_ /9+7T" -

37r°7r--

7r°7r 7r ; F7r_ _ 

7r07r+7T~7r^ ^ 

7r 07r+7r _7r~ ~ 

ll l l 
2 ' 22 4 
11 1 _ 1 
2"22 4 

11 1 _ 1 
2*22 4 

11 1 _ 1 
2 ' 22 4 

Thee other mode, KK* yields more final states: 
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p(1700)) X K°K*~ X 7r0K°K- X n0KQ
sK~ X ^^^K~ 

XX 3n°K-

XX TT°K?K- -> TT°K?K-

f - ll  27r°7r 7r^7r-

t ll 47T07T-

yy K?K°S7T- X Kfn^n-

XX K?2ir°7r-
5-ll  K?K?%~ X Kfn^ir-

XX K?2ir°7T-

yy 2K?n~ -> 2^°7T-

-tt i^tf - i 7T0X0^- A n°K°K- X ^ir^K-

XX 3n°K' 

XX TT°K?K- -+ 7r°^°iC-

- ll  n'K+K- - • TTK+K-

1 1 
2 2 

1 1 
2 2 

1 1 
2 2 

1 1 
2 2 

1 1 1 2 2 
2 - 3 ' 2 ' 3 3 

1 1 1 1 1 
2 , 3 ' 2 ' 3 3 

11 1 1 
2 ' 3 ' 2 2 

22 1 1 2 2 
• 3 - 2 - 2 - 3 - 3 3 

22 1 1 2 1 
• 3 - 2 ' 2 ' 3 ' 3 3 

22 1 1 1 2 
3 ' 2 " 2 ' 3 ' 3 3 

22 1 1 1 1 
3 " 2 - 2 - 3 - 3 3 

1 22 1 1 2 
2 , 3 * 2 , 2 , 3 3 

1 22 1 1 1 
2 * 3 , 2 ' 2 , 3 3 

1 22 1 1 2 
2 - 3 - 2 - 2 ' 3 3 

1 22 1 1 1 
2 ' 3 ' 2 - 2 - 3 3 

1 22 1 1 
2 - 3 ' 2 2 2 

1 1 1 2 2 
2 , 3 ' 2 ' 3 3 

1 1 1 1 1 
2 ' 3 - 2 - 3 3 

11 1 1 
2 , 3 , 2 2 

11 2 
2 " 3 3 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

= = 

6 6 
108 8 

3 3 
108 8 

9 9 
108 8 

4 4 
108 8 

2 2 
108 8 

2 2 
108 8 

1 1 
108 8 

6 6 
108 8 

3 3 
108 8 

6 6 
108 8 

3 3 
108 8 

9 9 
108 8 

6 6 
108 8 

3 3 
108 8 

9 9 
108 8 

36 6 
108 8 

Wee end this appendix by noting that different resonances may lead to identical final 
states. . 
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Thee calculation of r —• KvT using a 
generall Lorentz s t ruc ture 

Inn this appendix we will calculate the decay rates for r —» KvT and K —> fii/^ where we 
alloww an additional intermediate boson to mediate the decay, see figure B.l(b). We will 
includee a general Lorentz structure in M. We first will consider the decay r —• KvT. 
Thee particle functions involved are the two Dirac spinors uT(p) and u„(g), and the K 
scalarr 4>{k). The variables in parentheses denote the particle momenta. 

Wee will consider two intermediate bosons. The spin 0 boson with the appropriate 
propagator: : 

(B.l) ) 

(B.2) ) 

andd the spin 1 boson: 

kk2 2 

i{-g»i{-g»vv + kfjzjm isT isT 
kk22-' -' 

(a)) Standard Model interaction (b) A different scenario 

Figuree B.l: Standard Model couplings and extensions 

7<J J 
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wheree we assumed mT <C my- We note here that in our outline the difference between 
thee spin 0 and spin 1 boson is that the latter introduces Lorentz indices and therefore 
thee need for a contraction with Lorentz index carrying objects. Effectively, this leads 
too the additional factor of mT for calculations where the spin 1 boson is involved. The 
generall  matrix element reads: 

MM = Gür(p)[0]uv(q)ii}(k) (B.3) 

Here,, G is a constant. 

Beforee discussing the structure of the vertices, we will make an important observation. 
Forr the Lorentz structure O between brackets the five following Lorentz covariant terms 
cann be inserted: 

1,75,, r , 7 V , E"" = \ ( W - 7"V) (B.4) 

Wheree Lorentz indices (i.e. /z) are involved, we have to insert an appropriate quantity 
too contract with. The only vectors in this problem are p^,9M and k^. It turns out that 
q^q^ always yields 0. p^ and k^ give the same result by virtue of p — q + k. Whatever 
combinationn of the terms in (B.4) we take, we will always end up with unity or j 5 . As 
ann example, consider: 

ürip^u^k^ipik)ürip^u^k^ipik) = UT(p)jeuu(q)ip(k) = mTör(p)u1/(g)^(fc) (B.5) 

wheree we used: 

üüTT{p)$u{p)$uvv{q){q) = üT(p)(fi - 4)uv{q) = mTüT{p)u„(q) (B.6) 

Withoutt loss of generality, we can take the following Lorentz structure for the new 
interaction: : 

MM = GuT{p) [a + /?7
5] uv{q)^{k) (B.7) 

Forr the TU-X vertex, we therefore take: 

-i^9r(a-i^9r(a + fo5) (B.8) 

Forr the X- K vertex we take: 
-i^-^9usfK-i^-^9usfK (B.9) 

Thee squared matrix element in total is found to be: 

|M o t |
22 = ^ f W r (2C2 + 2(a + 0)FG + (a2 + (32)F2)pq (B.10) 

Thee constants F and G are given by: 

FF = TS
l9r<h, G^-^g2sm9c (B.ll ) 

MVMV * ™ M, w w 
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Thee Standard Model prediction for equation B.10 is found by setting F to zero and 
substitutingg equation B.ll for G. A similar expression can be derived for the decay 
KK —* fiv: 

|M0<|22 = ~fKml (2G2 + 2(8 + e)GH + (Ó2 + e2)H2)pq (B.12) 

Thiss time, the Lorentz structure is determined by the parameters 6 and e. The factor 
GG in equation B.12 is given by equation B.l l . The factor H is given by: 

H=jjpSH=jjpSkk9&»9&» (B.13) 

Thee total width of both decays can be found through equation 2.4 and we find for the 
ratioo 2.15: 

(2G(2G22 + 2(a + /3)FG + (a2+p2)F2) 

wheree /(mM ,mif,mT) is defined as: 

/<—)) = dfcx fö)2(Ö))2 (R15) 

Now,, there are a few interesting cases to consider. The first one is an additional 
interactionn of a V-A nature. This we obtain by setting a — 0 = 5 = e= 1. After 
substitutionn B.14 reads: 

(smec+g^g'us)' (smec+g^g'us)' 

Thee prime indicates a rescaling of the couplings by a factor Mx/Mw. By making the 
followingg Taylor expansion: 

(mOc+Mu.)(mOc+Mu.)22
 m=={l + Cf ( R 1 7) 

(sinn 0C+ <?>'-) (1 + ^ 

wee obtain the following expression for the ratio: 

Rr/KRr/K = (l + 2^V( f f V - sfj] f{m^mK,mT) (B.18) 
\\ sin0c / 

Byy inserting the value for ƒ and the measured value for R, we can set a limit on the 
combinationn of the new couplings in B.18. 
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Anotherr possibility is a pure V+A Lorentz structure. The values for the parameters 
are:: a = S — 1 = —)3 = —£. A similar calculation leads to: 

Thee last possibility we discuss is a pure V or pure A structure. The relevant parameters 
aree a = 6 — I ,/3 = £ = 0 for a pure vector structure, a = S = Q,0 = £=l{or& pure 
axiall  vector structure. In this case, the ratio R becomes: 
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Summary y 

Inn this thesis the determination of the branching ratio of single prong kaon production 
inn T decays is presented. The analysis is based on data taken with the DELPHI detector 
inn the years 1992 through 1995. The DELPHI detector is one of the four experiments 
off  the LEP accelerator at CERN, Geneva. 

Thee theoretical value of the branching ratio of exclusive kaon production in tau 
decayss is calculated using the Standard Model. Since it is not clear how to calculate 
thee coupling of the W boson to the K meson, we used the ratio: 

r(TT - . KvT) 

Thiss way, the contributions of the coupling of the W boson to the K meson cancel. 
Thee branching ratio thus calculated yields: 

BR(TBR(T -• KvT) = 0.72  0.01% (B.21) 

Speciall attention is paid to possible new interactions which are not present in the 
Standardd Model. Using a general Lorentz structure, branching ratios are calculated for 
additionall interactions. We derive expressions for V-A, V+A, V or A Lorentz struc­
tures.. Together with the experimental result presented in this thesis, the expressions 
aree used to set limits on possible new interactions. 

Thee main part of this thesis describes the measurement of the branching ratio of 
singlee prong kaon production in r decays. Two subdetectors of the DELPHI detector 
aree highlighted in this thesis. The electromagnetic calorimeter in DELPHI, the HPC, 
iss used for designing a dedicated electron tag in order to free our data set from decays 
containingg electrons. The overall efficiency of this electron tag for identifying electrons 
iss 91.7 %. In 6.5 % of the cases, non-electrons are mistakenly identified as electrons. 

Thee Ring Imaging Cherenkov (RICH) detector plays a paramount role in particle 
identification,, in this thesis in particular to separate kaons from pions and muons on a 
track-by-trackk basis. Dictated by the way the RICH is designed to identify particles, 
andd because of the momentum range in which kaons are produced in tau decays, two 
identificationn methods are applied; veto identification and ring identification. 

Thee event selection for e+e~ —* T+T~ is dictated by the kinematics! constraints on 
kaonn identification in the RICH. Together with constraints on topology a quite pure 
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tauu sample is obtained. After all selection cuts are applied, the total number of one 
prongg tau decays amounts to 15033 events. The branching ratio is obtained through 
thee ratio: 

__ number of (r —• KvT) 
numberr of (r —• iiv^v^ + r —* TTVT) 

Here,, the assumption is used that certain systematic uncertainties arising from selection 
efficiencies,, cancel in this ratio. The branching ratio is thus determined to be: 

BR(TBR(T -> KuT) = 0.775  0.074stat  0.055ays 

Thee error on the measurement consists of two almost comparable parts arising 
fromm statistics and systematics. The errors are dominated by the efficiency to select 
kaonss and by the algorithm to separate veto from positive identification. The result 
iss in agreement with the Standard Model prediction. The errors are larger than the 
errorr on the theoretical result, therefore an even more accurate measurement would be 
meaningful.. This however will require a vast increase in statistics to be achieved, for 
instancee in a future V factory'. 
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Samenvatting g 

Ditt proefschrift beschrijft een meting van de vertakkingsverhouding van het r lepton 
datt vervalt in één geladen kaon, en geen andere geladen deeltjes. De vertakkingsver-
houdingg is bepaald aan de hand van data die met de DELPHI detector te Genève in 
dee jaren 1992 tot en met 1995 zijn genomen. De DELPHI detector is één van de vier 
experimentenn opgesteld bij de LEP versneller te Genève. 

Dee theoretische waarde van de vertakkingsverhouding (r —• KvT) wordt in dit 
proefschriftt berekend aan de hand van het Standaard Model. Omdat de koppeling van 
hett W boson met het K meson niet te berekenen is, is hierbij gebruikt gemaakt van de 
verhouding: : 

T(TT(T - . KvT) 
^'^'KK ~ T{K - ^ , ) 

Dee bijdragen van de koppeling van het W boson met het K meson vallen op deze wijze 
tegenn elkaar weg. De vertakkingsverhouding wordt zo bepaald op: 

BR{TBR{T -» KvT) = 0.72  0.01% (B.22) 

Additioneell worden mogelijke nieuwe interacties beschouwd die niet in het Stan­
daardd Model zijn opgenomen. Hiertoe worden vertakkingsverhoudingen berekend uit­
gaandee van een algemene Lorentz structuur. In het bijzonder wordt gekeken naar 
nieuwee interacties met de Lorentz structuren V-A, V+A, V of A. De mathematische 
relatiess die hieruit voortkomen, en het meetresultaat van de vervalsbreedte worden ge­
bruiktt om een limiet te zetten op mogelijke nieuwe interacties. 

Hett grootste deel van dit proefschrift gaat over de meting van de vertakkingsver­
houdingg van het T lepton dat vervalt in één geladen kaon, en geen andere geladen 
deeltjes.. Twee subdetectoren van de voor deze meting gebruikte DELPHI detector 
wordenn in het bijzonder toegelicht. De elektromagnetische calorimeter van DELPHI, 
dee HPC, wordt gebruikt om specifiek electronen te identificeren met als doel deze ver­
vallenn buiten de data selectie te houden. Met de in dit proefschrift beschreven electron 
identificatiee worden 91.7 % van alle electronen geïdentificeerd. In 6.5 % van de gevallen 
wordtt onterecht een ander deeltje als electron geïdentificeerd. 

Dee Ring Imaging Cherenkov (RICH) detector speelt een nog crucialere rol in deelt­
jess identificatie doordat de detector kaonen kan onderscheiden van pionen en muonen 
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opp individuele basis. Vanwege het karakter van de RICH deeltjes identificatie geeft de 
impulss waarmee kaonen worden geproduceerd in tau verval, aanleiding tot twee iden-
tificatiee methoden: de veto identificatie en de positieve identificatie. 

Eenn belangrijk aspect van de analyse die in dit proefschrift wordt gepresenteerd 
iss dat de selectie voor e+e~ —> T+T~ gebeurtenissen voor een groot deel gebaseerd is 
opp de (kinematische) eis van deeltjes identificatie in de RICH. Samen met de eis dat 
dee gebeurtenis een speciale topologie moet hebben, verkrijgen we al een selectie met 
eenn hoog gehalte aan e+e~ —• T+T~ gebeurtenissen. Na het toepassen van alle selectie 
eisenn beschikken we over 15033 gewenste gebeurtenissen. De vertakkingsverhouding 
voorr de gebeurtenis waarbij een tau vervalt naar één kaon wordt bepaald met behulp 
vann de verhouding: 

aantall (r —• KvT) 
aantall (r —>• {iVrV^ + r —-> nuT) 

waarbijj we gebruik maken van de aanname dat bepaalde systematische onzekerheden 
voortkomendd uit het rendement van de gebeurtenis selectie, tegen elkaar wegvallen. De 
zoo verkregen vertakkingsverhouding bedraagt: 

BR(TBR(T — KvT) = 0.775  0.074stot  0.055syfl% 

Dee fout op de meting kent een bijna vergelijkbare contributie van het statistische 
gedeeltee en het systematische gedeelte. De totale fout wordt gedomineerd door de 
efficiencyy om kaonen te selecteren door de scheiding van veto en positief identificatie 
gebied.. De gemeten waarde voor de vertakkingsverhouding is in overeenstemming met 
de,, met behulp van het Standaard Model berekende waarde. De fout op de meting is 
echterr groter dan de fout op het theoretische resultaat, een nog nauwkeuriger meting 
iss nodig om een verder vergelijk toe te laten. Hiervoor is wel een enorme toename van 
statistiekk benodigd, zoals bijvoorbeeld bij een wellicht toekomstige 'r factory'. 
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Erratu m m 
Opp het voorblad van dit proefschrift staat 

abusievelijkk  de tij d van 10:45 uur  vermeld. 
Ditt  moet 11:00 uur  zijn. 






