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Introductio n n 

Itt is well known that matter consists of atoms and that the atom comprises a nucleus sur-
roundedd by a cloud of electrons. In turn the nucleus is made up from neutrons and protons. 
Thesee nucleons are themselves complex structures made from quarks—up (u) and down (d) 
quarks.. Such quarks together with the leptons, of which the electron is the best-known exam-
ple,, appear to be the ultimate constituents of matter and are called matter particles. Leptons 
andd quarks are fermions as they have half-integral (1/2) spin and obey Fermi-Dirac statistics. 
Theyy are also point-like, i.e. there is no experimental evidence for a possible substructure in 
thesee particles at distances down to % 10"16 cm. Each quark has its antiparticle, which has 
thee same quantum numbers and mass as the particle except for the charge which is oppo-
sitee for particles and antiparticles. The particle and its antiparticle can annihilate when they 
collide. . 

Theree exist other fundamental matter particles; they are charged and uncharged leptons 
ass well as their antiparticles. The charged leptons are called electron (e), muon (/x) and tau 
(r),, which have alt the same charge (-1) and differ only in the masses they have. Each of 
themm has its corresponding uncharged counterpart called neutrino (denoted by vG, u^, ur). 
Theyy are assumed to be massless as the experiments give only upper limits on their masses. 
Onee charged lepton and its uncharged counterpart form one of three fermion generations: (e, 
vvQQ),), (/v, z )̂ and (r, uT). 

Thee quarks (q) are all charged fermions. They can either have charge +2/3, up (u), charm 
(c)(c) and top (t), or charge -1/3, down (d), strange (s) and bottom (b). The quarks with charge 
+2/33 are called up-type quarks and the quarks with charge -1/3 down-type quarks. Like the 
leptons,, the quarks are also grouped in pairs to form three quark generations. These pairs 
consistt of an up-type and a down-type quarks: (u, d), (c, s) and (t, b). Thus, the difference 
inn charges between members of a generation is the same for quarks and leptons. From one 
generationn to another the charged leptons and the quarks increase in mass. Our world is 
mainlyy build up from the quarks and leptons of the first generation {(e. ve). (u. d)}. Other 
matterr particles have been discovered in cosmic rays and in accelerator experiments. 

Thee quarks have not been observed as free particles. They appear bounded inside hadrons, 
off  which the proton and neutron are the best-known examples. Therefore, a hadron is not 
reallyy an elementary particle as it is made up from quarks. 

Inn this thesis we wil l study a quark from the second generation: the strange (s) quark. 
Itt forms together with a u or d quark strange hadrons like the charged kaons, K~. The 
DELPHII  detector is equipped with Cherenkov detectors that allow us to identify the charged 
kaonss individually. 

1 1 



2 2 INTRODUCTION N 

Otherr fundamental particles called/rf Id particles are carriers of the forces between matter 
particles.. They are the photon (-;,), the gluons (ij), the IT*  and Z°. Of these the best-known 
examplee is the photon, the carrier of the electromagnetic force. All the field particles are 
bosons,bosons, and obey Bose-Einstein statistics. They are considered to be as fundamental as 
thee quarks and leptons. The interactions they represent are the electromagnetic (7), weak 
(U ,, Z°) and strong (g) interactions. These three interactions' differ in strength. The elec-
tromagneticc interaction is a long-range force. The strong and weak interactions play an 
importantt role on distances of < 10"13 cm, i.e. at high-energy interactions. The electromag-
neticc and weak interactions are unified in the so-called electroweak force in the framework 
off  the Electroweak Standard Model. The model predicts that at short-distances (or at high-
energies)) the two components of this force have comparable strengths. 

Att the energy scale of LEP (Large Electron and Positron collider) at CERN (Centre 
Europeenn de Recherche Nucleaire—the European centre for particle physics research, Switzer-
land),, we probe the electroweak model by analysing the decay properties of the 2° boson. At 
LEP,, beams of electrons and positrons of equal energies collide with a centre-of-mass energy 
off  about 91.2 GeV, the mass of the Z°. These Zlf particles are therefore created at rest. The 
Z°° decays into a ferm ion - antifermion (either lepton - antilepton, or quark - antiquark) pair. 
Thee sample of events where the ZlJ decays to a pair of strange quarks (ss) wil l be the subject 
off  this thesis. 

Ann important aspect of the interactions between elementary particles is the fact that they 
conservee certain symmetries. Some of these symmetries are universal, like the conserva-
tionn of momentum, energy and angular momentum. Others are not universal as they can 
bee broken in some interactions. Non-universal symmetries are, for instance, the symme-
triess for space inversion (P), time reversal (T), and charge conjugation (C) (or particle and 
antiparticlee interchange). The P, T, C symmetries are exact symmetries of the strong and 
electromagneticc interactions. The weak interaction violates each of these symmetries. 

Parityy (P) violation in the electroweak interaction results in an asymmetric production of 
ss and ,s quarks with respect to the direction of incidence of the initial electrons and positrons. 
Thee electroweak Standard Model quantitatively predicts this forward-backward asymmetry. 
Itt predicts different values of the asymmetry for down-type and up-type quarks, but the same 
valuess for all down-type (or up-type) quarks. The forward-backward asymmetry for bb and 
cccc pairs has already been measured by experiments at LEP. The measurement of the ,s quark 
(aa down-type quark) forward-backward asymmetry provides a test of the prediction that the 
down-typee quark asymmetries are equal. The subject of this thesis is the measurement o\' the 
.ss quark forward-backward asymmetry in Zu decays: 

++ - r/i) 

Thee thesis is organised as follows. The first chapter discusses the theoretical background 
relevantt for the experimental analysis. It presents the predicted cross-section and forward-
backwardd asymmetry of the fermion pair production at the LEP collider. It shows how 

!Inn fact there is a fourth force: gravity. But this force is in practice so small that it can be ignored at the 
distancee scale we consider. 
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thee forward-backward asymmetries measured at the Z° peak are sensitive through the elec-
troweakk corrections to the mass of the top quark and to the mass of the hypothetical Higgs 
particlee (predicted by the electroweak Standard Model). Chapter 2 introduces the DELPHI 
detector.. It contains a short functional description of all its components and their perfor-
mances.. Chapter 3 is devoted to the DELPHI Ring-Imaging Cherenkov detector system (the 
gaseouss and liquid radiator RICHs in the central (barrel) and forward/backward regions) that 
iss designed for charged hadron identification. It gives extensive details on the ring-finding al-
gorithm,, which has been applied for the charged kaon identification in this analysis. Chapter 
44 describes the event sample selection and background rejection. It also presents the per-
formancee of the high-energy kaon identification in the gaseous radiator of the forward and 
barrell  RICHs. Chapter 5 and 6 present the experimental measurements of the charged kaon 
andd s (strange) quark forward-backward asymmetries, respectively. The measurements are 
interpretedd in terms of the electroweak model parameters in Chapter 6. 

Chapterr 7 summarises the main results of the thesis and makes some concluding remarks. 
Appendixx B presents the derivation of an algorithm for unconstrained optimization— 

thee Manevich's conjugate directions method—that was further developed and applied in this 
thesis. . 

Att the end a summary of the thesis is given. 



Chapterr 1 

Theory y 

1.11 Standard Model 

Inn its present form, the Standard Model describes a world consisting of spin Mlfermions that 
interactt through the exchange of bosons of integer spin. These fermions are either leptons or 
quarks.. The leptons and quarks are considered to be point-like particles. The particles are 
subjectt to the following interactions: 

Electromagneticc interaction between all charged particles is mediated by the exchange 
off  a massless photon (7). The gauge theory describing this interaction is Quantum 
Electro-Dynamicss (QED). 

Weakk interaction between all quarks and leptons is mediated by massive vector bosons. 
Theree are two kinds of these bosons: the charged one, W*, and the neutral one, Z°. 
Thee W (W+or W") changes the charge and the type of the fermion. It couples to 
left-handedd particles' only. The Z° couples to the left- and right-handed particles but 
withh different strengths (couplings). It changes neither the charge, nor the type of 
thee fermion that emits this boson. The gauge theory describing this interaction is the 
Glashow-Salam-Weinbergg (GSW) theory of electroweak interactions [1 J. It treats the 
weakk and electromagnetic interactions as different components o\' a single electroweak 
force. . 

Strongg interaction between quarks is mediated by the exchange of massless gluons. The 
gaugee theory describing this interaction is Quantum Chromo-Dynamics (QCD). 

Thee Standard Model is characterised by the gauge group SU(li)c x SU(2)L x U(\)Y. The 
gaugee group SU('3)c corresponds to the strong interactions. It allows quarks to carry one 
off  three conserved color charges. It has 8 gauge bosons, gluons, that carry color charge 

'Onee says that a particle is left-handed (right-handed) or has a helicity A — — 1 (A — - 1 > it' the velocity 
andd spin directions are anti-parallel (parallel). Since the definition of the helicity is not I.orentx-invanant, 
thee fermion's "current" is considered to have the two components: right and left. The W couples to the left 
componentt of the fermion's current. 

4 4 
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ass well2. St/(3) is a non-Abelian symmetry, so it is not only possible for field bosons to 
couplee to fermions but it is also possible for them to couple to one another at three or four 
bosonn vertices. The gauge group SU(2)L x U(1)Y corresponds to the GSW theory and is 
referredd to as the Standard Model of electroweak interactions. To agree with the experimental 
observationn that right-handed fermions do not interact with the W field, SU(2)L arranges the 
left-handedd fermions in weak isodoublets and the right-handed fermions in weak isosinglets; 
right-handedd neutrinos should not exist, unless those neutrinos have a non-zero mass. This 
groupp is also a non-Abelian group and has three massless bosons, IT + . IV'0 and \V~, with 
aa coupling strength y. The third weak-isospin component characterises the weak-charge, 
too which the bosons couple. Table 1.1 gives the weak isospins of the various fermions. 
(J(I)Y(J(I)Y has one massless boson, B, with a coupling strength y'. This boson interacts with 
thee conserved weak-hypercharge Y of a fermion, which is related to the electric charge 
andd weak isospin of the fermions. Both left- and right-handed particles interact with this 
field.field. To comply with the experimental fact that the weak force is a short-range force, the 
bosonss of the weak interaction must have a large mass. The weak bosons acquire mass 
byy assuming the compound symmetry SU(2)L x U(l)y to be spontaneously broken by the 
Higgss mechanism [2]. 

Fermions s 

Leptons s 

Quarks s 

Generation n 
11 2 3 

uucc i/h vT 

e~~ f.r r~ 
uu c t 
dd s b 

Q/e Q/e 

0 0 
-1 1 
2/3 3 

-1/3 3 

h h 
left-handedd right-handed 

1/22 — 
-1/22 0 
1/22 0 

-1/22 0 

Tablee 1.1: The three lepton and quark generations. The values of the electric charge Q and of the 
componentcomponent of the weak isospin 13 are listed for various fermions. The neutrinos are assumed to be 
massless. massless. 

Thee effect of the Higgs mechanism is for the primitive field bosons to absorb the so-called 
Goldstonee bosons and to mix giving the set of observable field bosons: 

w+,, w-
Z°° = U" oc-os0H--Bsin0ii-

AA = \V° sin 6W + B cos 6w. 

Amongg these, W+ , \V~ and Z° are now massive but the photon (.4) remains massless; 8\\> is 
thee electroweak mixing angle. Of course, the coupling strength of the photon, e = VMTTQ, is 
welll  known and constrains the values of ry and 0\\\ 

-Traditionally,, these color charges are called blue, red and green. Different quarks are said to have different 
flavours.flavours. So far, six quark flavours have been found. 
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ee = g sm 0\Y 

ee22 g2 g'2 

Thee known electromagnetic charges Q of the fermions give the relation of weak hypercharge 
(V)) and weak isospin (73): 

QQ = h + y/2 

Further,, there exists a relation between the masses of the W and Z{): 

2 2 

m.zm.z = niw/ cos 9\\- or sin2 6\y = 1 ~- (1.2) 
m-m-z z 

Thee massive W + and W~~ continue to couple only to the left-handed particles, but the Z° now 
coupless to the left- and right handed fermions with the corresponding couplings : 

c[c[  = l(-Qf sin2 exv 

CCRR = -Qjsm29w 

Thee simplest form for the Goldstone field is a Y = 1 weak-isospin doublet (weak isodoublet) 
off  scalar fields: 

- ( 5 ) ) 
Takingg into account their antiparticles there are four scalar fields—Q~. o°. o~ and o". The 
bosons,, \V~, \ \ r + and Z°, acquire mass by absorbing three Goldstone bosons. The one 
neutrall  scalar field that is left is the so-called Higgs field. The corresponding Higgs par-
ticlee has a large mass. Its mass is not predicted by the theory; it must be determined 
byy experiment. The averaged m.\V value measured at CDF, UA2, DO, and at LEP 2 is 
80.3944  0.042 GeV/c2 [3]. The mz value measured at LEP 1 (ALEPH, DELPHI, L3 
andd OPAL) is 91.187  0.002 GeV/c2 [3]. From LEP and other electroweak data one can 
concludee that the Higgs mass (if this particle exists) should be larger than ~ 95 GeV/c' and 
smallerr than 215 GeV/c2 at the 957r confidence level (CL) [3]. 

Thee tree level diagrams of the electroweak couplings to fermions and the coupling con-
stantss are summarised hereafter: 
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== ieQlln 

ie-y^Vfie-y^Vf - a/7s) 
22 sin Ou- cos 0\y 

ie7M(ll  - 7 5) 

2%/2 2 Silll  i)\\ 

ƒƒ is any quark or lepton and e = 

ƒƒ is any quark or lepton 

forr the W~(W+ ) vertex / is any 
chargedd lepton (antilepton) and vi 
thee corresponding anti-neutrino (neu-
trino). . 

^ 7M ( 11 ~ 7s) 
2v

/2siné>tf f 
Va Va 

ii  and j correspond to quarks hav-
ingg different flavours, one quark must 
bee an up-type quark, the other one a 
down-typee quark, e.g., if this is a W + 

vertexx then i = u, c or t and j = 
d,d, s or b\ V is the Cabibbo-Kobayashi-
Maskawaa matrix. 

Thee 7,,(/( = 0,1,2, 3) and 75 are the Dirac gamma matrices. We use the vector and axial-
vectorr coupling constants, which are related to the coupling constants of left- and right-
handedd currents through the relations: 

vvf f ++ c 

soo that we have: 

vvf f == H 
==  i( 

2Qf2Qf sin 6w 
(1.3) ) 

wheree Qf is the electric charge of a given fermion species and /ƒ is the third isospin com-
ponentt for the left-handed fermion, as listed in Table 1.1. Table 1.2 shows the vector and 
axial-vectorr coupling of various fermions. 

Att low energies the electroweak amplitude involving charged VK-boson exchange reduces 
too the Fermi point-interaction amplitude [4], so there exists a connection between g andGV3: 

3Fromm the muon (/i) lifetime measurement the Fermi constant was very precisely determined to be Gp 
1.16639(1)) x 1CT5 GeV~2 
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Fermions s 

VVcc,, l/p, vT 

C,, f.i, T 

u,u, c, t 
d,d, s, b 

aaf f 
l l 

I I 
7 7 

i'f i'f 
l l 
2 2 

- ii  + 2siir6»ii-

i - | s n r Ö H' ' 
-  + §siir0u- ! 

Tablee 1.2: Vector and axial-vector couplings of the fermions to the Z() 

GpGp = G;£ 
1 1 1 1 1 1 

-l\/2"'rVV 1 - A'' 1/2 sin2öir" 'u- 1 - A/ 
7TQQ 1 1 

y/2y/2 sin2 <9iv cos2 9\Vm2
z 1 - A r 

(1.4) ) 

A rr includes higher order corrections to the decay amplitude of muon4, it is a function of 
bothh the top quark mass and the Higgs mass. 

Thee analysis presented in this thesis concerns the strange (3) quark production from e*e" 
annihilation,, hence the case of interest are ƒ = e and ƒ = s. We also wil l consider other 
quarkk final states. 

1.22 Cross sections around the Z° peak 

Thee process of e"e" annihilation with production of a quark and anti-quark pair, eTc" — qq, 
iss described (in the lowest order, so-called Born approximation) by the two Feynman dia-
gramss shown in Figure 1.1. The first diagram represents the annihilation through a virtual 
photon,, which is dominating at centre-of-mass energies below the Z° mass. The second one 
representss the annihilation through the production of a real Z° particle. The lifetime of the 
Zuu is extremely short, and it immediately decays into a fermion and anti-fermion pair. If ,s 
iss the centre-of-mass energy squared, /^ - m';/$, then the differential cross-section for this 
processs can be written as follows [5]: 

11 2 

^ ( * )) = ^ A ^ V 1 - M ,  [6,
1(.sj-(i + c-os2öj  + G , ( . s j - 2 c o . s ^ - y r ^ ; {L5) 

++ G' j ( .s)- .s in '2 0 ,

wheree .Y£ — 3 is the QCD colour factor for quarks. dU — dodvo^O with o the azimuthal 

4Thee higher order corrections must be calculated for each observable individually. For example, the higher 
orderr corrections to the forward-backward asymmetry are discussed in section 1.4 
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ƒƒ ê' M 

Figuree 1.1: Feynmaii diagrams for the process e+c~ —> Z/y —> f f in the lowest order. 

99 ê  

Figuree 1.2: Definition of the polar angle 6 between the incoming e and the outgoing f. 

anglee and 0 the polar angle that is the scattering angle in the centre-of-mass system, as de-
finedd in Figure 1.2, and 

G,, (s) = QlQ; + F1  2QeQqvevqReXo(s) 

++ F'  (vi + a2 ) « + aq - 4,v^)|X o(s)| 

G-As) G-As) 

++  F*  {vl + ai)vi\xo(s) 

QQ22
eeQQ22

qq + F2-2QeQqvevqReXo(s) (1.6) ) 

GG33{s){s) = F2  2QeQqaeaqReXo{s) + F4  4veaevqaq\Xo(s)\' 

Equationss (1.3) define the vector and axial-vector couplings, F = (2 sin (J\y cos on-)- 1 is 
thee overall factor for these couplings; Xo{s) is the Zu propagator that is normalised to the 
photonn propagator : 

Xo(s) ) 22 i n O 

ss - my + iniyly 
(1.7) ) 
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10 0 

CO O 

s s 

r oo l O 3 

i o -- = 

LO O 

—\ \ 

E E 

1= = 
--

E E 
e e 

i i 

' c c 

e+ ee —> 

C E SRR D O R I S 

\g,, PEP 

== ->lX->lX tt]X ]X 

11 , , , , 

P E T R A A 

L E P P 

h a d r o n s f1 1 

I j .. T R I S T A N / 

taa Öijfe. 

11 , , , , ,, ,ffi ̂ Y ^ Y l ^ ^ 

OO 20 40 60 80 lOO 1 20 
C e n t r e - o f - M a sss E n e r gy [ G e VJ 

Figuree 1.3: e+e" cross-section vs. centre-of-mass energy. The two s-channel processes are shown: 
eTe~~ —> Z/"/ —> [i +[i~  and e+e~ —> Z/7 —> g<? —> hadrons. e+e~ —> 77 is the t-channel 
annihilationannihilation process. The lines indicate the prediction of the Standard Model [6j. 

TTzz is the total width of the Z° (= TZ ), which is a sum of the partial widths Fj of Z° —> ƒƒ, 

withh the QCD color factor A/£ = 1 for leptons and NQ = 3 for quarks : 

11 z Er/; ; ƒƒ = e. /i, r, i v i/^, i/T) u, c, rf. s, 6 

A^^ f m z y i ^ 4 ^ («2(1 + 2M/) + 4(1 - 4M/)) F2 

3 3 
(1.8) ) 

Integratingg the expression for the differential cross-section (1.5) over the full solid angle 
(thee term containing the function G3 vanishes as it is asymmetric in the polar angle) gives 
thee total cross-section: 

a(s)a(s) = 
I2TII  r er , (s - m2

z) 1 

(s(s — mz)
2 + m?z(T°z)

2 \ m 
^ 1 - 4 / 7 , (11 + 2 ^) 

(1.9) ) 



1.2.1.2. FORWARD-BACKWARD ASYMMETRIES AROUND THE Z° PEAK 11 1 

Thee last term in Equation (1.9) represents the annihilation through the photon (a.f), the first 
termm is the resonance production of the Z° (c^), and the second term is the -> - Z° interfer-
encee term (p-,-z), with 

// = -~a2uqaqQqNl 

(1-10) ) 

8_ _ 

3' ' 

Thee total cross-section as a function of the centre-of-mass energy is shown in Figure 1.3. 
Inn the LEP running period from 1989 until 1995 (the so-called LEP 1 period) the centre-

of-masss energy of the colliding particles was around 91.2 GeV, which is almost the mass of 
thee Z0.5 At the Z° mass for a final state consisting of a ss pair, we have 

aazz(y/s(y/s = mz) = T i « 90 - 10~34cm2 = 9 nbarn 
mmz z 

o-,-z{\fso-,-z{\fs = mz) = 0 

aa11(y/s(y/s = mz) = ^ ^ - 3 ( - ) 2 « 4 - 10_3(icm2 = 4 pbarn 

°°zz i r \ 9BreBrs 

—— (\/s = m: ) = - 3 ^ 2 2 50 

wheree the branching ratios Bre = Te/T°z and Brs = Ts/Tz have values of 0.034 and 0.15, 
respectively.. The inverse electromagnetic coupling at the mz has a value a~! = a~l(mz) = 
128.99 compared to a_ 1(0) = 137 (see section 1.4). 
Equationss (1.10) show that at the Z°-pole the interference term disappears and Oz ~3> o~r 

Evenn for the heaviest fermion 6, the terms containing fij  in (1.5)-(1.6) and (1.8)-(1.9) give 
contributionss of order <0.8% and can be neglected in the framework of our measurement of 
ssss asymmetry (see section 1.3) 
Onee can also see that for all down-type quarks the corresponding partial widths are the same 
(withoutt accounting for /j^-terms) as they have the same couplings to the Z°. 

1.33 Forward-backward asymmetries around the Z° peak 
Duee to the asymmetric term G,i in equation (1.5) the production cross-section for the forward 
(polarr angle 6 < 90°) and backward (polar angle 6 > 90°) hemispheres are different. We 
definee the forward-backward asymmetry for the process e+e^ —*  qq as 

AU*)AU*) = 1 ' a ' l 1 ' " ' (1-11) 

Sincee 1996, LEP is running at centre-of-mass energies of 160-208 GeV. 
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with h 

JJr<ir<i  a cost/ J_c c/cobiy 

dada , , f2n da , , ria 
doo = 2-  — 0) 

(1.12) ) 

tfcos#tfcos#vv y ./„  dQx do 

wheree the c0 and c (1 > c > cQ > 0) are the integration limits in the cosine of the polar an-
gle.. For this study the asymmetry is determined for the ,ss final state. Upon integration of 
equationn (1.5) we obtain 

ArM ArM 
3(c--3(c-- c'ft)  G:i( 

 - c^idis) + 4^6',(.s)] + (r:a - rtildis) - A q̂G>{s)]  {[]3) 

X V ' 1 ""  -Ifi'i 

Thee ^- terms give an extremely small correction to the asymmetry because mq>'mz -C 1. 
Forr a b quark there is a 0.5% contribution, which is far below the experimental accuracy. 
Neglectingg these terms, Equation (1.13) simplifies to 

4**  (S) - 3 ( c + c»> QW ( 1 1 4) 
ArB{ArB{''}}  (3 + e> + cca + 4) G,(.s) 

Thiss analysis deals with the data collected in the period from 1992 til l 1995. The largest 
fractionn of the data is collected at the Z° peak at the centre-of-mass energy of about 91.2 Ge V. 
Thesee data wil l be used to determine the s quark pole asymmetry. In 1993 and 1995 also 
somee statistics has been collected at energies of 89.5 and 93.0 GeV. These data wil l be used 
too investigate the energy dependence of the asymmetry near the Zl}  peak. 

Thee pole asymmetry is defined as the asymmetry at centre-of-mass equal to the mass of 
thee Zu, .s = niy in the absence of the - exchange diagram. Consider Formula (1.14) with 
.ss = rnj/, c.'o — 0, c = 1: 

)) = 7 7 — ^ (1.15) 

Thee I j ^ - 1 -term is due to the -.. exchange diagram. As we want to analyse the asym-

metryy for the Z" vertex only, we omit this term. (In this analysis we wil l correct the quark 

asymmetryy for this - exchange diagram in order to obtain the pole asymmetry.) Then Equa-

tionn (1.15) simplifies to 
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AAFBFB(m(m22
zz)) = ^AvA, (1.16) 

with h 

44
 2vfaf (ijO 2 ( l - 4 | g / l s i nJ6 ) v v - j 

' ' 77 r2 + «2 1 + (1 -4|Q/|si i i 'i ÖM -)-

Thiss shows that in lowest order the on-peak asymmetry is determined exclusively by the 
valuee of sin2 on-. The pole asymmetry wil l be used to determine the electroweak mixing 
angle. . 

Too show how the asymmetry changes near the peak, we neglect the \-^r) -terms in 

(1.14)) and use the fact that r2 -C a2. For c0 = 0 and c = 1, Formula (1.14) reduces to 

AAll
FBFB{s){s) % AFÜ{mz) -

Ü.155 + 1 . 8 -1 

11 -

(1.18) ) 

Thiss approximate formula predicts that the strange quark asymmetry increases almost lin-
earlyy as a function of centre-of-mass energy squared near the Z° peak. The actual change in 
thee asymmetry for different quarks around the Z° peak wil l be calculated by ZFITTER [7], 
whichh takes into account all kinds of contributions to the asymmetry (see section 1.4). 

Inn Chapter 4 we wil l show that the DELPHI detector has two polar angle regions where 
thee .s-asymmetry analysis can be performed: 0.04 < j cos0\ < 0.G8—the barrel region and 
0.822 < | eos#| < 0.94-—the forward region. Although, we have less statistics in the forward 
regionn than in the barrel region, the forward region is relevant for the s-asymmetry mea-
surementt because the asymmetry is maximal in this region. This can be seen by rewriting 
equationn (1.14) as follows 

,, 3 (c+ <?o) GA{s 
Aj.-Aj.-BB{s.c.cu) {s.c.cu) 33 + c2 + c(\) + f,-' G' I ( .S) 

-- A",.(||  A'lrii (s.c= l . r 0 = 0) (1.19) 

.. , , , 4u ' -t- c()) 
withh A,,.,, = : 

33 + c- + cc0 + C(} 

wheree A'Fli(s. c = 1.(\, = 0) is the quark asymmetry without cuts on the detector acceptance. 
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Thee values of cQ and c are respectively equal to 0.04 and 0.68 in the barre) region and equal 
too 0.82 and 0.94 in the forward region. With these values the coefficient A'CC(( is 0.82 for the 
barrell  analysis and 1.32 for the forward analysis. The sensitivity to the forward-backward 
asymmetryy in the forward region is accordingly 1.32/0.82-times larger than that in the barrel 
region. . 

1.44 Radiative corrections 

Ass mentioned before, the forward-backward asymmetry in the first (lowest) order (or Born 
approximation)) depends on a single parameter—the electroweak mixing angle sinl9u'. This 
iss not true anymore after including higher order contributions: 

4// - A1 + AAR£ (1-20) 

Thee radiative correction term AAFB depends on all parameters of the Standard Model, 
i.e.. those of the Electroweak Standard Model (GSW) (a. mz~ m\V, mH.mf) and of QCD 

Thee mixing angle is defined as 

sin22 6\y = 1 TT 

Forr the process c+e_ — ƒ ƒ the radiative corrections can be divided into the following 
subclasses: : 

1.. The O(a) (photon bremsstrahlung) QED corrections. 

2.. The 0(a2) and higher order QED corrections. 

3.. "Weak corrections', which collect the electroweak diagrams not included in the QED 
corrections—propagatorr corrections, vertex corrections and box diagram contribu-
tions. . 

4.. The O (a-.,) (gluon bremsstrahlung) QCD corrections. 

Inn the following we discuss the general philosophy of the corrections and give the def-
initionss of the parameters that are important for the asymmetry measurement. All radiative 
correctionss are calculated by ZFITTER. A discussion of the most important ingredients of 
thee radiative corrections included in ZFITTER is given in reference [8]. First we will discuss 
thee weak corrections and then the QED and QCD corrections. 
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Figuree 1.4: Propagator corrections to e^ ff ff 

1.4.11 Weak corrections to AFB 

Propagatorr  corrections 

Forr the processes with light external fermions (ƒ  ̂ t) corrections like those shown in Fig-
uree 1.4 have to be included for the - and Z" propagators. 

 In the photon exchange amplitude the corrections are absorbed by a redefinition of the 
electromagneticc coupling constant: 

a a 

s s 

a(s a(s a a 
s s 

1 1 .0644  a 

11 - A Q 

Inn the Z° boson exchange amplitude the corrections are absorbed by a redefinition of 
thee neutral current coupling constant (aF2) and by the use of the physical Z° width 
TTzz = r° + Ar : 

aFaF1 1 

44 sin 0\\- cos2 Bw 

mmzzT°T°z z 

a(sa(s = m|) 1 1 

4shrÖu-cos2ö„ ,, (1 + ^ | ^ A p ) ( l - Ap) 

-m-mzzTTzz; ; 

with h 

Ap p 
3 3 

4 -44 sin on-cos2 on- \ m ^ 
(1.21) ) 

wheree n\, is the mass of the top quark. The term AT summarises all contributions to 
thee width due to QED and QCD corrections up to 0(a2) and 0(as), respectively. The 
QCDD correction only contributes to the hadronic width and takes the simple form : 

r(z (-- qq)qq) = I t  (1 + 
aass(s (s 

''  i , : - 0.1199 3 
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W:W: Z° 

ee  fWW\* —»-

4 — « W W \ >> * 

^^ w-z° 

Figuree 1.5: Vertex corrections and box contributions (o e+e —> ƒ ƒ 

 In the 7Z0 interference amplitude corrections can be absorbed by a redefinition of the 
mixingg angle. For this, we introduce the effective mixing angle 9 : 

sin22 6W —> sin2 6W ~ sin2 6W + cos2 9\VAp 

Thiss modifies the vector and axial-vector couplings: 

r ;; -» 0/ = /:{  - 2Q; sin2 ö„-

«ƒƒ — af = l{ 

Al ll  these corrections are universal—they are independent of the quantum numbers of the 
externall  fermions ƒ ƒ. 

Weakk vertex corrections and box diagrams 

Figuree 1.5 illustrates the vertex corrections to the electromagnetic and weak neutral current 
vertexx (excluding virtual photons) as well as the box diagrams with two Z" and W bosons. 
Forr known fermions the vertex corrections can be represented in terms of .s-dependent vector 
andd axial-vector form factors. The corrections to the box diagrams allow a similar decom-
positionn but with form factors depending on both s and t. In contrast to the propagator cor-
rectionss these form factors are not universal but depend explicitly on the quantum numbers 
off  the external fermions. 
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Thee on-peak asymmetry, which in lowest order is given by (1.16), becomes including the 
weakk corrections : 

AAff
FBFB(m(m22

zz)) = - eAf + AAf
FB(vertex, box) (1.22) 

-1 1 

-- 2 ( l - 4 | Q/ | s m2 0 „ , ) 

with h 

11 + (1 -A\Qj\si\\26w 
(1.23) ) 

AA f is called the parity violating coupling of the fermion ƒ to the Z° boson. We define the 
polepole asymmetry as 

A°A°ffff-=-=  '--AtAf. (1.24) 
T: : 

whichh is determined exclusively by the value of sin2 Bw = sin2 O^fl. 

1.4.22 0(a) QED and 0{as) QCD corrections to AFB 

Thee 0(a) QED and 0(as) QCD corrections are the result of an incoherent superposition 
off  2-particle and (inclusive) 3-particle final states, where the third particle is an isolated 
photonn or gluon. They depend, in contrast to the weak corrections discussed before, on the 
experimentall  set up. 

Finall  state corrections 

Thee QCD corrections contribute only to the final state corrections as quarks can only be 
presentt in the final state, see Figure 1.6. The QED corrections contain contributions from 
bothh initial and final states as both the electron-positron pair in the initial state and the 
chargedd fermion pair in the final state can radiate a photon, see Figures 1.7 and 1.8. 
First,, we consider the QED final state corrections. According to (1.11) AFB is the ratio of the 
anti-symmetricc to the symmetnc part of the cross-section. The effect of the QED corrections 
cann be summarised as follows: 

Iff  no cut is applied to the energy of the emitted photon (which is our case), then the symmet-
ricc part gets a correction: 

JJ I,A , ~f(,.^  . (J(..\ , J 3Q Q 
(a(aFF(s)(s) + aH(s)) - (a',(s) + <j JM)  (1 +—Qj] 

whereas s 

iïfrJA*)iïfrJA*) ) = 0. 
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(a) ) 

Figuree 1.6: QCD final state corrections to c+c' 
virtualvirtual one gluon vertex correction. 

—>—> qq: a) real gluon final state bremsstrahlung; b) 

(a) ) (b) ) 

Figuree 1.7: QED final state corrections to e+e —> ff, ƒ / v. a) real photon final state 
bremsstrahlung;bremsstrahlung; b) virtual one photon vertex correction. 

(a) ) (b) ) 

Figuree 1.8: QED initial state corrections to c+e 
b)b) virtual one photon vertex correction. 

ff:ff:  a) real photon initial state bremsstrahlung; 
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Thiss results in a very small negative contribution ( < 0.17% relative to Af
FB) to the asymme-

try y 

4 BB - 4*-(i-£<?})  ^ 
47) ) 

Thee QCD final state corrections to the asymmetry can similarly, for massive quarks, be 
representedd by a multiplying factor to the asymmetry: 

A*A*  - .4' ( 1 - ^ - A J ; A = 1 - ^ 1 . (1.26) llFHFH  '^FB 33 m z z 

Initia ll  state corrections 

Thee 0{a) QED initial state corrections are responsible for some 40% reduction of the Z° 
resonancee peak height with respect to that when no initial state radiation is taken into account 
(1.9).. This is due to the rapid variation of af(s) with energy, see formula (1.9). Since the 
asymmetryy A^^s) is a steeply increasing function around the Z° pole (for example, see 
formulaa (1.18)), the energy loss from initial state radiation leads to a reduction in the effective 
centre-of-masss energy, which reduces the asymmetry. 

Thesee corrections are incorporated by convoluting the cross-section a{mp with the initial 
statee radiation function H,,(z): 

JJ a!msi(zs)Hr(z)dz. - o > ^ 

wheree a[1H t is the improved Born cross-section, which incorporates the radiative corrections 
nott connected with initial state radiation as described in section 1.4.1. 

Initia ll  - final state interference 

Iff  no cut is applied on the energy of the emitted photon, then the total contribution to the 
asymmetryy is negligibly small. 

1.4.33 Higher  order  QED corrections to ,4; B B 

AA realistic treatment of A[-B requires the inclusion of QED corrections in higher than (){o\ 
order.. Here, the most important case is the initial state radiation of two photons—0{c\2). 
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AASS
FBFB (Bom) 

AASS
FBFB (Bom) 

AAFBFB (Exact) 

AACC
FBFB (Bom) 

AAFBFB (Bom) 
AACC

FBFB (Exact) 

sin'J0H.'' = 0.2230 
sin2#vv-- = 0.2313 
sin22 6 ^ = 0.2313 

sin22 0Vr = 0.2230 
sin22 Öu- =0.2313 
sin22 ^7/ = 0.2313 

/ ii  (GeV) 
89.5 5 

0.1160 0 
0.0681 1 
0.0623 3 

0.0219 9 
-0.0192 2 
-0.0313 3 

91.2 2 
0.1509 9 
0.1046 6 
0.0995 5 

0.1119 9 
0.0751 1 
0.0642 2 

93.0 0 
0.1852 2 
0.1408 8 
0.1248 8 
0.2001 1 
0.1681 1 
0.1297 7 

Tablee 1.3: The forward-backward asymmetry of quarks around the Z° peak for the Born approxi-
mationmation (1.14) with sin2 6W = 0.223 and with the value sin2 Ö^fj = 0.2313, and for the ZFITTER 
predictionprediction that includes the radiative corrections described in this section. The asymmetries shown 
areare for the s quark (down-type quark) and for the c quark (up-type quark). 

1.4.44 Discussion 

Thiss thesis deals with the strange quark forward-backward asymmetry at the Z° peak. The 
measuredd asymmetry at y/s — 91.2 GeV is used to extract the s quark pole asymmetry. 
Accordingg to (1.24) this measurement wil l contribute to the measurement of the effective 
electroweakk mixing angle sin2 61^. With this and with the measured values of m\V and mz 

fromm LEP/CDF/D0 one can determine the Ap parameter (see Eq. (1.21)). Ap is sensitive to 
thee mass of the top quark and in combination with other electroweak measurements sets a 
constraintt on the Higgs mass m//. 

Fromm the pole asymmetry measurement one can also extract the parity violating coupling 
off  the s-quark to the Z° boson, As, defined in (1.24) and compare it with that for the 6-quark. 
Thee Standard Model predicts the two couplings to be the same. 

Wee wil l also measure the s quark forward-backward asymmetry (1.11) at centre-of-mass 
energiess of 89.5 and 93.0 GeV, hoping that the statistical precision wil l be enough to get the 
signn of the axial-vector coupling cis and compare it with the prediction (1.18). Table 1.3 
showss the asymmetries at these energies from the Bom approximation (1.14) and those 
fromm the exact calculation by ZFITTER with mz = 91.1860 GeV/r2, m, = 173 GeV/c2. 
rn-urn-u = 115 GeV/c2, a., — 0.122 as input parameters. This shows the importance of including 
radiativee corrections. 

1.55 Fragmentation and hadronisation of quarks 

Ass we are interested in the s quark asymmetry measurement, we consider only quark pair 
(f/<7-pair)) production in the final state. Our goal is to determine how the quark pair is oriented 
inn space and for this we have to distinguish the quark from the antiquark. Quarks do not 
appearr to an observer as free particles; they are bounded inside hadrons and these hadrons 
aree observable. According to QCD, quarks can radiate high-energy gluons. This is called 
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Figuree 1.9: Schematic illustration of the four phases distinguished in the text for the process e+e 
qqqq —> hadrons. 

thee perturbative QCD phase, which can be simulated by Monte Carlo programs that include 
thee perturbative QCD calculations. Here, all the quarks and gluons produced in this stage 
aree called partons. These partons form hadrons. The process of hadron production belongs 
too the non-perturbative QCD phase (also called the hadronisation phase) which cannot be 
calculatedd exactly in QCD. Hence, it must be described by phenomenological models. These 
modelss can be coded into Monte Carlo programs. Finally, the hadrons freely decay into 
stablee particles—hadrons, leptons and photons. These particles can be detected using particle 
detectors.. This leads to the schematic description of hadronic event production shown in 
Figuree 1.9. Four regions can be distinguished : 

 Region 1: The eTe~ annihilation process into Z° or 7 with their decay into the f/c/-pair. 
Thiss has been discussed in detail in sections 1.2, 1.3 and 1.4. Various Monte Carlo 
programss have been written to describe this stage, see for example [9]. 

 Region 2: The qq-pair radiates hard gluons, the gluons in turn can split into quark-
antiquarkk or gluon-gluon pairs. Perturbative QCD is used here to describe the process. 
Onee can calculate the matrix elements for final states with three partons qqg (0(as)) 
andd with four partons qqq'q' or qqgg (0{a2

s)). Another way to describe this process 
iss the so-called Parton Shower model. In this model three basic interactions between 
partonss are used repeatedly in order to describe the evolution of the process. Those 
interactionss are: q —» qg, g —> qq and g —* gg. The probabilities of these processes 
dependd on the type of vertex, the momenta of the partons, and on a mass scale at which 
thee coupling constant as(Q ) has to be calculated. The Altarelli-Parisi equations de-
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Figuree 1.10: An illustration of string fragmentation (a) and cluster fragmentation (b). 

scribee the evolution of those probabilities when the partons proceed from initial state 
too final state. At a mass scale for virtual partons of about 1.5 GeV/r2 the cascade is 
stopped.. The Monte Carlo program JETSET [9] includes these two alternative strate-
giess to simulate the production of a multi-parton final state. 

 Region 3: here coloured partons have to find one or more partners to form colourless 
hadrons.. Currently, there are several models that describe this process: the model of 
Independentt Fragmentation [10], the String model [11], and the Cluster model [12]. 

Thee approach applied in the Independent Fragmentation model assumes that the frag-
mentationn of any system of partons can be described as an incoherent sum of the frag-
mentationn of each individual quark. A quark q carrying a certain energy combines with 
antiquarkk q to form a meson qgi-state. The antiquark q  ̂stems from a quark-antiquark 
pairr qitji  created out of the vacuum. The meson gets an energy fraction z of the initial 
quarkk q with the probability f(z): 

f(z)f(z) = 1 - a + 3a(l - zf, with a ss 0.77. 

Thee remaining quark 91 has an energy fraction 1 — z, it can pick up another antiquark 
q~2q~2 from the vacuum. 

Thee Cluster model forces gluons produced in the perturbative phase to split into quark-
antiquarkk pairs and then forms colourless clusters from the quarks, see Figure 1.10 b. 
Eachh of these clusters either decays into lower class clusters or decays directly into 
twoo hadrons, depending on its mass. 

Thee String model is a phenomenological QCD-motivated model. It realises the QCD 
confinementt (quark and gluons cannot be free particles) by assuming that a colour-
fluxx tube spans all the partons produced in the perturbative phase, see Figure 1.10 a. 
Ass the distance between the partons becomes larger, the potential between them rises 
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linearlyy (the tube (or string) is stretched) with a coefficient k (h ^ 1 GeV/fm) leading 
too confinement. Eventually the string breaks up, producing a new quark-antiquark pair 
qq.qq. The new qq pair gains its energy from the potential energy of the string. This 
impliess that the massive quarks must travel a distance to materialise, which depends 
onn their mass. Thus quark-antiquark pair production in the string is suppressed by a 
factor r 

,7T T 
exp(-(-m'exp(-(-m'qq-pi)).-pi)). (1.27) 

Eachh new quark obtains a transverse momentum pt (with respect to the string). The 
pptt is assumed to be Gaussian distributed with at {ot « 0.3GeV/c) and to be flavour 
independent.. From the tunnelling probability it follows that heavy flavour (c and b) 
productionn in the string is strongly suppressed and this is supported by the experi-
mentall  fact that heavy quarks are almost always primary quarks. The production of 
s-quarkk is suppressed by a factor ^ 0 .3 with respect to u or d; this strangeness sup-
pressionn factor 7s is a free parameter of the Monte Carlo model. The longitudinal 
momentumm distribution is determined by the fragmentation function: 

ff.. (1 ~z)a m2 {E + p\\)hadTon f(z)f(z) ~ exp{-b—); z = —— , (l-^o) VV ' z y" z {E + p)quark 

Herein,, p  ̂ is the hadron momentum component that is parallel to the momentum of 
thee original quark; mf — m2 + p2; a and b are the so-called fragmentation parameters. 
Thiss parameterisation describes rather well the light quark (u, d, s) fragmentation, but 
failss to do so for heavy quarks (c, b). It was observed at LEP that the Peterson frag-
mentationn function [13]: 

ƒ(*)) —  ( i - 7 - j ^ ) " ; « = <=.*  C-29> 

givess a good description of the fragmentation of heavy quarks. tq is a flavour depen-
dentt parameter which is proportional to Ifm2 and has to be determined experimentally. 
Thee values off, for b- and c-quarks are -2.8  10~3 and -3.7  10~2 [14], respectively. 

 Region 4: hadrons created during the fragmentation phase will , if unstable, decay 
intoo stable particles. The Monte Carlo programs rely here on measured masses, decay 
widths,, branching ratios and quantum numbers of the particles. 

Thee Monte Carlo program used in the analysis is JETSET 7.3 PS. It incorporates the 
ĉ ^ —> Z0/-) —> qq process, the Parton Shower model, the string fragmentation model and 
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alll  available information about particles lifetimes, branching ratios etc. More details on the 
determinationn of the free parameters of the JETSET model wil l be given in Chapter 6. 



Chapterr  2 

DELPHII  experiment 

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

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

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

2.11 The tracking system 

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

 270cm(FCB)in z. 

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

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

Thee Vertex Detector 

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

65 5 
uiuuiu = 20 © j — /mi 

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

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

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

Thee Inner  Detector 

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

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

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

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

Thee Time Projection Chamber 

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

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

Thee Outer  Detector 

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

Thee Forward Chamber  A 

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

Thee Forward Chamber  B 

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

Thee Muon detection system 

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

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

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

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

2.22 Energy measurement 

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

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

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

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

Thee energy of neutral and charged hadrons—7r+, K+, p, K", n and their antiparticles— 
iss measured in hadron calorimeters. In order for hadrons to stop many interaction lengths 
off  material are required. In DELPHI an iron-gas hadron calorimeter is used, the HAC. The 
HACC consists of the iron return yoke of the super-conducting magnet instrumented with 
limitedd streamer mode detectors. The resulting sampling gas detector detects showers either 
alreadyy initiated in the material detector in front of the HAC, or in the calorimeter itself by 
thee incidence of neutral and charged hadrons. The hadron calorimeter covers almost the full 
solidd angle: 11° < 9 < 169°. In the barrel region 52° < 9 < 128° the total thickness 
iss 7/sm8 hadronic interaction lengths and the energy resolution is found to be a(E)/E = 
0.211 © 1.12/y/E[GeV], The fixed term in this expression is due to the material between 
thee hadron calorimeter and the electromagnetic calorimeter. The resolution achieved in z is 
approximatelyy 10 cm. 
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Figuree 2.2: The TPC dE/dx measurement versus momentum. 



32 2 CHAPTERR 2. DELPHI EXPERIMENT 

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

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

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

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

Thee Electron and Photon identification 

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

Thee Muon identification 

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

3.11 Cherenkov radiation 
P.A.Cherenkovv and S.I.Wawilow [16] first showed that charged particles moving in a trans-
parentt medium may, under certain circumstances, produce electro-magnetic radiation. This 
Cherenkovv radiation was theoretically interpreted by I.E.Tamm and I.M.Frank [17]. The 
radiationn is emitted by the medium under the action of the electro-magnetic field of the par-
ticlee moving in the medium. In particular, electro-magnetic radiation with a frequency u> is 
producedd when a particle has a velocity v that exceeds the phase velocity of waves of that 
frequencyy in the medium concerned: 

v>c/n(u),v>c/n(u), (3.1) 

wheree TI(UJ) is the refractive index and c is the velocity of light in vacuum. The radiation is 
emittedd in a cone of opening angle 28c: 

cos6cos6cc = c/nv. (3.2) 

Itt is distributed over the surface of this cone. The emission of these electro-magnetic waves 
involvess an energy loss by the moving particle1. The intensity of the radiation in a frequency 
intervall  duj is : 

(J(J e' cz 

^=^-(1-4^)-.^ .. (3.3) 
'Itt is a fraction of the total energy loss due to the work done against the force exerted on the particle by 

thee field which it produces. The value of the effective electric field is the difference between the field which 
wouldd be present if the particle was moving in vacuum and the field in the dielectric medium. Although the 
dielectricc permeability is assumed to be real (the medium being transparent), it actually has a small imaginary 
partt around  ̂ - 0. This is responsible for the small energy loss due to the Cherenkov radiation. A detailed and 
simplee derivation of this is given by L. D. Landau and E. M. Lifshitz[ 18]. 

33 3 
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QQ is the charge of the particle in units of the electron charge e. This radiation is emitted in 
ann angular interval 

cc dn , 

Thee number of photons in a given energy interval AE, for which the medium is transparent, 
iss obtained by integrating (3.3) over the corresponding frequencies and over the time interval 
duringg which the particle traversed the medium of length L. The result is : 

ANAN = -?— Lsin2ÖcAE (3.5) 
en en 

aa is the electro-magnetic fine-structure constant, h is Plank's constant, L is the length (in 
cm)) of the particle path in the radiator medium. 

3.22 The ring-imaging Cherenkov technique 

Fromm formulas (3.1)-(3.5) the following properties of Cherenkov radiation can be derived 
thatt are relevant for particle identification : 

1.. for a particle of mass m and given refractive index, n, there is a threshold velocity 6th 

(i.e.. momentum pth = mf3th/y/l - Pfh) below which no radiation is emitted: 

771 1 

I3I3tktk = 1/n i.e. pth = (3.6) 
V rr — 1 

2.. for a given refractive index, the cone over which surface the emitted radiation is dis-
tributedd has a maximum angle, hereafter called saturated angle. It is reached when the 
velocityy of the moving particle is close to the speed of light in vacuum: 

cos9™cos9™xx = \/n for 3 - 1 (3.7) 

3.. the number of emitted photons is proportional to the sine squared of the Cherenkov 
angle,, which is itself a function of particle momentum. It is also proportional to the 
pathh length of the particle in the medium : 

NNphph DC L sin2 0C (3.8) 

4.. the angle Bc depends on the frequency of the Cherenkov radiation, since n is wavelength-
dependent,, due to chromatic dispersion. 

Thee Ring-Imaging Cherenkov technique, using UV-photon (E-, ~ 7 eV) detectors was 
firstlyy proposed by Ypsilantis and Séguinot [19]. It initiated the development of the DELPHI 
RICHH detectors. The design principle as illustrated in Figure 3.1 is the same for Barrel and 
Forwardd RICHs. It can be divided into two parts: photon production and photon detection. 
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Figuree 3.1: The working principle of the Barrel RICH 

Photonn production 

Inn order to perform particle identification over a large momentum range of 0.7 < p < 45.6 
GeV/c,, the RICH contains two different radiator media. One is a liquid perfluorhexane, 
C6F1 4,, that is used as the liquid radiator for both RICHs, while perfluoropentane, C5F12, 
andd perfluorobutane, C4F10, are used for the gas radiators in the Barrel and Forward RICH, 
respectively.. The properties of these substances are given in Table 3.1. 

Radiator r 

C4F10 0 
C5F12 C5F12 
C(,F\4 C(,F\4 

Boilingg temp. 
[°C] [°C] 
-2 -2 
28 8 
57 7 

n n 
a t7eV V 

1.001530 0 
1.001720(40°C) ) 

1.283 3 

An An 
n-1 1 

6.5-7.55 eV 
3.5% % 
3.0% % 
3.3% % 

PthrPthr [GeV/c] 
7T  K  pp 
2.55 8.9 17.0 
2.44 8.4 16.0 
0.177 0.6 1.2 

Umax Umax 

[mrad] ] 
55.3 3 
58.6 6 

677.1 1 

Tablee 3.1: Some key properties of the DELPHI radiators. 

Thee liquid radiators are used to identify particles with momenta below ~ 8 GeV/c. The 
gass radiators are used for identification of the particles with momentum above ~ 2.7 GeV/c. 
Figuree 3.2 shows the Cherenkov angle as a function of the particle momentum for different 
typess of particles, both in gas and liquid radiators. The Cherenkov light from the thin liquid 
radiatorr is projected onto a UV-sensitive photon detector, which converts UV-photons into 

gass radiator 
C5F12 2 

photonn detector 
withh TMAE 

photoo electrons 

liquidd radiator 
C6F14 4 
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Figuree 3.2: The expected Cherenkov angle versus momentum for two different materials, liquid 
CQFUCQFU (n= 1.283) and gaseous C^Fyy at 1030 mbar. 

photoelectrons.. The photoelectrons appear in ring-like or parabolic configuration, depending 
onn the angle of incidence of the particle. Focusing parabolic (Barrel RICH) or spherical 
(Forwardd RICH) mirrors reflect the Cherenkov light from the gas radiator and project it on 
thee same photon detector (see Figure 3.1). 

Photonn detection 

Thee UV-photon detector is a TPC-like device entirely made of quartz to allow UV-photon 
transmissionn from both sides. Inside the drift volume, the Cherenkov UV-photons wil l lib-
eratee electrons by ionization of the drift gas. The photosensitive agent in the drift gas, 
Tetrakis(diMethylAmino)-Ethylenee (TMAE), is sensitive to photons of energies higher than 
~~ 5.5 eV. A homogeneous electric field causes the electrons to drift towards the end of the 
photonn detector, where they are detected by a Multi-Wire-Proportional-Chamber (MWPC). 
Thee UV-photon detector provides three-dimensional positional information on the UV-photon 
forr each detected photoelectron. In the Barrel RICH, for instance, the MWPC gives Ré and 
RR coordinates of the point where the Cherenkov photon liberated the photoelectron whereas 
thee z coordinate of this point is obtained from the drift time measurement. 

Sincee the fundamental principle of the DELPHI RICH detectors relies on the detection 
off  UV-photons, it is of utmost importance that the key detector elements are either UV-
transparentt or UV-sensitive. The mam parameters of the BRICH as a function of photon 
energyy are shown in Figure 3.3. The transmission coefficients correspond to 8 mm quartz 
(solidd line), 1 cm liquid C\,FU (dashed line) and 15 cm gaseous C5Fi2 (dotted line). The 
dash-dottedd line indicates the TMAE quantum efficiency (Q^MAB). The hashed area rep-
resentss Q™AE folded with the quartz UV-transmission coefficients. It is a measure of the 
photonn conversion efficiency of the drift tubes. The lower limit on the energy of the photons 
iss determined by the Q™AE at ~ 5.6 eV (i.e. 160 nm). 



3.2.3.2. THE RING-IMAGING CHERENKOV TECHNIQUE 37 7 

D D 
c c 

c c 

§§ 0.8 
= = 
eg g 

H H 

77 7.5 8 
Photonn energy ( eV ) 

Figuree 3.3: The transmission coefficients of the detector elements in the Barrel RICH, the quantum 
efficiencyy of the TMAE and (hashed area) the photon conversion efficiency as a function of photon 
energy. energy. 
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Fromm (3.5), the number of detected photons for a particle path length L is given by: 

NphNph = Q-^L f sm29ce{E)dE = 3701cm'1 ëV-l]L  f sin2 8cc{E)dE = N0Lsm2öc. 

(3.9) ) 

NN00 is the number of photons for the maximum-saturated-angle, 9C is the Cherenkov angle 
averagedd over the photon energy interval (see (3.4)) and e (E) is the efficiency for detection 
off  a photon of energy E. This efficiency includes all the above-mentioned transmission and 
quantumm efficiencies, the mirror reflectivity for a photon produced in the gaseous radiator 
andd the inefficiencies in detecting the photoelectrons. 

3.33 The ring-imaging Cherenkov counters 

Thee Barrel RICH 

Thee Barrel RICH [20] is a 3.5 m long cylinder with inner and outer radii of 124 and 197 
cmm respectively. A mid-wall divides the detector into two mirror-identical halves, referred 
too as sides A (cos 0 < 0) and C (cos9 > 0). It covers polar angles in the DELPHI detector 
rangingg from 40° to 140°. 

Eachh side of the BRICH is azimuthally divided into 24 sectors. The elements of a sector 
aree one liquid radiator, one drift tube with a wire chamber at its end, and 6 mirrors. An 
undividedd gas radiator volume is common to all sectors (see Figure 3.4). 

Particless first traverse the liquid radiators, which essentially consist of a 1cm thick layer 
off  CsFi4. Cherenkov photons created in this radiator leave the radiator through the quartz 
windoww closing the radiator and enter the drift tubes—the photon detectors—placed 12 cm 
awayy from it. The volume of the vessel outside the drift tubes and the liquid radiators is used 
ass gas radiator and filled with gaseous C\Fn- The vessel is kept at a constant temperature of 
40°CC and a fixed gas pressure of 1030 mbar. Parabolic mirrors reflect the Cherenkov photons 
producedd behind the drift tubes back into the drift tubes. The useful path length of particles in 
thee gas radiator is on average 40 cm. The mirrors focus the photons into a ring-like "image" 
inn the drift tube gas. The drift gas is an admixture of methane-ethane (75%CH.i +257tC2H6) 
withh ~ 0.1% TMAE vapour. The TMAE is added by bubbling the main gas mixture through 
aa TMAE bath, which is kept at a constant temperature of 28°C. A drift field of 0.5 kV/cm, 
whichh is determined by the VHV = 80 kV and the 150 cm drift tube length, transports the 
photoelectronss towards a MWPC at the end of the drift tube. Each MWPC has 128 anode 
wiress with an inter-distance of 2.62 mm and 8 groups of 16 cathode-strips (3.8 mm wide) 
perpendicularr to the anode wires. The chambers are operated at a gas amplification gain of 
aboutt 105, implying that a single photoelectron induces an avalanche of in the average 105 

electrons.. Photo-conversion points are reconstructed in three dimensions: the anode wire 
addresss provides the Rd> coordinate (ARo — 1.0 - 2.0 mm), the cathode pad address gives 
thee R coordinate and the z coordinate is determined from drift time measurement. Using 
thiss information and the position and direction of the particle as measured by the tracking 
detectorss of DELPHI, it is possible to calculate for each photon the Cherenkov angle. 
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Figuree 3.4: A schematic view of the DELPHI Barrel RICH detector 

Thee calibration system of the BRICH consists of a UV-light source which injects UV 
lightt into each drift tube at 45 accurately known points, arranged in 5 rows of 9 fibers. It 
determiness the drift velocity with 0.07 % accuracy (Vd = 5.3 cin//is in the BRICH) and 
monitorss the drift velocity during data taking due to variations of temperature, pressure, gas 
mixturee etc. 

Thee Forward RICH 

Thee Forward RICH [21] covers both end-cap regions of DELPHI over polar angles 15° < 
99 < 35° and 145° < 6 < 165°, see Figure 2.1. Although very different in geometry, the 
Barrell  and Forward RICH employ the same principles. A major practical difference is that 
inn the Forward RICH the electric field in the photon detector is perpendicular to the magnetic 
fieldfield of DELPHI. It also operates with different gases. 

Eachh Forward RICH detector consists of two 180° segments, which join in the vertical 
plane.. The design is schematically shown in Figure 3.5. A segment is divided azimuthally 
intoo 6 sectors. Each sector contains one drift box with two MWPCs, three liquid radiator 
containerss and five spherical mirrors. C4F10 is used for the gas radiator. It fills the remain-
ingg volume of the segment. Because of its low boiling temperature of —2°C no heating 
iss required. It can be used at atmospheric pressure because of its stable (~ 100%) UV-
transparencyy over the full photon energy window of interest, 6.5 - 8.0 eV. The average path 
lengthh inside the gas radiator is about 60 cm. 
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Figuree 3.5: A schematic view of a sector of DELPHI Forward RICH. 1 = liquid radiator containers, 
22 = spherical mirrors, 3 = photon detector. 
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Figuree 3.6: A schematic view of photon detector in Forward RICH 
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Thee photon detector has a trapezoidal shape, see Figure 3.6. It consists of a drift volume 
whichh is electrically divided in two symmetric halves, each read out by a MWPC. Both plain 
sidess of the detector are made of fused quartz. The depth of the drift volume varies from 60 
mmm near the MWPCs to 40-54 mm along the mid-wall. The photoelectrons drift in a plane 
perpendicularr to the 1.2 T magnetic field. This results in a Lorentz angle of ~ 50° between 
thee drift trajectories and the electric field and has important consequences for the MWPC 
designn and for the choice of drift gas. The gas used is C2Hü, which is made photosensitive 
byy bubbling it through liquid TMAE. The detection plane of each MWPC has 320 anode 
wiress with a 2.62-mm pitch and 240 cathode strips, 5 mm wide and 42 mm long. The 
cathodee strips are arranged in 20 groups of 12 strips. Each group of 12 strips is covered by 
166 anode wires. The addresses of the anode wires and the cathode strip together with the 
driftt time information allow the reconstruction in space of each photoelectron production 
point.. The resolution (ax. ay, az) is about (0.8, 0.8, 1.5) mm. It is the dominant error in the 
determinationn of the angle of the Cherenkov photon in the gas radiator. 

Withh the UV-calibration system, both drift velocity and Lorentz angle are measured pre-
cisely. . 

Cherenkovv photoelectrons 

Thee potential of the RICH to identify particles is given by measuring the separation between 
thee particle bands in Figure 3.2 in units of the resolution on the Cherenkov angle. The 
Cherenkovv angle is determined from the image produced by the Cherenkov light cone in 
thee photon detectors. The image is the cross-section of a cone. The shape therefore can be 
eitherr a ring, ellipse, parabola or hyperbola 2. We nevertheless wil l use the term "ring" for all 
thesee shapes. From (3.9) it follows that the number of photoelectrons per ring varies with the 
Cherenkovv angle. The number has a Poisson distribution with average Nph. Experimental 
dataa for 45.6 GeV/c muons show an average of 18.6(7.9) and 8.3(5.2) Cherenkov photons 
perr track for the BRICH (FRICH) liquid and gas radiators, respectively. There is a small 
backgroundd from other sources as one can see in Figure 3.7. 

Ass was mentioned above, the Cherenkov angle is calculated for each detected photoelec-
tron.. Its uncertainty, apu, is given by the quadratic sum of several contributions. For photons 
fromm the gas radiator one has: 

°lh°lh ~ alhr»m +  aLnd + ^position' ^ A ^ 

Thee a(:hro,n is the contribution due to chromatic aberration (see (3.4)), The bending of 
thee particle trajectory in the 1.2 T magnetic field of DELPHI on its way through the gas 
radiator—itt smears the Cherenkov angle in one direction—gives the term abend- This term 
dependss on the transverse momentum of the particle (pshi9p), the track length (/) inside the 
gass radiator and the azimuthal position of the photon (o) on the Cherenkov cone: 

2Thee conic-like section shape is due to internal reflection of the Cherenkov light inside the liquid radiator. 
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Figuree 3.7: Distributions of the photoelectron Cherenkov angles, for Z° —> n+n~ events. The aver-
ageage number of photoelectrons and measurement precision of the Cherenkov angle for single photons 
areare given for both radiator types, gas and liquid, in both the Barrel and Forward RICH. 



3.4.3.4. PREPARING OF RAW DATA FOR RING ANALYSI S 43 3 

VbendVbend OC —7—  (3.11) 
pp sin #p 

Finally,, crpô l£lon is due to the finite position resolution of the photon detector: it comprises 
diffusionn during the drift of the photoelectron and the intrinsicc resolution of the wire chamber 
thatt detects the signal from the photoelectron. 

Forr liquid radiator photons, the term agcom replaces the term Oberij. It takes into account 
thee fact that the liquid radiator layer has a finite depth and this gives an uncertainty on a 
Cherenkovv photon production point. 

Thee number of photons associated with a track and their Cherenkov angles are the input 
too the particle identification algorithm. 

3.44 Preparing of raw data for  ring analysis 

Thee simulation of the RICH data is done in great detail. It takes into account the production 
off  Cherenkov photons, their conversion into photoelectrons, the production of background 
electronss from all known sources and the response of the detector to all these electrons. 
Therefore,, the simulated data can be analysed in the same manner as the real data. 

Thee sets of photons associated with tracks are hereafter called the raw data. This applies 
too both real and simulation data. In the following we describe the different steps that prepare 
thee raw data for the ring analysis. 

Backgroundd rejection 

First,, the signal-to-background ratio for photons should be improved in the raw data. 
Thee RICH photon detectors detect single photoelectrons and, as a consequence, are very 

sensitivee to background. Background sources are: 
1)) electronic noise and after-pulses which can imitate photoelectron signals; 
2)) cross-talk—one photoelectron giving a signal in two strips; 
3)) photon-feedback—UV-photons created during the development of the avalanche causing 
secondaryy avalanches 3; 
4)) ionization electrons (dE/dx) caused by the tracks passing through the drift tube; 
5)) ó-rays produced by tracks passing the drift tubes; 
6)) UV-photons produced when the particle traverses the quartz windows; 
7)) 7-ray conversions. 

Mostt of these background sources lead to clusters of electrons. Figure 3.8 illustrates such 
aa cluster of background electrons. It is a /?0-cluster in local coordinates. By removing such 
RoRo clusters we improve the signal-to-background ratio by a factor 5, while rejecting only 
15%% of the true signal as shown for liquid rings in Figure 3.9. Background is a more serious 

3Too absorb most of these UV-photons, UV-blinds are installed between the individual anode wires, allowing 
onlyy photon-feedback on the same wire. 



44 4 CHAPTERR 3. DELPHI RICHs 

Ripp CLUSTER 

++ DATA 

_Tl_Tl SIMULATIO N 

0(.. (rad) 

-.. - o . .„  . , , , Figure 3.9: Comparison of the BRICH real and 
Figuree 3.8: An illustration ot a background ° ' 

simulatedsimulated data before and after the cleaning proce-
duredure for liquid radiator rings. 

problemm for the liquid radiator rings than for the gas radiator rings as it depends, for most 
sources,, on the ring area. Although the background in the RICHs is complicated, it has been 
successfullyy simulated in the Monte Carlo. 

Alignment t 

Secondly,, the off-line alignment of the RICH is performed. It adjusts the refractive indices 
andd geometrical positions of the different detector components. For the BRICH this amounts 
too the adjustment of 288 mirrors, 48 radiator trays and 48 photon-detectors. It is done by min-
imisingg the width of the ^-distribution for the muon tracks from Z° —» A'+/'~ events. These 
eventss have well isolated tracks that produce Cherenkov rings with a very low background. 
Thee expected Cherenkov angle depends only on the refractive index whereas the measured 
onee also depends on the position of the detector elements. For example, a 1 mm shift of the 
photo-detectorr position for the FRICH is equivalent to a decrease of 10% in the Cherenkov 
anglee resolution for the gas radiator. 

Fixin g g 

Finally,, several corrections that could not be taken into account in the previous two steps are 
determinedd and applied to the raw data in real and simulated data. It includes corrections that 
havee been determined by comparing real and simulated data, e.g., inefficiencies as a function 
off  polar angle and other acceptance problems; differences in the expected resolution of the 
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Cherenkovv angle and in the expected number of photons, and the photon-feedback effect. 
Inn addition it corrects for non-uniformities in the refractive indexes of the gas radiator. AH 
thesee corrections are made by the RICFIX-package [22], The RICFIX-package obtains most 
off  its information using Z° —> ^+^/~ events but applies the corrections to all Z°-data. 

3.55 Ring finding procedure: RIBMEA N Algorith m 
Severall  ring finding algorithms [23] have been developed to combine all information from 
thee detected photoelectrons for particle identification. The RIBMEAN algorithm [24] is used 
inn the analysis presented in this thesis. It determines the number of Cherenkov photons in 
thee ring and their mean Cherenkov angle. 

Thee starting point of the method is a set of photoelectrons associated with a track. Each 
off  these photoelectrons has a Cherenkov angle 9  ̂an expected error «JÖI, a depth of the con-
versionn point in the chamber, a <t>  position of the photon on the ring, and a quality bit that 
reflectss whether the photon is isolated, ambiguous or not. The photon ambiguity comes from 
twoo kinds of ring overlaps: the first, when the rings from different tracks are overlapping and, 
thee second, when the rings from the gas and liquid radiators are overlapping. A non-isolated 
photonn means that it belongs to some small 7?0-cluster but one can not ascertain whether it 
hass a background origin and, therefore, was not rejected in the background rejection step. 

Photonss are given different weights depending on the signal-to-background ratios. Back-
groundss differ considerably for different types of photons. In particular, the background is 
higherr for 

1.. ambiguous than for non-ambiguous photons; 

2.. non-isolated photons than for isolated ones; 

3.. photons that have a low conversion probability (the probability is obtained from the 
depthh of the conversion point); 

4.. photons near the open end of the parabola (this is the case for photons originating from 
thee Barrel RICH liquid radiator). 

Figuree 3.10 shows the effect of applying weights to the single photon distribution. The 
solidd line shows the Cherenkov angle distribution for single photons as determined for sim-
ulatedd pions in the liquid (gas) of the barrel (forward) RICH after applying these weights. 
Thee dashed line shows the same distributions with a weight equal to 1. The effect on photons 
fromm the liquid radiator is larger that on those from the gas radiator. This is because the liquid 
radiatorr rings have a bigger size and therefore are more influenced by the above-mentioned 
backgrounds. . 

Too reconstruct a ring the algorithm starts with five ring hypotheses corresponding to 
thee assumption that a track is due to an electron, muon, pion, kaon or proton. For each 
hypothesiss one tries to find photoelectrons that are consistent with the corresponding ring. 
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Figuree 3.10: Single photon distributions for simulated pions of momentum between 0.7-1.5 GeV/c 
(above(above 3 GeV/c for gas radiator) in the liquid (gas) radiator for the barrel (forward) RICH before 
(dashed(dashed line) and after (full histogram) applying weights 
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Thee ring finding starts with the photoelectron that has the smallest distance to this particular 
hypothesis.. In the following steps other photoelectrons are sought that can be associated with 
thee hypothesis. This is done by looking successively for a photoelectron with an angle #, 
thatt has a distance of less than 2.5 oel to the weighted average of the angles of the previously 
foundd photoelectrons 4. The search stops when no additional photoelectrons satisfying the 
abovee criterion can be found. With the remaining photons a new search is started for the 
samee hypothesis. When no photons are left the next hypothesis is considered with the same 
photons.. At the end we have five sets of rings, each set corresponding to one mass hypothesis. 
Forr each ring in a given set the following quantities are calculated : 

 the weighted number of photoelectrons, Nw = J2,=\ wi (N is the number of photons 
inn this cluster); 

 the average Cherenkov angle, 

nmeannmean "j 

 the average expected error per photon, 

expexp
^photon^photon - / j_v . /V ïff " 

Fromm all the rings found the one with the largest number of weighted photons is finally 
chosenn and will be called the main ring of this track. Ambiguous photons have now to be 
resolved.. If an ambiguous photon is only selected in this ring then the ambiguity is solved. A 
photon,, however, may belong to two or more main rings associated with other tracks or the 
samee track but different radiators. The ambiguity then can be either gas-gas, liquid-liquid 
orr gas-liquid. The latter is resolved by comparing the conversion depth since liquid photons 
originatee from the side of the photon detector that is closest to the liquid radiator, whereas 
gass photons originate from the opposite side. To solve gas-gas or liquid-liquid ambiguities 
thee number of unambiguous photons in both rings and the ^2 contribution of the ambiguous 
photonn to each ring are used. After associating ambiguous photons to a ring, the parameters 
off  the ring are recalculated. If no ring is found with more or equal than two photons, it is 
assumedd that the track has no Cherenkov light in the medium considered. This observation 
iss later used for the veto tag, i.e. when one looks for a mass hypothesis with no emitted 
Cherenkovv photon. 

Thee error per ring oTing is a function of the track momentum p, the average error per 
photonn <7^,on, and the observed number of photons A\ Simulated "-data were used to pa-
rameterisee the dependence of <r ring on these parameters for hadronic events. The procedure 

4Thee window of 2.5 ay, is used for the ring finding in the gas radiator, whereas that of 3.5 ou, is used in the 
liquidd radiator. 
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too obtain this parameterisation is as follows. First, the (Jrtng is supposed to be linearly depen-
dentt on Option' ' e- (Jritig   ̂ ^l^ton- To 0 D t ai n t ne parameterisation on p and .V we determine 
thee pull distribution, where the pull is defined as : 

^  ̂ = ^ . (3.12) 
&ruig &ruig 

Fromm this distribution one extracts the functional dependence on A" and p. The r.m.s. of the 
pulll  distribution should be 1 for pions, since 0"p is the expected angle for the TT hypothesis. 
Startingg from the assumption ariny — ve* }fololJ\f~N the p-dependence is extracted. The same 
iss done for the Ar-dependence. From this analysis we find that the errors per ring can be 
parametrisedd for the barre! (B) and forward (F) gas radiators as 

°ring°ring ~ <JphlAon\i 22 + p' 
0.8 8 

(3.13) ) 
<n<ngg - v ; i „ 0 . 8 5 ( l + — ) v / l A Y + l /12 

andd for the liquid radiators as 

1.4 4 

1.4. . 
°L°L99 = Vln0.80(l + —)Vl /A r +l / 9 

(3.14) ) 

Thee barrel RICH gas radiator error has the expected 1/v A' term and a weak momentum 
dependence,, whereas the liquid radiator error has a stronger dependence on p because the 
trackk errors are—by convention—not propagated into creJt

p
ot(jn. The deviation from the 1/N/A7 

behaviourr at high values of the observed number of photons is probably a consequence of 
thee correlation of the errors due to uncertainties in the position of the track. The same is true 
forr the forward RICH errors. 

Performancee of the method 

Ann important advantage of the RIBMEAN algorithm is that its performance can be simulated 
ratherr well by Monte Carlo. This is because of its simple treatment of the available informa-
tion.. We wil l comment on it later in this section. Figure 3.11 shows that the parametrisations 
off  the ring resolution as given by (3.13) and (3.14) correctly reproduce the Ar-dependence 
off  the ring resolution. Figure 3.12 shows the Cherenkov angle distribution as obtained by 
RIBMEANN for the liquid and gas radiators as a function of the momentum of the particle. 
Thee three bands correspond to pions (uppermost), kaons (middle) and protons (lowest). In 
thee next chapter we wil l compare real data and data from a Monte Carlo simulation relevant 
too the analysis presented in this thesis. A detailed comparison can be found in references 
[24],[25]. . 
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Figuree 3.11: The RIBMEAN data and Monte Carlo distributions for the number of photoelectrons 
versusversus the ring resolution. The black points indicate the mean value of the distributions for the single 
photoelectronphotoelectron resolutions. The dashed lines represent the extrapolation of the Monte Carlo. 

Somee comments can be given about the features of the algorithm. In the first place, the 
weightingg of photons enables us to use all the signal photons, though with different weights, 
andd to reduce the effect of background photons. This is important for the analysis of the pion 
backgroundd in the tagged kaon sample presented in section 5.3. Secondly, since starting 
pointss are chosen corresponding to the five mass hypotheses, the best resolution per ring is 
obtained.. Finally, the choice of the ring with the largest number of weighted photons as the 
finalfinal ring gives a small bias in favour of high Cherenkov angles because of the presence of 
background,, see Figure 3.7. 
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Figuree 3.12: RIBMEAN results for the average Cherenkov angle versus particle momentum for 
barrelbarrel RICH liquid (a) and gas (b) radiator data taken in 1994. 



Chapterr 4 

Eventt selection and high-energy kaon 
identification n 

Inn this chapter we describe the sample of events used in the analysis. As explained in Chap-
terr 1, we are interested in ss-quark pairs from Z° decay. The s(s) like all other quarks cannot 
bee observed as free particles because they hadronize and appear bounded inside hadrons as 
jetss of particles. 

First,, we have to select the hadronic Z° decays, then enrich this sample in s-quark decays. 
Thiss is done by selecting events with identified charged kaons with high momenta. Because 
high-energyy kaons can also be produced in decays of b and c hadrons we will reject fr-quark 
and,, partially, c-quark decays. This is done by using information from the vertex detector 
(VD). . 

4.11 Hadronic event selection 

Trackss from stable charged1 hadrons and leptons are accepted if : 

 their polar angle 9 is between 20° and 160°. This interval is mainly determined by the 
trackingg system acceptance, see Figure 4.1; 

 the track length in the TPC, the main tracking device, is longer than 30 cm; 

 the impact parameter2 with respect to the interaction point is less than 4 cm in the R<t> 
planee and less than 10 cm in \z\. This rejects tracks produced in beam-gas interactions 
andd particles originating from an interaction with the detector material; 

'Wee call a charged particle stable when it has CT of a few centimetres, where c and r are the speed of light 
inn vacuum and the life-time of the particle, respectively. Most of these particles are produced with relativistic 
velocitiess and are able to reach the sensitive part of the detector. 

2Thee track impact parameter is defined as the distance of the track to a reference point at the point of its 
closestt approach- The reference point is the reconstructed primary vertex, i.e. the point where the electron and 
positronn annihilate. 

51 1 
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Figuree 4.1: Schematic view of the DELPHI RICH and tracking detectors. 

 the momentum /; is greater than 0.4 GeV/c with an error Ap/p < 1. 

Thee thrust quantity is defined as 

TT = , m , a X V ^ | | ~ |i 

wheree pt is the momentum of z-th particle of the event and the thrust axis is the direction 
off  the vector n. For the calculation of the thrust axis of the event neutral showers in the 
calorimeterss not associated with charged tracks are used if the reconstructed energy has an 
errorr AE/E < 1. The total longitudinal momentum takes its maximum value along this 
direction.. The axis is associated with the direction of the s and s quark pair. An event is 
selectedd as a hadronic event if : 

 the number of selected charged particles is greater than 4; 

 the total energy of the charged particles, assuming all particles to be pions, is larger 
thann 15 GeV for the whole event and larger than 3 GeV in each event hemisphere as 
definedd by the thrust axis. 

Thee first requirement rejects leptonic decays of the Z° and cosmic muons. When the Z° 
decayss to fi+fi~ or e+e~ pairs the event has two charged tracks, whereas the decay into 
TT++ T~T~ can result in 4 charged tracks in the final state. This cut rejects 91% of the r-events. 
Thee second requirement rejects beam-gas and two-photon events. These events have a strong 
boostt along the beam axis and have a relatively low energy deposition inside the detector. 
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Figuree 4.2: The s-quark purity for hadronic Z° decays in which the highest momentum kaon has a 
momentummomentum larger than the value plotted on the horizontal axis. The plot is based on a sample of 2 
millionmillion Monte Carlo hadronic events. 

AA total of 3.2 M hadronic events has been selected with the above cuts. The residual con-
taminationn from Z° —> T^T~ and -,-, events is below 0.3%, and from beam-gas interactions 
itt is below 0.1%. 

Too compare theory with experiment, data are simulated according to the theory, folding 
inn the detector response. Hadronic events are generated with the JETSET 7.3 Monte Carlo 
programm [9] with parameters tuned by the DELPHI Collaboration [14]. This Monte Carlo 
programm uses different functions to describe the fragmentation of light (u, d, s) and heavy 
(c,, b) quarks (see section 1.5). The Lund symmetric fragmentation function (1.28) describes 
thee light quark hadronisation process, while the Peterson function (1.29) is used for the frag-
mentationn of bottom and charm quarks. The detector response is simulated with the DELPHI 
programm DELSIM [26], The simulated data have the same format as the real data, and will 
bee analysed by the same analysis programs. A sample of 10.7 M simulated hadronic events 
iss used. These Monte Carlo events are also used to evaluate detector-related characteristics 
off  the analysis, e.g. acceptances, efficiencies and so on. 

4.22 s quark tagging 

Hadronicc events for which the thrust axis has a polar angle in the range J cos9thrust\ < 0.7 
aree considered for the barrel analysis. For the forward analysis, the thrust axis has to be in 
thee angular range 0.8 < j cos 9thrust] < 0.95. These requirements are necessary to keep the 
wholee event inside the active part of the tracking system of the detector and to be able to 
identifyy the high energy kaons with the BRICH and FRICH, see Figure 4.1. 

Thee production of a high momentum strange hadron is a likely signature for a primary 
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Figuree 4.3: K production as a leading particle. 

ss quark. Figure 4.2 shows the s-quark purity as a function of the momentum of the most 
energeticc charged kaon in an event. The purity does not reach 100% because the kaons can 
bee the result of the decay of b, c quarks. A kaon can also be produced in the fragmentation 
off  u, d quarks. One can see that the purity increases for increasing momenta. The electric 
chargee of the kaon carries information on the charge of the initial primary quark and thus 
allowss the s quark to be separated from the s. This is illustrated in Figure 4.3. Monte Carlo 
eventss confirm that the flavour of a leading hadron can be associated with the flavour of the 
primaryy quark. The leading particle is the one with the highest momentum. In our analysis 
wee wil l use high-energy charged kaons. These kaons can be identified with the DELPHI 
RICHH detectors. 

Thee particles to be identified as kaons are required to lie inside the RICH acceptance 
andd should have momenta between 10 GeV/c and 24 GeV/c. The lower momentum limit is 
determinedd by the Cherenkov threshold (p ~ 8.5 GeV/c) of the gas radiators of both RICHs. 
Thee upper limit corresponds to a one-sigma separation between the Cherenkov angles of 
pionss and kaons. If more than one kaon satisfies these constraints, the kaon with highest 
momentumm is selected. The kaon is not necessarily the highest momentum particle in the 
event.. The flavour may be tagged, for instance, by a kaon which is the decay product of a 
K*(892).. When decaying into K * ^ the K*(892) can produce a kaon, which, although it 
correctlyy tags the primary quark, has a momentum lower than that of the pion. 

Thee quark direction is estimated using the thrust axis, which is later oriented parallel 
(anti-parallel)) to the K~(K +) projection along this axis, see Figure 4.4. Later in this chapter 
reall  and Monte Carlo data are compared for leading particles. 

High-energyy kaon identification 

Chargedd A' mesons are identified by determining the average Cherenkov angle for a re-
constructedd ring and comparing it with the angle predicted for a A'-meson. The clustering 
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Figuree 4.4: The direction of the quark is defined by the trust axis, which is later oriented parallel 
(anti-parallel)(anti-parallel) to the K~(K+J projection along this axis. 

algorithmm described in Chapter 3 estimates the Cherenkov angle 6C, the expected error ooc 

andd the number of photons in the ring. Using this information kaons are identified on a 
track-by-trackk basis. The reconstructed average Cherenkov angle in the gaseous radiators of 
thee BRICH and the FRICH respectively as a function of the particle momentum is shown in 
Figuree 4.5. The expected angles are different because of the different gases used in the barrel 
andd forward RICHs. 

Chargedd particles are considered when they pass the track selection criteria, have a mo-
mentumm between 10 and 24 GeV/c, and lie within the RICH acceptance. The latter implies 
thatt tracks have polar angles in the range 0.04 < cosö < 0.68 in the barrel region and 
0.822 < | cos6> < 0.94 in the forward one. Only data from those data-taking runs are used 
wheree the gas RICH was fully operational. 

Furthermore,, a kaon candidate has to satisfy the following criteria: 

-- the OD or FCB has to be used in the track fit. This ensures that the particle that crosses 
thee RICH is well reconstructed, see Figure 4.1 ; 

-- at least 2 photoelectrons have to be found in the ring to measure the mean Cherenkov 
anglee ; 

-- the measured and the expected Cherenkov angles have to satisfy the following condi-
tionss in order for a particle to be identified as kaon [27] : 

^ ^^ < 2 .5 (4.1) 

>> 2 (4.2) ) 

wheree 6ff, 9* are the expected angles for the K and ~ hypothesis for a given momen-
tum.. The espected error on the Cherenkov angle agc ss aTing defined in (3.13). 
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Figuree 4.5: For the 1994 data the reconstructed average Cherenkov angle in the gaseous radiator of 
thethe BRICH (left) and the FRICH (right) as a function of the particle momentum (10 GeV/c < p < 24 
GeV/c).GeV/c). The two solid lines show the expected Cherenkov angle for pions and kaons. 
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Inn the forward region, an additional cut on the polar angle of the particle is applied when 
ringss happen to lie in a dead zone of the drift volume of the photon detectors. Each half 
off  the FRICH is divided into 6 azimuthal sectors, while each sector has one drift volume 
whichh is electrically divided in two. The electric fields in these halves cause photoelectrons 
too move towards oppositely positioned MWPCs, see Figure 3.6. Because of the DELPHI 
magneticc field drifting electrons experience a Lorentz force. As a result, the electrons drift 
underr a Lorentz angle of 50°. This creates two dead zones in the drift volume: in the upper 
partt of one half of the volume (odd-chamber) and in the lower part of the second half (even-
chamber).. The dead zone in the lower parts of even-chambers does not affect the analysis 
becausee the row of FRICH mirrors closest to the beam pipe is not used. In the so-called 
odd-numberedd chambers, the full Cherenkov ring can not be reconstructed for tracks with a 
polarr angle in the region 0.82 < | cos#| < Ü.87. In this region the acceptance is different 
forr positively and negatively charged particles. This is due to the fact that the trajectories 
off  positively and negatively charged particles turn in opposite directions. The Cherenkov 
lightt produced along these curved trajectories (~ 60 cm) in the gas radiator is projected by 
thee spherical mirrors onto slightly different locations in the photon detector for oppositely 
chargedd particles. For negatively charged particles the ring lies more inside the dead zone 
thann for positively charged ones. This effect is purely geometrical and well reproduced by the 
simulation.. In the analysis, events are rejected when a tagged kaon touches an odd-chamber 
andd has a polar angle in the region 0.82 < | cos#| < 0.87. About 20% of the particles are 
lostt with this cut in the forward analysis3. 

Accordingg to the simulation the average identification efficiency for selected K  is 53% 
inn the Barrel region and 42% in the Forward region. Figures 4.6 and 4.7 demonstrate that 
thee performance of the particle identification algorithm in the gas radiators of the Barrel and 
Forwardd RICH is fairly well reproduced by the simulation. The discrepancies are corrected 
forr in the analysis. 

^Becausee the effect is purely geometrical and can be accounted for in the simulation, exclusion of the 
deadd zones does not affect the forward-backward asymmetry of the kaons (see the next chapter). It increases, 
however,, the statistical error. 
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Figuree 4.6: Normalised distributions of the Cherenkov ring parameters for charged particles (with 
momentummomentum between 10 GeV/c and 24 GeV/c) in the gas radiator of the Barrel RICH for 1994 data 
(dots)(dots) and simulated data (histograms) for the observed number of photons, the expected error per 
ring,ring, the difference between the measured Cherenkov angle and the expected one in the pion hypoth-
esis,esis, and the pull for the pion hypothesis. 
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Figuree 4.7: Same as Figure 4.6 for the Forward RICH. 
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Figuree 4.8: Definition of the sign of the impact parameter S. 

4.33 Rejection of heavy quarks 

Withh the identification of high momentum K  as described in the previous section an event 
samplee is selected for which the fraction of events with a primary s quark (s-events) is 
determinedd from the simulation to be 43%. To improve this fraction 6-tagging information is 
usedd for the barrel region (| cos6thrust\ < 0.7) to reject kaons from bottom and charm quark 
decays. . 

Thee t>-tagging algorithm is based on the precise measurement of the impact parameter of 
trackss using the micro-vertex detector [28]. The impact parameter is defined as the minimum 
distancee between the charged particle trajectory and the reconstructed primary vertex. It is 
positivee if the intersection of the track with its jet 4 axis is in front of the primary vertex, 
seee Figure 4.8. The ratio of the impact parameter and its error is called significance (5"). 
Hadronss containing a heavy quark (b. c) decay weakly. They have relatively long lifetimes 
and,, because of their large mass, large transverse momenta of the decay products. Their 
decayy products, therefore, wil l have relatively large impact parameters with respect to the 
primaryy vertex. Figure 4.9 illustrates the fact that for the relatively low mass t-hadrons 
(~~ 1.8 GeV/c2) the impact parameters are smaller than for the high mass 6-hadrons (~ 5 
GeV/c2).. It, therefore, is more difficult to identify (and remove from the analysis) c-events 
thann 6-events. 

Negativee values of the significance are a consequence of detector resolution effects. This 
partt of the S-distribution is therefore used to compute from the real data, a probability density 

AA jet represents a group of tracks that represents a certain flow of event momentum. Different algorithms 
cann be used to group particles together. They use variables that are related to the (virtual) mass of the object 
thatt could decay into these particles. A jet can be b-, c-hadron or high-energy parton (gluon or quark), see 
Figuree 4.9. 



4.3.4.3. REJECTION OF HEAVY QUARKS 61 1 

Figuree 4.9: Different topologies of heavy and light quark events: a) b-event, b) c-event, and c) 
u-,d-,s-event u-,d-,s-event 
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Figuree 4.10: Distribution of the absolute value of the significance in Ré (a) and Rz (b) for tracks 
fromfrom real data measured in the Vertex Detector with negative (dashed line) and positive (solid line) 
impactimpact parameter 
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distributionn of S for tracks coming from the primary vertex. Figure 4.10 shows the negative 
andd positive part of the significance distribution. The distribution corresponding to negative 
valuess of the significance falls well below that of the positive one for high absolute values. 
Thiss is what we expect for secondary vertices. 

Thee distribution of tracks with negative impact parameter is used to determine the reso-
lutionn function f{S), which is the probability density function of the significance for tracks 
originatingg in the primary vertex. In particular a sample of events is used, where the con-
tributionn of B hadrons is suppressed. Using ƒ (S) the probability that a single track with an 
absolutee value of the significance larger than 5, comes from the primary vertex is 

P(Si)P(Si) = f f(S)dS 
J\s;>:sJ\s;>:szz\ \ 

Whenn the tracks from the primary vertex have non-correlated impact parameters one can 
writee the probability for N selected tracks to come from the primary vertex in the form: 

// i nu 

^vv = n Yl i  whcrc n = I I  p( 5 ' ) - (4-3) 

j = 00 J- z=l 

Thiss probability has a flat distribution for tracks coming from the primary vertex, while it is 
peakedd at small values for tracks coming from secondary decay vertices. 

Thee discriminant variable that wil l be used to reject events containing heavy quarks is the 
probabilityy P£. It is computed according to (4.3) on an event-by-event basis for all tracks 
whichh have hits in the VD and have a positive significance. All events with Py > 0.15 
aree accepted. This value is a compromise between rejecting as much as possible the charm 
contaminationn and keeping the ,s tagging efficiency above 80%. As a result of this cut, the 
fractionn of s-events in the data sample increases from 43% to 55%, whereas the fractions of 
b-(c-)b-(c-) events decreases from 13.6% (23.3%) to 0.9% (16.0%). These numbers are obtained 
fromm Monte Carlo data and are for real kaons identified with the RICH and with momenta 
betweenn 10 GeV/c and 24 GeV/c. Figure 4.11 shows the Py distributions for bottom, charm 
andd light quark MC events with a high energy K^ selected as described in sections 4.1 and 
4.2.. The peak at zero probability for light quark events is due to the presence of particles 
fromm secondary interactions in the detector material or from the decays of long-lived particles 
(mainlyy A'° and A(111C)). 

Byy removing most of the bottom and charm quarks, the ,s-quark asymmetry measurement 
becomess less sensitive to systematic uncertainties in the production of kaons from heavy 
quarks.. In the forward region this heavy quark rejection cannot be applied because the 
FRICHH has littl e overlap with the acceptance of the micro-vertex detector. 
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events.events. The arrows show the applied cut. 
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4.44 Studying the leading pions and kaons 

Reall  and Monte Carlo data are compared to study the properties of leading pions and kaons. 
Thee sample of events is obtained after removal of heavy quark events as described in sec-
tionn 4.3. 

Thee momentum spectrum of the highest momentum kaon in a given hemisphere, i.e. 
leadingg kaon is well reproduced by the simulation (Figure 4.12). The average purity of the 
kaonss is 80%. Pions are mainly responsible for the other 20%. In a similar way we compare 
thee momentum spectra of identified pions in real and Monte Carlo data. The leading pion is 
thee one with the highest momentum among all identified pions in a given hemisphere. The 
resultt is shown in Figure 4.12b and indicates again a good agreement between real and Monte 
Carloo data. The average purity of the pions is 96%. Figures 4.12c and Figures 4.12d show 
thatt the angle between the leading kaon (pion) and the thrust axis is also well reproduced 
byy the simulation. This is important because we use this axis as an approximation for the 
directionn of the primary quark. 

Inn reference [27] the K/TT ratio is measured for t-quark and light-quark (u. d. ,s) events 
overr the full momentum spectrum. The fractions of kaons and of pions itself and the mo-
mentumm dependence of these fractions are well reproduced by the event generator (JETSET) 
thatt was used in the simulation. In the analysis we wil l look in more detail at, in particular, 
thee leading particles of events tagged by a high-energy kaon. For that the leading particle is 
requiredd to be in the opposite hemisphere to that of the kaon. Figure 4.13a shows that the 
probabilityy as well as the momentum spectrum of the leading charged particle are fairly well 
reproducedd by the simulated events. Figure 4.13b and 4.13c show respectively the kaon and 
pionn spectrum. 

Inn order to check that indeed the charge of the high-energy meson carries information 
aboutt the charge of the primary quark, double-tagged events are selected. These events 
shouldd either have two high-momentum 5 kaons or two high-momentum pions in oppo-
sitee hemispheres. Two samples of 2431 double-tagged kaon and 13817 double-tagged pion 
eventss are selected. The probability that the mesons have opposite electric charges is com-
paredd for real and Monte Carlo data. The probability for the kaon and pion tags in the real 
dataa are 0.645 1 and 8 respectively. This agrees well with the Monte Carlo 
valuess of 0.686  0.012 and 0.535  0.004 6. The leading pion carries almost no information 
aboutt the charge of the primary quark. For kaons we see a strong indication that the charged 
kaonn can separate the 5 quark from s. 

5alll  through this section high energy means that the particle has a momentum in the range 10 GeV/c < p < 
244 GeV/c 

6Thee Monte Carlo value of 0.G8G ^ 0.012 for the probability tor the kaon tag must be corrected tor the fact 
thatt the kaon purity is lower in the real data than in the simulated data, see section 5.3. Accounting tor this 
effectt lowers the Monte Carlo value to 0.667 - 0.012. 
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Figuree 4.13: The momentum spectra of leading particles in K-events: a) leading charged particle, 
b)b) leading particle identified as kaon, and c) leading particle identified as pion. The data sample for 
simulatedsimulated events is twice as larse as that for real events (1994). 



Chapterr 5 

Chargedd kaon asymmetry 

Too determine the s quark forward-backward asymmetry AS
FB one first has to measure the po-

larr angular distribution of events with a negatively and positively charged kaon. The asym-
metryy A$B derived from these events is referred to hereafter as the charged kaon asymmetry. 
Itt can be written as : 

AAFBFB = ^2®q{2cq-l)Aqq {q = d,U, S, C,b). (5.1) 

Thee coefficient aq is the fraction of selected events with primary quark q, while the coef-
ficientt cq is the probability that the kaon charge corresponds to the charge of the primary 
quarkk q. In particular, a K~(K+) in a given hemisphere tags a primary s(s) quark. Aqq is 
thee q quark forward-backward asymmetry. The aq in the barrel region are different from 
thosee in the forward region because heavy quarks can only be rejected in the barrel region, 
seee section 4.3. This implies that the kaon asymmetry A B̂ has to be determined in these 
regionss independently. 

Inn this chapter the measurement of AFB is discussed, while the details of the extraction 
off  AS

FB are described in the next chapter. 

5.11 Experimental procedure 
Thee measurement of AFB assumes the following behaviour of the asymmetry as a function 
off  the thrust polar angle 6 : 

Thee thrust axis is oriented parallel (anti-parallel) to the K~ (K+) projection along the axis 
itself.. It is assumed that the thrust axis represents the quark direction, which is a reasonable 
assumptionn given the fact that the difference between the quark and thrust polar angles is on 
averagee zero, independently of the quark polar angle. Another satisfied condition is that the 
r.m.s.. spread for the difference between these polar angles does not change with the polar 

67 7 
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anglee in the barrel region, while its variation is negligible small in the forward region. The 
quarkk asymmetry is given by Formula 1.19. 

Everyy selected event has one leading charged kaon {see section 4.2). For this sample of 
selectedd events the asymmetry: 

betweenn the number of events with K and K+ falling in a given angular interval i is de-
termined.. The angular interval corresponds to kaon polar angles cos9K. Because positively 
andd negatively charged kaons are compared per bin of cosOK, possible differences in the 
acceptancee for the forward and backward hemispheres cancel. 

Thee measured A? values have first to be corrected to take into account the kaon purity 
off  the sample (due to misidentified pions) and the asymmetry resulting from the difference 
inn the K" and K+ cross-sections for interactions with the detector material. Both corrections 
dependd on the K*  polar angle. The cos QK bins are chosen in such a way that the corrections 
neededd vary only slightly over the width of the bin, so that an average correction factor can 
bee used for all the events in a given bin. The natural choice for the bin is the angular range 
coveredd by a RICH mirror (see Figures 3.4, 3.5, 4.1). 

Wee define A°bs as the kaon asymmetry after applying the above corrections. With cor-
rectionss Afs takes the following form 

,,, _ ( l - r , ) + / i r r ( l + r t ) „ , _ 1 n , 

withh Acr = ' l l) ' , (5.5) 
1 1 

P,P, is the purity of the kaon sample for a given cos#K bin. Af'rr  is accordingly the kaon 
asymmetryy corrected only for the kaon purity. A*-ckg is the asymmetry for the misidentified 
particless (not kaons) as kaons. We present the method and the results of the Abfkg determi-
nationn later in this section. The effect of different cross-sections for K" and K" interactions 
iss represented by the second term in (5.4). We define a ratio r, = fK-/<r<*  for a given 
cos0KK bin, where eK- (eK+) is the probability for a K"(K +) to reach the tracking detector 
positionedd behind the RICHs—i.e., the OD in the barrel region or the FCB in the forward 
region—withoutt interacting with the detector material. The asymmetry from interactions 
withh the material A"iat then becomes ^(1 - /,), and is described in more detail in section 5.2. 

Thee distribution of the Afs is fitted to the function (5.2) to extract A!£H. A binned \2 fit 
iss used to extract A Ĥ: we minimise the \2 function : 

V-- = £ ( "; , j  <5.6, 
z = ll  X / 

wheree ox is the statistical error on the asymmetry Af\ and / runs over the m bins in cosOK, 
122 for the Barrel region and 4 for the Forward region'. The weight w, takes into account 

'inn the analysis the row of FRICH mirrors closest to the beam pipe is not used, see also section 4.2. 
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thee fact that the Afs is determined in a cos 6 K K bin, while A B̂ is the forward-backward 
asymmetryy of the charged kaon as a function of the thrust polar angle, see equation (5.2). 
Forr a given bin i with n, events the weight a\ is calculated according to (5.2): 

88 1 y . coss Oj 

++  cos2 6j' 
(5.7) ) 

wheree 6} is the thrust angle of the j- th event with a K  polar angle falling in bin . This 
weightt w2 also takes into account the fact that the asymmetry has an angular dependence 
insidee the bin. 

Afterr the weights u\ are determined, the asymmetry for misidentified particles At 

equall  to 

ibckgibckg iit  ̂ bcky 

bck< bck< 

IL'iA IL'iA FB FB (5.8) ) 

with h x x ckg ckg 

x;< fc9(2<fcs s l)Al)Arr. . qq = d. u. s. c. b. (5.9) ) 

wheree abrk9 is the fraction of qq events with a particle misidentified as K, cbck9 is the proba-
bilit yy that the primary quark charge is correctly tagged by the particle misidentified as K and 
AAqqqq are the quark asymmetries. 

ApApFFff is computed directly from the full detector simulation. The dominant background 
iss due to pions misidentified as kaons. In order to reduce the statistical error on our estimate 
off  Apg, tracks have been identified as pions in the RICHs. The pion momentum spectrum is 
re-weightedd to make it similar to the spectrum of misidentified kaons. The coefficients a^9 

andd c^ck'J are computed for these events. All the quark asymmetries are fixed to the Standard 
Modell  values calculated by ZFITTER [7] with Mz = 91.1866 GeV/c2, mt = 173 GeV/c2, 
milmil — 115 GeV/c2, as = 0.122 as input parameters. The background asymmetries computed 
forr the three centre-of-mass energies (see Table 5.1) have statistical errors which are small 
comparedd to the systematic ones. The systematic error on A£B

g is obtained by recalculating 
thee abqkg and cbckg coefficients by changing the relevant parameters in the simulation (listed in 
Tablee 6.6) for charm, bottom and light quark events. The results are summarised in Table 5.1. 

v ^^ (GeV) 

89.5 5 
91.2 2 
93.0 0 

syst.error r 

44 t'tky I 
AAFBFB  i 

Barrel l 

0.0104 4 
0.0020 0 

-0.0037 7 

0.001G G 

Forwardd j 

0.0122 2 
0.0046 6 

-0.0056 6 

0.0030 0 

Tablee 5.1: The background asymmetry for different centre-of-mass energy and the systematic error 
onon it. 
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5.22 Asymmetry from interactions with the detector  mate-
rial l 

Wee use 2.4 M simulated hadronic events to extract the asymmetry from interactions of the 
chargedd kaons with the detector material. The fraction of positively charged kaons that 
interactt with the material in front of the OD/FCB, aK +, is evaluated in bins of the kaon 6K\ 
QA ++ is corrected for kaons decaying on their way to the OD/FCB. The quantity 1 - r,, which 
iss equal to 2A™at, is evaluated as a function of aK+. The result is shown in Figure 5.1. The 
distributionn of 2Amat versus aK+  is fitted using a parametrisation derived in Appendix A : 

2A?2A?atat = l-ri  = 1 - ( 1 - Q K + ) £ + (5-10) 

Thee relative difference of K~ and A'+ cross-sections with the detector material in front of 
ODD or FCB, e+, is found to be 0.089  0.005(stat.). The systematic error on =:+ is 0.011 and 
iss mainly (90%) coming from uncertainties in the difference in the nuclear cross-sections of 
p(n)K++ and p(n)K~. Using the parametrisation (5.10) and the values aK+  obtained from 
thee full simulation, the ratios rx are extracted per mirror. The asymmetry .4"'"' as a function 
off  the cosine of the polar angle is shown in Figure 5.2; it ranges from about 0.7% at small 
absolutee values of cos 9K to 2% at values close to 1. The same parametrisation (5.10) is used 
too propagate the systematic error on e+ to the charged kaon forward-backward asymmetry. 
Thee overall effect on the kaon forward-backward asymmetry is very small due to the fact 
thatt the asymmetry from interactions with the detector material is symmetric in cos#. 

Inn deriving the parametrisation (5.10) or (A.5) we made two assumptions; firstly, that 
onee can average over the material and secondly, that one can average over the kaon mo-
mentumm spectra for different mirrors. In order to check that the averaging over the material 
iss justified, a fast analytical calculation is done using the DELPHI materials database and 
thee nuclear interaction cross-sections for a grid of points in the 3-dimensional space of K 
momenta,, polar and azimuthal angles. The kaon momentum spectrum is considered to be 
thee same for all polar angles. A weighted-mean according to the distributions of these three 
variabless is computed for every mirror. The statistical error in this procedure is negligible. 
Thee points obtained in this method perfectly lie on the curve (5.10) with z  ̂ = 0.089. The 
systematicc error on e+ due to the averaging over the kaon momentum spectra, which are 
slightlyy different for different mirrors, amounts to 0.004. 
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fractionfraction of stopped K + due to the interaction with the detector material. The superimposed curve 

representsrepresents the result of the lit;  the dashed curves correspond to one standard deviation. 

0.0225 5 

0.02 2 

0.0175 5 

0.015 5 

0.0125 5 

0.01 1 

0.0075 5 

0.005 5 

0.0025 5 

L L 
i i 

'r 'r 

r r 

--

--

, , 

,, , , 1  , , 1 

- ii  ^ + ^ 

,, 1 i , l , , l , ,, , 11 i 

6 6 4 4 -0.2 2 0.2 2 0.4 4 0.66 0.8 

COSS 0 K K 

Figuree 5.2: The asymmetry from interactions with the material (A\ 

thethe cos 8 of the kaon. The errors are statistical only. 

 —. i ( l - n)) as a function of 



72 2 CHAPTERR 5 . CHARGEDD KAON ASYMMETRY 

0 .11 r 

00 F i  i i i ' i i i i I  i  I i i i I i i I i i i I I i 
- 0 .88 - 0 .6 - 0 .4 - 0 .2 0 0 .2 0 .4 0 .6 0 .8 

coss 0K 

Figuree 5.3: For the 1994 data the charged kaon purity in the momentum range 10 < p < 24 GeV/c 
inin both RICHs is plotted as a function of the cos 8 of the kaon. 

5.33 Purity evaluation 

Thee kaon purity is defined as the fraction of true kaons in the tagged kaon sample. It is 
obtainedd in two steps. In the first step the full DELPHI simulation is used to give the purity of 
thee tagged kaon sample as a function of the kaon polar angle. In the second step a correction 
onn these purity estimates is obtained. This accounts for small residual discrepancies between 
reall  and simulated data as become apparent from Figures 4.6 and 4.7 in Chapter 4. These 
discrepanciess suggest that there is a correction to the TI  misidentification rate. 

Thee distribution for the kaon purity in the real data is shown in Figure 5.3. On average 
itt is 80% in the barrel region and 74% in the forward region, almost constant in the en-
tiree momentum window. The misidentified particles are mainly pions and only 20% of the 
misidentifiedd particles are protons. 
Twoo methods are used to estimate the correction to the MC kaon purity to obtain the purity 
forr the real data. 

Inn the first method the ratio of the n  misidentification efficiencies in real and simulated 
dataa is found assuming that the kaon identification efficiency is the same in real and simulated 
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data.. In the barrel region samples of high purity muons and of pions identified in the TPC 2 

aree used to compare the TT  misidentification efficiency in real and simulated data for tracks 
withh momenta between 10 and 24 GeV/c. The particle is selected as a pion (muon) candidate 
iff  its ionisation loss dE/di is measured in the TPC using at least 80 wires and when the 
followingg conditions are satisfied : 

(g)> > 
ii  dE 

-(f) ) 
((dEdE) ) rneasrneas \ j r ) h 

> 3 3 

wheree ( ^ ) ^ , ; J,K ' is the expected ionisation loss for the corresponding particle hypothesis. 
Furthermore,, the muon candidate has to be tagged in the muon chambers in order to be put 
intoo the muon sample. The residual kaon contamination estimated from the simulated data is 
0.35%% in the muon and 2.0% in the pion samples. The results for different years are shown 
inn Table 5.2. 

Thee statistics in the //-sample after kaon identification by the RICH is very small and 
noo momentum or angular dependence of the correction to the [i  misidentification efficiency 
iss therefore possible. For muons the average ratio of the misidentification rates in real and 
simulatedd data amounts to 1.41  0.12(stat.) with a systematic error of 10%. The systematic 
errorr is due to the possible difference in the probability of a charged kaon to reach the muon 
chamberss between real and simulated data. The simulated data indicate that the kaon con-
taminationn in the ---sample after kaon identification by the RICH is 25%. Therefore only a 
roughh estimation of the TT  misidentification efficiency can be made. For pions the average 
ratioo of misidentification rates amounts to 1.34  0.02(stat.) with a systematic uncertainty 
off  20%. There is a good agreement between results of different years (see Table 5.2). This 
methodd can not be used in the forward analysis, as the pion (muon) sample can not be se-
lectedd with a reasonable pion (muon) purity and statistics. 

Thee second method, which is the method actually used to correct the purity, is based on 
thee mean Cherenkov angle distribution. The Cherenkov angle distribution has two compo-
nents:: one Gaussian component centred around the expected Cherenkov angle for a given 
particlee hypothesis, and one background term which is approximately a linear function of the 
Cherenkovv angle (see section 3.5). Particles can be misidentified either because of the small 
minimumm separation—only two standard deviations—from the pion hypothesis, or because 
off  the presence of background. To estimate these effects, particles with a Cherenkov angle 
99CC outside the pion and kaon bands are selected in real and simulated data. Two regions are 
definedd in which the number of particles is counted for the real and simulated data : 

:Thee in- - mh mass difference cannot be resolved by the TPC and the RICHs, see Figure 2.2 and 3.2. 
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Year r 

7TT sample 
7T-++ K 

PPnn̂ K̂K = Prob(7r -  K) % 
P^P K̂K (Data) / P K̂ (MC) 

jiji  sample 

M ^^ K 
P^P K̂K = Prob(/i -f K) % 

P^P K̂K (Data) / P K̂ (MC) 

Year r 

7TT sample 

P^KP^K = Prob(7r — K) % 
P^P K̂K (Data) / P K̂ (MC) 

/ii  sample 

P^P K̂K = Prob(/x -  AT) % 

/ ^ (Data) / /V^(MC ) ) 

1992 2 
Data a 

10598 8 
575 5 

5.422  0.23 

Montee Carlo 

84791 1 
3177 7 

3.755  0.07 
1.455 7 

781 1 
18 8 

2.300  0.55 

5862 2 
110 0 

1.888  0.18 
1.222 2 

1994 4 
Data a 

48570 0 
2641 1 

5.444  0.11 

Montee Carlo 

281258 8 
11182 2 

3.988  0.04 
1.377 3 

3623 3 
116 6 

3.200  0.30 

21521 1 
413 3 

1.922  0.10 
8 8 

1993 3 
Data a 

9685 5 
468 8 

4.833  0.23 

Montee Carlo 

86651 1 
3309 9 

3.822  0.07 
1.266 6 

734 4 
13 3 

1.777  0.50 

6074 4 
107 7 

1.766  0.17 
1.00 3 

1995 5 
Data a 

20783 3 
1082 2 

5.211  0.16 

Montee Carlo 

60071 1 
2509 9 

4.188  0.09 
1.255 5 

1517 7 
48 8 

3.166  0.46 

4381 1 
104 4 

2.377  0.24 
1.333 4 

Tablee 5.2: Comparison of the misidentification rate in the barrel RICH for real and simulated data of 
pionspions and muons samples. 

regionn Ri : 

regionn R2 : 

&71TIG &71TIG 

Orinc Orinc 

>>  2.5 

>> 2.5 and << -2.5. 
0~nr 0~nr 

Figuree 5.4 shows the ratios of the number of particles in these regions for the 1994 data. 
AA small Monte Carlo program described in the next paragraph shows that at most 10% of 
thee total number of tracks in each of these regions can be attributed to the Gaussian tail. 
Backgroundd photons, accordingly, have to play a dominant role in the misidentification. 
Thee results for the ratios and the fact that the Cherenkov angle distribution for background 
photonss depends almost linearly on this angle imply that the number of background photons 
perr track in the simulated data has to be increased with a scaling factor that for the 1992-5 
dataa amounts to 1.4  0.1 in the barrel region, and 1.05 1 in the forward region. The 
scalingg factors are similar for regions 7?i and R2. The misidentification rates ratio for pions 
andd for muons shown in Table 5.2 is compatible with this result. 
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Figuree 5.4: The ratios of data to Monte Carlo backgrounds in the regions R\ and i?2- This figure 
correspondscorresponds to the 1994 data. 

AA small simulation program was written to understand these results. This is done in the 
followingg way : 

1.. IT'S, K 'S and p's are generated with the proper momentum spectra, according to the 
measuredd fractions, with momenta p between 10 and 24 GeV/c. 

2.. A number of Cherenkov photons is generated according to a Poisson law with mean 
Nsignai-Nsignai- The average number of signal photons Nslgnai is according to equation (3.9), 
aa function of the expected Cherenkov angle. Moreover, it varies as a function of the 
mirrorr number because the track length in gas radiator and the detection efficiency of 
photoelectronss are different for different mirrors. 

3.. A number of background photons is generated according to a Poisson law with mean 
Nbckg-Nbckg- The average number of background photons varies as a function of the mirror 
numberr because the background conditions vary from mirror to mirror. 

4.. For each photon an expected error on the angle, crV )̂ton, is generated according to a 
Gaussiann distribution: 

aa exp(-
lal lal 
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Thee momentum dependence of the error for a given mirror is described by o}l — A + 
BB  \/l + C/p. The a,, reflects the fact that tracks of the same mirror can have different 
photonphoton regardless of their momentum due, for example, to a dependence on the polar 
anglee of the track. The coefficients ,4, ö, C and the ar must be determined per mirror. 

5.. The background photons are generated according to a linear distribution: 0'""-1  J7, 
wheree r is a random number between 0 and 1, and 0]nax = 0.09 rad is the maximal 
allowedd Cherenkov angle. This corresponds to a uniformly distributed background in 
space. . 

6.. The Cherenkov angle for a Cherenkov photon is generated according to a Gaussian 
distributionn with mean equal to the expected Cherenkov angle of the corresponding 
particlee hypothesis 9"'  ̂ and with a r.m.s. of (r']l P

oton. 

7.. The RIBMEAN clustering algorithm is applied to combine photons into a ring and 
determinee the average Cherenkov angle 0'"f'°". It gives also the number of photons for 
thiss ring A'. 

8.. The expected error per ring aring is defined as n"fl'otuii f \f~X. 

9.. No ambiguous photons are generated. 

Thee unknown parameters in this Monte Carlo, which cannot be directly determined, are 
thee expected numbers of Cherenkov photons in the real and simulated data (X^D

rtal, A ^ m / ) 
andd the average numbers of background photons in the real and simulated data (X^[}t , A ' ^ ' ) . 
Forr the average numbers of photons in the real and simulated data we use the following 
constraint:: X^£g = X^  R. Where R for a given mirror corresponds to the weighted 
averagee of the ratios R{ and R2 of tracks in real and simulated data in the regions ƒ?, and R2, 
respectivelyy (see Figure 5.4). Three unknowns are therefore left. Four observables are used 
too determine these free parameters, they are the average numbers of observed photons per 
trackk in the real and simulated data and the observed values of R{ and R2. These observables 
definee the \2-function as a function of the three variables (A^ /^ , , A ^ m / , X^). For 
onee degree of freedom the \2 equals approximately unity at the minimum. For different 
valuess of these variables two sets of 100k tracks were generated. One set is generated with 
thee parameters A. D. C. ar determined from the real data and the other with the parameters 
.4.. D. C. or determined from the simulated data. For each set of tracks the kaon purity was 
determinedd by identifying kaons using the criteria on the average Cherenkov angle f)'"'"" 
(seee section 4.2, Equations (4.1)-(4.2) ). 

Forr the minimization the algorithm described in Appendix B was used. For the numer-
icall  calculation of the derivatives a step of 0.2 was used for each variable. This guarantees 
aa correct sign for the function derivatives. The fit is done separately for each of the six 
mirrorss in the Ban-el (we consider the BRICH to be symmetric in c:os0K) and for each of 
thee four mirrors in the Forward (the forward and backward halves of the FRICH are con-
sideredd separately for the purity analysis). For all mirrors the \2 is well behaved. As an 
example,, for one of the BRICH mirrors a y2 minimum of about 1 is obtained for values 
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(N™(N™nalnal = a/ = g = 1.4 . We have used different starting 
points,, \2(7.9.2) = 45, \2(9.7.2) = 54, \2(7.7.2) = 16, \2(9.9.2) = 37, to verify the 
convergencee of the fit. In all cases the above minimum is successfully reached after 6-12 
steps.. The parameters found at the minimum have errors due to the limited statistics of the 
Montee Carlo function. After the fit is done, the final difference between the kaon purities 
iss obtained. These purities correspond to the two Monte Carlo samples. One sample was 
generatedd with the input parameters A, D, C\ ar for the simulated data and with fitted values 
° ff  -^Lckq> -^simiai* m e o m er w as generated with the input parameters ,4, £?, C, or for the real 
dataa and with fitted values of N£j?g, Ng£ial = R  N âl. The shift in the kaon purity is the 
correctionn to the purity obtained from the simulated data in order to estimate the kaon purity 
inn the real data. 

Ann increase in the number of background photons that are generated according to a linear 
functionn can explain the observed scaling factors. After scaling up the background, the kaon 
puritiess extracted from the simulated data are decreased depending on the polar angle by 
0.4%% to 4.9% (the correction term decreases when |cos#K | increases). In Figure 5.3 the 
purityy is shown after applying this correction. With the simulation program the systematic 
effectt due to a shift in the mean Cherenkov angle and discrepancies in the expected error 
perr ring can be evaluated. From the comparison between real and simulated data it was 
foundd that the Cherenkov angle can be shifted at most by 0.25 mrad and the resolution of 
thee Cherenkov angle per ring is at most 5% larger than in the simulated data. The systematic 
errorr on the kaon purity due to the background, Cherenkov angle shift and ring resolution is 
1%.. The purity is evaluated for each data-taking year. 

5.44 Results 

Thee corrected kaon purities, the results for the asymmetry of misidentified particles and for 
thee asymmetry from interactions with the material are used to evaluate the asymmetry A°bs 

(5.4)) for each 0K bin, as explained in section 5.1. The corresponding weights ir, (5.7) are 
alsoo evaluated and used to fit the \2 function (5.6). 

Resultss for  the on-peak measurements 

Inn the barrel region, 73329 events are selected and used to compute the charged kaon 
forward-backwardd asymmetry. 

Thee results of the fit minimizing the \2 function (5.6) are summarised in Table 5.3. 

Ass a consistency check the asymmetries are fitted separately for each detector side, giv-
ingg the compatible results : 
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Year r 

1992 2 
1993 3 
1994 4 
1995 5 

1992-5 5 

Barrel l 
## events 

10171 1 
4948 8 
43523 3 
14687 7 

73329 9 

nnFB FB 

0.0322  0.013 
0.0022  0.019 

0.04500  0.0063 
0.0477  0.011 

0.04055  0.0049 

Forward d 
## events 4A ' ' 

'^FB '^FB 

Z Z 
9342 2 
4151 1 

13493 3 

0.0311  0.011 
0.0588  0.015 

0.0399  0.009 

Tablee 5.3: The measurements of AkR at 91.2 GeV for the 1992-1995 data. The errors are statistical. 

A$A$BB{z{z > 0) = 0.0421 ) 

A$A$BB(z<0)(z<0) = 0.0387 . 
(5.11) ) 

Inn the forward region, 13493 events are selected and the results are also summarised in 
Tablee 5.3. 

Resultss for  the off-peak measurements 

Thee statistics and results of the fit  for the off-peak measurements are listed in Table 5.4. 

V^^ (GeV) 

89.5 5 

93.0 0 

Year r 

1993 3 
1995 5 

1993,5 5 

1993 3 
1995 5 

1993,5 5 

Barrel l 
## events 

1981 1 
2305 5 
4286 6 

3020 0 
3362 2 
6382 2 

nnFB FB 

0.0233  0.029 
0.0288  0.028 
0.0255  0.020 

0.0100  0.024 
0.0677  0.023 
0.0400  0.017 

Forward d 
## events 4A A 

^FB ^FB 
— — 

719 9 
719 9 

-0.0055  0.037 
-0.0055  0.037 

— — 
1193 3 
1193 3 

0.0444  0.029 
0.0444  0.029 

Tablee 5.4: The measurements ofA$B at 89.5 GeV and 93.0 GeV for the 1993 and 1995 data. The 
errorserrors are statistical. 

AA consistency check for  the forward measurements 

Ass a consistency check, the asymmetries are fitted separately for each FRICH detector 
side.. In order to gain statistics we use the on-peak and off-peak measurements in the for-
wardd region. Since the asymmetry is a function of energy, only the difference between the 
measuredd forward-backward asymmetries can be used for the comparison. The difference is 
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compatiblee with zero : 

A$A$BB{z{z < Q) - A%B{z > 0) = 0.015 6 (stat.). <5-12) 

Systematicc errors to the charged kaon asymmetry 

Thee contributions to the experimental uncertainty of A B̂, come from the uncertainties 
onn the kaon purities, the uncertainty in the E+ determination and the propagation of the 
systematicc error on AbpB

g. They are the same for on and off peak measurements and are 
listedd in Table 5.5. The parameterisation (5.10) is used to propagate the uncertainty in e+ 

intoo a systematic error on the charged kaon asymmetry. The systematic error on ApB comes 
fromm the variations in the coefficients ab

q
ckg and cb

q
ckg, which are evaluated by the procedure 

describedd in section 6.4. One can see that the total systematic error on A B̂ is one order of 
magnitudee smaller than the statistical error. 

Contributionss to the systematic error on ApB (x 10~4) 
Kaonn purity 

K+/K~~ interactions with material 
AA bckg 

Total l 

Barrel l 
1.3 3 
0.2 2 
4.6 6 
4.8 8 

Forward d 
2.5 5 
0.7 7 
8.2 2 
8.6 6 

Tablee 5.5: Contributions to the systematic uncertainty on the charged kaon asymmetries in the Barrel 

andand in the Forward regions. 
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ss quark asymmetry 

Inn this chapter we determine the following quantities: 

 the s quark forward-backward asymmetry Ab
FH as a function of energy; 

 the 5 quark pole asymmetry ,4°-, i.e. the asymmetry at the Z° pole as defined in 
equationn (1.24), 

Thesee quantities are derived from the charged kaon asymmetry AfiB of which the measure-
mentt was described in the previous chapter. Furthermore, a detailed evaluation of the sys-
tematicc errors on these values is presented. The results are compared with the Standard 
Modell  expectation. From A% we obtain the effective electroweak mixing angle sin2 0{*J'  In 
additionn the parity violating coupling As of the A- quark to the Z° is determined. 

6.11 Procedure 

Thee s quark asymmetry after QCD corrections and hadronisation, A^, is extracted from the 
chargedd kaon asymmetry using the expression (5.1) : 

o,(2c,, - 1) 

(6.1) ) 

>!=d,U.CJJ >!=d,U.CJJ 

Thee coefficients al{ correspond to the fractions of selected events with primary quark q. They 
cann be expressed as a product of R^, Rq = rjr ha,i with r,, the partial hadronic width for 
flavourflavour q and Thad the total hadronic width, and the flavour tagging efficiency r,y : 

2^f=,L2^f=,L UU.,.c.b.,.c.b Rf ff 

80 0 
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Flavour r 

d d 
u u 
s s 
c c 
b b 

Barrel l 

aaq q 

0.14255 3 
0.13566 2 
0.55233 9 
0.16000 3 
0.00911  0.0003 

ccq q 

0.3288  0.004 
0.2644 4 
0.8688 2 
0.8355  0.003 
0.8099 3 

Forward d 
aaq q 

0.10388 1 
0.09799  0.0020 
0.42900  0.0048 
0.23311 3 
0.13599 4 

ccq q 

0.3299 9 
0.2466 9 
0.8788 3 
0.8599 5 
0.8099  0.007 

Tabicc 6.1: Computed values for ihvour selected fractions (aq) and quark charge identification effi-
cienciesciencies (cq) for the barrel and forward regions in the 1994 data. The errors are statistical only. 

Thee values of Rq are computed with ZFITTER while the coefficients ey are evaluated using 
JETSETT PS 7.3 with the full DELPHI simulation. The values are given in Table 6.1. From 
thiss evaluation we also obtain the coefficients cq, which are the probabilities that the kaon 
chargee corresponds to the charge of the primary quark after the QCD parton cascade (see 
sectionn 1.5). 

Thee asymmetries Aqq in equation (6.1) can be expressed in terms of the the asymmetries 
AAqq

FBFB which are the asymmetries without perturbative QCD effects and before hadronisation : 

AAqqqq(s) (s) AU AU 'i'i  + ci (6.3) ) 

Thee coefficients Cq
hTU!>t take into account the fact that the quark direction as estimated from 

thee thrust axis differs from the true one. This is because of QCD gluon emission, hadro-
nisationn and decays, and experimental problems in the reconstruction of the thrust axis due 
too undetected particles and to the momentum and energy resolution. These coefficients are 
computedd using JETSET PS 7.3 and the full detector simulation : 

fithrust fithrust 
E, , 

ros(0") ) cos(ö ') ) 

ƒƒ V ] + c o s3 ( ^ ) l+coS2( 

cos(fl,{) ) 
(6.4) ) 

^f^f l+co*H6J
q) 

wheree 6l is the initial state quark polar angle (i.e., before gluon emission) and 6f
q the estimate 

off  this angle using the polar angle of the thrust axis. It should be noted that when we perform 
thee summing in (6.4) we flip both the sign of cosöf | and the sign of cosQq when cosö̂  is 
negative.. The Cq

hrusi values are given in Table 6.2. The JETSET 7.3 program includes apart 
fromm first order QCD corrections also higher order ones. We refer to [29] for details. 

Thee final formula that is used to determine the s quark forward-backward asymmetry is : 

-41 1 Fli^ Fli^ 11 r C f " 1 as{2r, - 1)(1 + q w " ) 

qq = d.u.c.!> 

(6.5) ) 
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Flavour r 

d d 
u u 
s s 
c c 
b b 

fithrust fithrust 

Barrel l 
-0.0299 6 
-0.0299  0.006 
-0.0255  0.003 
-0.0200 5 
-0.0355 5 

Forward d 
-0.0133 4 
-0.0188 5 
-0.0122 2 
-0.0111 3 
-0.0055 2 

Tablee 6.2: Correction coefficients Cq
hrust take into account effects due to QCD gluon emission, 

fragmentationfragmentation and thrust axis reconstruction when the thrust axis direction is used as an estimator for 
thethe quark direction. 

Flavour r 

d d 
u u 
s s 
c c 
b b 

QED D 

-0.0042 2 
-0.0109 9 
-0.0042 2 
-0.0109 9 
-0.0042 2 

\fs\fs ^ mz 

0.0015 5 
0.0040 0 
0.0015 5 
0.0040 0 
0.0015 5 

7.7Z° ° 
0.0003 3 
0.0007 7 
0.0003 3 
0.0007 7 
0.0003 3 

Tablee 6.3: Correction coefficients {5Aqq)l calculated with the ZFITTER program as described 
inin [30], 

wheree ApB(s) is the measured charged kaon forward-backward asymmetry listed in Ta-
bless 5.3 and 5.4. We determine the asymmetries independently in the barrel and forward 
regionss because of the different systematic errors, in particular, due to the heavy quark rejec-
tionn applied in the barrel region. To take into account possible annual variations in the heavy 
quarkk rejection, the asymmetries are determined separately for each year. In equation (6.5) 
thee predicted asymmetries from the Standard Model for down, up, charm and bottom quarks 
{A{Aqq

FBFB{s),{s), q = d,u, c, b) are used. They are computed with ZFITTER, see Table 1.3. 
Too determine the s quark pole asymmetry A°s- (see Formulas (1.16) and (1.24)), we recall 

thatt AS
FB includes the photon exchange contribution to quark pair production (see section 1.3 

andd equation (1.15)). The asymmetries Aqq- in equation (6.1) are written in terms of the pole 
asymmetriess A°qq- according to the following expression (compare to (6.3)): 

AAqqqq(JS(JS = 9l.2GeVcmz) = (A^-^SA^)  (1 + C*™*)  . (6.6) 

Thee {&Aqq)i terms take into account corrections to the asymmetry due to QED radiative 
correctionss coming from photon emission, the fact that the asymmetry has been measured at 
v/ss  ̂mz, and the 7, -yZ terms in the Born expression. Al l these coefficients are computed 
withh ZFITTER, see reference [30]. They are listed in Table 6.3. 

Inn order to compute A% the c and b pole asymmetries are fixed to the values measured at 



6.2.6.2. SOME CHECKS 83 3 

tt 0.6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

0 0 

--

'-'-

'-'-

--
) ) 

1 1 
0.2 2 

- — --

0.4 4 
,, , 1 i 

0.6 6 

-— — 

:: 1 

0.8 8 

Icoss 0„ 

77 0.8 

S.0.7 7 
u u 

<^^ 0.6 

0.5 5 

0.4 4 

0.3 3 

0.2 2 

0.1 1 

0 0 

Figuree 6.1: The fraction of selected events with the primary s quark (left) and the probability that 

thethe kaon charge corresponds to the charge of the primary s quark in 1994. The errors plotted are due 

toto the limited statistics of simulated events. 

LEP/SLDD [30] 

0.09900 1 

0.07099 . 

(6.7) ) 

whilee the u and d pole asymmetries are fixed to the Standard Model values v4°—0.1031 and 
,4l . . 

6.22 Some checks 

Inn equation (6.5) we assume that nq and cq are constant as a function of the polar angle in 
bothh the barrel and forward regions. Figure 6.1 shows that the fraction of s quark events 
QSS indeed does not change with the polar angle within the barrel and forward regions. The 
fractionss are different, however, in these regions. The difference is due to the heavy quark 
rejectionn in the barrel region. Figure 6.1 also shows that cq=s increases slightly for increasing 
]]  cos0;c|. This is due to the fact that the kaon momentum spectrum is different for different 
polarr angle intervals. 
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Barrell  region 

Ass mentioned in section 5.1 the bins of | cos6K\ where the charged kaon asymmetry is mea-
suredd correspond to the angular ranges covered by the RICH mirrors. Because the conditions 
forr Cherenkov photon production and detection vary with |COS0A-|, the kaon momentum 
spectrumm becomes harder for high values of | cos6K\. To illustrate this the kaon momentum 
spectrumm for the first and sixth mirror in the Barrel RICH is shown in Figure 6.2a and Fig-
uree 6.2b, respectively. A good agreement between the real and simulated data for the kaon 
momentumm spectrum is observed for all mirrors. 

Too find a correction to the s quark asymmetry obtained from (6.5) due to the dependence 
off  the kaon momentum on polar angle, 2cq - 1 and aq are parameterised as a linear function 
off  the the polar angle and the s quark forward-backward asymmetry is determined in each 
polarr angle bin. The asymmetries obtained in this way are combined and the resulting value 
iss compared with the one obtained from (6.5). The difference was found to be 0.0006. 

Forwardd region 

Thee average number of Cherenkov photons is smaller for the FRICH than that for the 
BRICH,, see Figure 3.7. The requirement for a Cherenkov ring to have at least 2 photons 
rejectss kaons with momentum close to the threshold where no Cherenkov light can be pro-
duced.. This effectively enhances the contribution of high momentum kaons. The kaon 
momentumm spectrum of the FRICH is shown in Figure 6.2 c. Again, a good agreement be-
tweenn the real and simulated data is observed. As the momentum spectrum is similar for 
bothh FRICH mirrors, no further corrections to the s quark asymmetry obtained from (6.5) is 
needed. . 

Conclusion n 

Wee can conclude that one can use the approximate formula (6.1) in the barrel region if the 
asymmetryy is shifted by 0.0006. In the forward region no shift has to be applied. 

6.33 Results 

Thee determination of AS
FB depends on the value assumed for the strange quark suppres-

sionn factor 7,, which is the probability for the primary quark to pick up an .s-quark in the 
fragmentationn process. A value ->s=0.307 is used in the DELPHI JETSET simulation. The 
DELPHII  tuning of 7S in JETSET using the A'0 and K  momentum spectra gave inconsistent 
resultss [14]. The s quark pole asymmetries in this analysis will therefore be evaluated using 
aa more recent value of 0.285 for 7, [31] with a systematic error accounting for this shift. In 
sectionn 6.4.2 it will be shown that the change in the calculated s quark asymmetry due to a 
variationn in % can be parametrised as A.4°- = 0.17 A-.s. 

Usingg the results for the charged kaon forward-backward asymmetry A$H in Table 5.3, 
thee s quark pole asymmetry is computed as explained in section 6.1 for each data set. The 
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Figuree 6.2: The momentum distribution of the selected kaons for 1994 data (dots) and simulation 

(histograms):(histograms): a) for the mirrors closest to the Central Wall of the BRICH or the so-called first mirrors 

(see(see Figure 3.4; b) for the mirrors that are closest to the end of the BRICH or the so-called sixth 

mirrors;mirrors; c) for the FRICH mirrors combined. 
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Year r 

1992 2 
1993 3 
1994 4 
1995 5 

1992-5 5 

.4°--
A S S 

Barrel l 
0.0811  0.033 
0.0077  0.048 
0.1155  0.016 
0.1200  0.028 
0.1044  0.012 

Forward d 

0.0588  0.034 
0.1400  0.050 
0.0844  0.028 

Tablee 6.4: Summary of the determination of A  ̂ for the 1992-1995 data. The errors are statistical 
only. only. 

x/ii  (GeV) 

89.5 5 
91.2 2 
93.0 0 

4s s 

Barrel l 
0.0733  0.051 
0.1022  0.012 
0.0955  0.043 

Forward d 
-0.0133  0.119 
0.0811  0.028 
0.0655  0.092 

Tablee 6.5: Summary of the determination of AFB for the 1992-1995 data. The errors are statistical 
only only 

resultss are summarised in Table 6.4. They are compatible for the different years. 

Usingg the results for the AFB in Tables 5.3 and 5.4, the forward-backward asymmetry 
att centre-of-mass energies of 89.5, 91.2 and 93.0 GeV are calculated. The results are sum-
marisedd in Table 6.5. 

6.44 Systematic errors 

Thee systematic errors on the s quark asymmetry are due to uncertainties on the aq and c(j 

coefficientss in Formula (6.1) and due to the systematic error on the value of AFD given in 
Tablee 5.5. A detailed breakdown of all the error sources is discussed below with an estimate 
off  their effect on /I"- , see Table 6.6. The systematic errors are quite different for the barrel 
andd forward regions due to the different event selection used. The rejection of heavy quarks 
inn the barrel region substantially reduces the systematic error coming from charm and bottom 
quarks.. The first three lines in Table 6.6 give successively the contributions to the systematic 
errorr on .4°- due to : 

 the uncertainties for the charm and bottom forward-backward asymmetries as given in 
(6.7)) taking into account a 10% correlation between these two quantities: 

 the systematic error on the kaon asymmetry Al
FB listed in Table 5.5; 
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 The effect on the s asymmetry from the finite momentum resolution of the K was 
computedd with the full DELPHI simulation selecting events according to the true mo-
mentumm of the K instead of the reconstructed one. 

Thee rest of Table 6.6 gives all other contributions to SA% from uncertainties in the Monte 
Carloo modelling. They can be split into four classes: systematic uncertainties from the 
charmm quark, bottom quark, light quark fragmentation, and heavy quark rejection in the 
barrell  region. They are discussed in more detail in the following subsections. 

6.4.11 Systematic error  due to uncertainties in the modelling of heavy 
quarkk fragmentation and decay 

Thee contribution to the systematic error for heavy quarks comes from uncertainties in: the 
productionn fractions of charmed (bottom) hadrons; the average decay multiplicity of c (6) 
hadrons;; the mean fraction of the energy of the primary c (b) quark taken by the c- (b-) 
hadronn < xc > (< xb >); the branching ratios into K  for D°, D* , Ds, B°, B*  and 6-quark 
decays.. In the case of b~quarks there is in addition a contribution due to the uncertainty in the 
mixingg parameter xd for Bd. The uncertainties on the above-mentioned quantities are listed 
inn Table 6.6. They are taken from [29], [32], [33]. 

Thee simulated events are re-weighted according to the uncertainties in these quantities. 

Forr example to propagate the uncertainty in ƒ (D* ) the selected event with a kaon coming 

fromm a D  decay is given a weight / ( D jjffi/ 0 '  T n i s l e a ds t 0 d>ff erent values of aq and cq 

whichh then are used to determine SA%. 

6.4.22 Systematic error  due to uncertainties in the modelling of light 
quarkk fragmentation 

Uncertaintiess in the parameters describing the fragmentation process of up, down and strange 
quarkss are studied using the JETSET 7.3 PS, using as a starting point the values of these 
parameterss obtained by a tuning procedure described in [14] for LEP data. The JETSET 
parameterss are varied within the statistical and systematic errors given in Table 6.7 and in 
Tablee 48 of reference [14]. 

Too determine which parameters are the most important, an analytic (quadratic) approxi-
mationn is used for the variation of the asymmetry as a function of the model parameters : 

óA%óA% = J2<" ]6p> + È E « ! ; V ^ (6.8) 

Inn this equation, n = 9 is the number of parameters considered (see Table 6.7), dp, is the devi-
ationn of parameter / from its nominal JETSET value. To determine the m = n + n(n + l ) / 2 
coefficientss a{i-->  of the expansion m reference samples of 2 million events are generated 
withh different parameter settings. For each parameter three different settings were used: the 
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Systematicc source 

.4̂ ^ and Au
b 

K^11 momentum resolution 
Total l 
/ (D )) = 0.233 8 
/(D°)) = 0.557 3 
/(Ds)) = 0.102 7 
f(cf(cbaribarion)on) = 0.065 9 
cc hadrons decay multiplicity = 2.35  006 
<< xc >= 0.484  0.008 (charm fragmentation) 
BR(D°° -»K"X ) = 53 % 
BR(D°° -^ K+X) = 3.4  0.6 - 0.4% 
BR(D++ -*  K-X ) = 24.2 % 
BR(D++ -> K+X) =5.8 % 
BR(DB -^K-X )) = 13 % 
BR(DSS -+ K+X) = 20+ 18 - 14% 
Totall  uncertainty from c quark sector 
/ (B )) = 37.8 % 
/(B°)) = 37.8 % 
/(Bs)) = 11.2 % 
f(bf(bbabari<ri< mm)) = 13.2 % 
bb hadron decay multiplicity = 5.73  0.35 
<< xb > = 0.702  0.008 (bottom fragmentation) 
BR(BQQ -^K^X ) =0.13 4 
BR(B°° - ^K + X ) =0.73 8 
BR(B++ ->K"X ) = 0.13 5 
BR(B++ - ^K + X ) = 0.58 8 
BR(DS^K~X )) from 6 quark 
BR(fc-*K X)) = 88 % 
BR(D,, -> K+X) from b quark 
Bdd mixing: xd = 0.70  0.04 
Totall  uncertainty from b quark sector 
Impactt parameter resolution 
photonn conversion % 
K°(u, f i l 5 % % 
A(v,d,s)A(v,d,s) . 
gg -> cc  50%o 
gg  50% 
bb hadrons lifetimes 
DD mesons lifetimes 
Totall  uncertainty from the heavy quark rejection 
Statisticall  error on ~ïs 

Shiftt in -/s 

Variationn of the A'/TT ratio 
Totall  uncertainties from light quark fragmentation 

Totall  systematic error 

^ ( x l O - 1 ) ) 
Barrel l 
16.5 5 
11.9 9 
6.5 5 

21.4 4 
0.2 2 
7.3 3 
5.6 6 
1.0 0 
0.2 2 
1.2 2 
2.5 5 
1.4 4 
1.4 4 
2.2 2 
1.7 7 
7.0 0 

12.4 4 
0.2 2 
0.1 1 
0.2 2 
0.1 1 
0.2 2 
0.2 2 
0.9 9 
0.2 2 
0.5 5 
0.3 3 
0.3 3 
1.4 4 
0.1 1 

1.9 9 
0.3 3 
1.2 2 
0.3 3 
0.3 3 
0.5 5 
0.1 1 
0.1 1 
0.1 1 
1.4 4 
11.9 9 
18.7 7 
7.8 8 

23.5 5 

34.2 2 

Forward d 
26.7 7 
25.8 8 
4.8 8 
37.4 4 
0.4 4 
15.2 2 
12.0 0 
1.9 9 
0.5 5 
2.3 3 
5.0 0 
3.0 0 
3.1 1 
4.7 7 
3.3 3 
15.5 5 
26.5 5 
4.7 7 
1.2 2 
3.5 5 
2.0 0 
4.9 9 
4.3 3 
17.9 9 
6.2 2 
11.7 7 
8.5 5 
7.9 9 
34.6 6 
1.6 6 
2.3 3 

43.8 8 

--

--
11.9 9 
18.7 7 
7.8 8 
23.5 5 

67.6 6 

Tablee 6.6: Summary of the systematic errors on s quark pole asymmetry using the Standard Model 
valuesvalues for the up and down quark pole asymmetry. 
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Groupp 1 

Groupp 2 

Parameter r 

PCSoU PCSoU 

PCSiU PCSiU 

s s 

PCSPCS00))S S 

P(P(33Si)Si)s s 

AQCD D 

<2o o 

a a 

Gt Gt 

Name e 

— — 

— — 

PARJ(2) ) 

— — 

— — 

PARJ(81) ) 

PARJ(82) ) 

PARJ(41) ) 

PARJ(21) ) 

Rangee gen. 

0.172-0.372 2 

0.2066 - 0.406 

0.257-0.357 7 

0.311 -0.51 

0.197-0.397 7 

0.247-0.347 7 

0.84-- 1.84 

0.3099 - 0.609 

0.3611 -0.441 

Fitt result [14] 
Value e 

0.272 2 

0.306 6 

0.307 7 

0.416 6 

0.304 4 

0.297 7 

1.34 4 

0.409 9 

0.401 1 

stat. . 

0 0 

9 9 

7 7 

9 9 

3 3 

5 5 

8 8 

0 0 

6 6 

syst. . 

+0.108 8 
-0 .008 8 

+0.006 6 
-0 .031 1 

+0.002 2 
-0 .017 7 

+0.015 5 
-0 .003 3 

+0.017 7 
-0 .002 2 

+0.012 2 
-0 .007 7 

+0.15 5 
- 0 .09 9 

+0.009 9 
-0 .013 3 

+0.003 3 
-0 .013 3 

Tablee 6.7: Parameter settings, range of parameter variation and parameter errors as in [14] for JET-
SETSET 7.3 PS with DELPHI decays. The parameters a, at and j s are also defined in section 1.5. 

nominall  value and the two extreme values of the range given in Table 6.7. The coefficients 
a(1,2)) are determined by fitting equation (6.8) to the set of the m values of A>4°-. 

Itt is found that the parameters describing the fragmentation process of light quarks 
(u,, d, s) can be divided in two groups. The first group includes the parameters that are related 
too primary quark fragmentation, the second one includes parameters related to the fragmen-
tationn in general (perturbative and non-perturbative QCD processes). The most important 
parameterss for kaon production in the first group are the s-quark suppression factor (7J and 
thee probability that a strange meson wil l have spin 1, P(1P0)S. In the second group the most 
importantt are AQCD and Q0 (cut off of gluon/quark virtualities in the perturbative QCD pro-
cess).. The uncertainties on parameters of the last group give a negligible contribution to the 
systematicc error because the extra kaons created due to changes in these parameters carry no 
informationn about the charge of the primary quark independently of the flavour. The corre-
spondingg changes in .4"- are less than 10- 4. The second parameter from the first group, the 
probabilityy that a strange meson wil l have spin 1, gives a shift in the momentum spectrum 
off  kaons which is approximately the same for all light quarks. The contribution to SA°S- is 
aboutt 0.0002. 
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Sincee the most important contribution to the systematic error comes from 7S, the s sup-
pressionn factor, several data sets were generated with values of -ys ranging from 0.257 till 
0.357.. The effect on the asymmetry can be parametrised as 

AA ^^ = ^ ( 7 , = 0.307 + A%) - A%(Js = 0.307) =0.17 A % . 

Inn the DELPHI JETSET 7.3 simulation a nominal value of 7S — 0.307 was used. This value 
wass obtained by a tuning procedure described in reference [14], giving 7S = 0.307  0.007 
(stat)) 7 (svs0- I" the tuning procedure inconsistent K  ̂ and K° data were used, which 
resultedd in an asymmetric error on j a . Redoing the tuning of JETSET using more recent 
dataa [27] and replacing the inconsistent kaon data gives 7S = 0.285 [34], consistent with 
resultss obtained by the ALEPH collaboration [31]. The systematic error on j s is taken as 
halff  the difference between the values 0.307 and 0.285. The error on the ALEPH result for 
7ss is consistent with this. 

Thee variation of the fragmentation parameters listed in Table 6.7 leads to a change in the 
KK /TT/TT  ratio, which is relatedd to the kaon purity. The variation of the K //T  ratio is at most 
5%,, which gives a systematic error on the s quark pole asymmetry of 0.0008. 

Thuss the combined error on the s quark pole asymmetry from light quark fragmentation 
iss 0.0024. This error happens to be the same for the barrel and forward analyses. 

6.4.33 Systematic error  due to uncertainties in the heavy quark rejection 

Heavyy quark rejection in the barrel region also contributes to the uncertainties in A%. Be-
causee of secondary vertices from, for example, photon conversion, and Kg and hyperon 
decayss P  ̂ (see section 4.3) is peaked towards lower values. The rate of photon conversion 
iss allowed to vary by % and that of Kg and A decays by % in the simulation. The 
simulatedd events are re-weighted according to these uncertainties in photon conversion, Kg 
andd A rates. From the resulting changes in the coefficients aq and cq the contribution to 5A% 
iss determined. 

Anotherr source of errors is gluon splitting. This results in pairs of c and b quarks in 
thee fragmentation process. The gluon splitting rate g —> cc and g —+ bb are measured to be 
(2.388 % [35] and (0.33 % [36], respectively. The g ^ cc and g ^ bb rates are 
conservativelyy varied by % in order to evaluate the effects on A%. Also, the uncertainty 
inn the lifetimes of b and c hadrons can change the fraction of rejected b and/or c events. 

Thee simulation may not reproduce correctly the observed resolution on the impact pa-
rameter.. As a result also the distribution of the probability PiV" is different in the simulated 
dataa from that in the real data. To estimate the contribution to the systematic error on the 
asymmetryy we are first computing a probability P.v for tracks with negative impact param-
eterss in the sample which has been selected by a cut P,y > 0.15. In this sample of events 
thee contribution of heavy flavours and secondary decay vertices to Py is highly suppressed 
ass described in section 4.3. The difference between the selection efficiencies using the cut 
PYY > 0.15 for real and simulated data is determined. This difference is used to estimate the 
uncertaintyy on aq and subsequently to A%. 
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900 91 92 93 94 

Centerr of Mass Energy (GeV) 

Figuree 6.3: The s quark forward-backward asymmetry as a function of the centre-of-mass energy. 
TheThe points correspond to the data, the curve to the Standard Model expectation (ZFITTER: Mz = 
91.18666 GeV/c2, mt = 173 GeV/c2, mH = 115 GeV/c2) 

6.4.44 Total systematic error 

Summingg all contributions discussed above, the total systematic error on the s quark pole 
asymmetry,, A0^, is 0.0034 for the barrel region and 0.0068 for the forward region. The 
systematicc errors on the forward-backward asymmetry for the points on and off the Z° peak 
aree the same. 

6.55 Combined results 

Thee combined results of the barrel and forward analyses for AS
FB are shown in Figure 6.3 

andd listed in Table 6.8. Correlations between the errors for the barrel and forward regions 
aree taken into account. They are compared with the Standard Model prediction. 

Thee s asymmetry at a centre-of-mass energy of 91.2 GeV as a function of the polar angle 
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Figuree 6.4: The s quark asymmetry as a function of cos 6thrust- The data points are the values 
computedcomputed in bins of cos 9thTUSt for the asymmetry between s and s quarks. The errors are statistical 
only.only. The superimposed curve represents the result on AS

FB at 91.2 GeV listed in Table 6.8. The 
dasheddashed curves correspond to the one standard deviation from this value. 

iss shown in Figure 6.4. 
Fixingg A^,A% to the Standard Model values of 0.1031 and 0.0736 respectively and 

A°rA°r and A% to the measured values, gives for the s quark pole asymmetry: A°sl = 0.1008
0.01133 (stat.)  0.0040 (syst.). The s quark pole asymmetry as a function of the up and down 
quarkk asymmetries can be written as 

A%A% = 0.1008  0.0113 (stat.)  0.0040 (syst.) (6.9) ) 

+0.0121 1 
A°A°nn-- 0.1031 

dd dd 

0.1031 1 
0.0115--

_A%-_A%- 0.0736 

0.0736 6 

Too determine the effective electroweak-mixing angle sin 0^?, defined in section 1.4.1, 
thee experimental result given in equation (6.9) is used as the observable. The asymmetries 
A%,A%, A°2 and A°ull are expressed in terms of sin2 (9eJ,f using Equations (1.23) and (1.24). The 
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[[  v ^  (GeV ) 
4 s s 
f\f\FB FB 

89. 5 5 

0.06 00 ±  0.04 7 

91. 2 2 

0.09 88 ±  0.01 2 

93. 0 0 

0.09 00 ±  0.03 9 

Tablee 6.8: Summary of AS
FB values obtained from the 1992-1995 data. The quoted errors combine 

statisticalstatistical and systematic errors. 

effectivee electroweak-mixing angle is determined in this way to be : 

sin22 e[ff = 0.2321  0.0029 (6.10) ) 

Too determine the parity violating coupling of the s quark to the Z° (As), we use the 
expressionn for the pole asymmetry obtained in section 1.4.1 (see equation (1.23)): 

AASSss — ~;AsAe . 

Takingg for A% the value obtained by assuming the values for the up and down quark asymme-
triess from the Standard Model and using for Ae the measured value of 0.1479  0.0051 [30], 
thee coupling is determined to be : 

AAss = 0.909  0.102 (stat.) . (6.11) ) 
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Conclusionss and Interpretatio n 

Chargedd kaons with a momentum between 10 and 24 GeV/c are identified on a track-by-
trackk basis using the ring imaging Cherenkov detectors of DELPHI—the Barrel and Forward 
RICH.. A total of 3.2 M hadronic events were selected, from which 99402 events had at least 
onee kaon within this energy range. These kaons are used to obtain an enriched sample of 
strangee quark Z° decays. Information from the silicon micro-strip vertex detector (VD) was 
usedd to reject heavy quark events in the barrel region. The events with a high-energy kaon 
aree used to determine the charged kaon asymmetry in the barrel and forward regions at the 
Z°° peak: 

A$A$BB(barrel)(barrel) = 0.0405  0.0049 (stat.)  0.0005 (syst.) 

Ags(forward)) = 0.0390  0.0090 (stat.)  0.0009 (syst.) 

Althoughh the statistics for the forward analysis is 5.4 times smaller than that for the barrel 
analysiss (see Table 5.3), the forward measurement for A$B has only a factor 1.84 times larger 
errorr than that of the barrel one in contrast to the factor 2.3 expected from statistics. This is 
becausee the sensitivity to the asymmetry measurement is higher in the forward region than 
thatt in the barrel one. 

Thee AfB measurements are used to extract the strange quark asymmetry for the Barrel 
andd Forward regions. For the simulation of the fragmentation of quarks JETSET 7.3 was 
used,, tuned to LEP data. The systematic error is estimated including contributions from the 
uncertaintiess on the tuned JETSET parameters. The asymmetry measurements in the barrel 
andd forward regions are combined taking into account their correlated systematic errors to 
obtainn the s quark asymmetry. It was found that the dominant systematic error in the barrel 
analysiss comes from the uncertainty in the modelling of the fragmentation of light quarks, 
whilee in the forward analysis it comes from the uncertainty in kaon production in heavy quark 
decays.. The total systematic error in the barrel and forward analyses is 0.0034 and 0.0068 
respectively.. The total error on the ,s quark asymmetry is still dominated by the statistical 
error,, which is three times larger than the systematic one. 

Thee s quark forward-backward asymmetry. AS
FB, measured at three centre-of-mass ener-

94 4 
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giess combining statistical and systematic errors is : 

A*A*FBFB{y/s{y/s = 89.5GeV) = 0.060  0.047 

AAss
FBFB{y/s{y/s = 91.2GeV) = 0.098  0.012 

AAaa
FBFB{yfs{yfs = 93.0GeV) = 0.090  0.039 

Thee asymmetry AS
FB at 91.2 GeV close to the pole energy y/s = rnz is used to extract the 

strangee quark pole asymmetry. It is found to be : 

A%A% = 0.1008 3 (stat.)  0.0040 (syst.) 

Thee s quark pole asymmetry as a function of the up and down quark asymmetries is : 

A°A°slsl = 0.1008  0.0113 (stat.)  0.0040 (syst.) 

AA00---- 0.1031 Alv- 0.0736 
+0 .0121^——— +0 .0115^7—— 

0.10311 0.0736 

Thee s quark pole asymmetry can be compared to the pole asymmetry for the b quark 
measuredd by the four LEP collaborations [30] : 

A%A% = 0.0990 . 
bo bo 

Thee Standard Model predicts the same asymmetries (see section 1.3) for strange and bottom 
quarkss as they are both down-type quarks. This measurement is compatible with the hypoth-
esiss of the flavour independence of the asymmetry for bottom and strange quarks. 

Thee result on the s quark asymmetry is the most precise measurement of the s quark 
asymmetryy and is compatible with the previous result measured by the DELPHI collabora-
tionn [37] 

A°A°ss-- = 0.131  0.035 (stat.)  0.013 (syst.) 

whichh is based on the statistics collected during 1992. It is also compatible with the s quark 
forward-backwardd asymmetry measured by the OPAL collaboration: 

AA%(dd)%(dd) =  0 0 68  0.035 (stat.)  0.011 (syst.) 

Thee latter result is based on 4.3 M hadronic events collected between 1990 and 1995. In 
ourr analysis the statistical and systematic errors are both smaller than those of the "model-
independent""  analysis from OPAL [38]. A preliminary result for the parity violating coupling 
off  the ,s quark to the Z°, As, has been presented at the HEP-99 (Tampere, Finland) conference 
byy the SLD collaboration. The coupling As in this experiment is obtained from a measure-
mentt of the left-nght-forward-backward production asymmetry in polar angle of the tagged 
ss quark, as the SLC (Stanford Linear Collider) has polarised electron and positron beams. 
Sincee this result is a preliminary one and its statistical and systematic errors are still under 
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study,, a comparison with our data is premature. 

Thee measured s quark forward-backward asymmetries at different centre-of-mass ener-
giess agree with the Standard Model expectations. The change in the asymmetry near the 
Z°° peak is proportional to the axial-vector coupling ÜS (1.18). The dAFB/d(^) is mea-
suredd to be 0.006  0.017 GeV"1, which is compatible with the Standard Model value of 
0.01844 GeV^1 as calculated by ZFITTER. Assuming the absolute values of the axial-vector 
(a(ass)) and vector (vs) couplings of s quark to be as predicted by the Standard Model, the flip-
pingg of the sign of as is excluded at 90% CL. 

Thee result for the effective electroweak-mixing angle of 

s i i r ^ /JJ =0.2321 9 

contributess to the world average value of 

sin22 elefj = 0.23157  0.00018 

whichh has been determined from various asymmetries measured at LEP and SLD [30]. This 
anglee is a very important parameter of the Standard Model as it sets, in combination with 
otherr electroweak observables, a constraint on the Higgs mass m^, see reference [30], 

Thee parity violating coupling of the s quark to the Z° is determined to be : 

AAss = 0.909  0.102 (stat.)  0.036(syst.). 

Itt agrees well with the Standard Model expectation of 0.935. This is the most precise mea-
surementt of this quantity. 

Thee results presented in this thesis are published in reference [39]. 



Appendixx A 

Relationn between A^at and aK + + 

Definee N+ (N~) as the number of K + (K~) produced inside the beam pipe and n+ (n~) as 
thee number of K + (K~) that reach the tracking detector positioned behind the RICHs—the 
ODD in the barrel region and the FCB in the forward region. The relations between n+ (n~) 
andd 7V+ (N~) wil l be 

nn++  = N+  exp( —)  exp( ) 

n~n~ = A'' -  exp( —)  exp( ) 
LL ycr 

wheree L is the amount of the material in front of the OD or the FCB; I is the kaon track 
lengthh averaged over the kaon momenta; a+ (CT_) is the cross-section with the detector ma-
teriall  of K + (K - ) , which is averaged over the kaon momenta and over the material in front 
off  OD or FCB. c is the speed of light in vacuum, r is the lifetime of the charged kaon and 
77 = \f \J\ — v2/c2 is averaged over the kaon momenta. Then the probabilities for K + and 
KK to reach the OD and the FCB are 

(A.2) ) 

eK++ = T7T = exp( —)  expN 

iv++ L -ycr 
nn a-I. . I , 

eeKK-- = — = exp —)-exp{ , 
NN L ycr 

andd the ratio of these probabilities is 

—-—- = exp(-j(a.-a+)) (A3) 

Furthermore e 

97 7 
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11 — r — 1—1 exp( 
L L 

==  l ~ i TT- 'e XP( '. 
AA  + ~,CT 

11 - (1 - ft K^ ^ 

(A.4) ) 

with h 

ACT T 
ü k ' tt = 1 — - e xp p 

«K++ is the fraction of positively charged kaons stopped only by interaction with detector 
materiall  in front of the OD or the FCB; e+ is the relative difference of the K~ and K+ cross-
sections.. The final relation is 

(A.5) ) 



Appendixx B 

Conjugatee Directions Method 

Inn this appendix we describe the Manevich's conjugate direction method. This algorithm is 
foundd to be the most powerful among the various methods for unconstrained (quadratic and 
non-quadratic)) function minimization. The method is elegant as it does not require extensive 
knowledgee of higher mathematics to derive it. This is shown below. 

B.ll  Single variable quadratic function 
Considerr a quadratic function of a single variable: fix) = c + bx + \Ax2. For any two 
points,, xi and x2, the following expression is valid: 

f'(xf'(x22)-f'(x)-f'(x11)) = A(x2-x1) (B.l) 

wheree f'(xi),i = 1, 2 is the derivative of f(x) at x = Xi, i = 1, 2. 
Forr three points xi, x2, xm one has: 

f'(xf'(x22)-f'(x)-f'(x11)) = A(x2-x1) 
!'{x!'{x 22)) - f'{xm) = A(x2 - xm) 

Iff  xm is the point where the function has its minimum, then f'(xm) — 0 and the point can be 
foundd as follows: 

^ 22 ~"  \%2 — X\)~Fi 
I'M I'M 

f'M-f'ixi] f'M-f'ixi] 
f'(xf'(x22)) (B.2) 

hh2 2 

Onee can see that the minimum of a single variable quadratic function can be found after 

99 9 
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twoo steps: the first step is an arbitrary non-zero step (V/ii  ̂ 0), the second step ho is defined 
byy formula (B.2). 

B.22 iV-variabl e quadratic function and conjugate directions 
Considerr a quadratic function of N variables 

/ ( f )) = c + ( ö , f) + - ( x , A f ) , (B.3) 

wheree x is the vector of function variables and A is the positive-definite matrix. The equiv-
alentt expression to (B.l) for the Ar-variable quadratic function wil l be: 

f{Ï2)-r(2i)f{Ï2)-r(2i)  = MÏ2-ïi) (B.4) 

wheree / ' (x ,) is the gradient of the function at the point xx. 

Conjugatee vectors 

Thee set of vectors {/7JJ=1 iV is called a conjugate vector set, if the vectors are conjugate with 
respectt to the matrix A, i.e. for any pair of the vectors the following relation is valid: 

{(p{(pii,Ap,Apjj)) = 0) i^j.i.j  = l,....N (B.5) 

Anyy vector f can be represented as f = J2l= i ZiPd a n c* t ne function f(Jr) reduces to a sum 
off  independent single-variable quadratic functions that have to be minimised to obtain the 
minimumm of f(x): 

ss .v 

ƒ(.?)) - c + Y^ib.  ̂ + ^Jl&Pi-MjPj) 
1 =11 1 . J=1 

vv - 1 v 

== c^^2^.pt) + -j2 t'*j  [iy'  APJ > 
!=11 ~ i.j  = l 

.VV Y 

== r + ^ ^ ( ö . ; 7 ,) + - ^ ^ ( / 7 , . A / 7 j 
[ = 11 ~ , = ] 

.V V 

wheree gr[^,) = ^,(b.pt) -r ^ ' ( / v A/7, J are single variable functions. 
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Thee function minimization when the set {p;};=i,. v is known 

Iff  the set of conjugate vectors {pi},=i.. Y is known then the function minimum can be found 
afterr two steps. To demonstrate this, we write the equivalent of formula (B.2): 

xxmm==  xi + fa-xi)+) 7-77, — ~^ri TTTT^T ^ b ' 

*-f*-f  INI (f'fa)-f'(A)-Pi)\M 
hi hi 

whichh was obtained by using the following equivalences in the expression of h2 (compare 

(B.2)and(B.6)): : 

( f ll  - X2,Pi) 
Xl-X-2Xl-X-2 > 77777, 

INI I 
f'fa)f'fa) (f'falü) 

f'fa)-f'fa)f'fa)-f'fa) {f'fa)-f'fa),Pi) 

Onee can see that after the first step that has non-zero projections on each conjugate vector 
(i£Lz|^£ill  -̂  o, i = 1 , N), the second step h2 gives the function minimum. 

'\Pi'\Pi  II 

Define e 

/;(f)) = (ffaji) 
(2)) = {Xi-X2.Pi) jf'fa). Pi) 

INII  (f'fa)-f'(xi).Pi) 

thenn Formula (B.6) can be rewritten as 

:V V 

XXmm=T=T ll+fa-X+fa-Xll)) + Yt°™Th\ <B '7> 
,, = 1 I I P l 11 
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B.33 Algorith m description 

Takee some particular point P as the origin of the coordinate system with coordinates f = 
(x i , . ... , x,v). Then any function f{x) can be approximated by its Taylor series 

ii  ij  J 

~~ c+(6,£) + -(£,A£) (B.8) 

where e 

c S / ( P)) Ï S / ( P , [ A ] ü S ^ ( P ) 

Thee matrix A whose components are the second partial derivative matrix of the function is 
calledd Hesse matrix of the function at P. 

Firstt N+l steps 

Assumee that the conjugate vector set, {pl} l= \^, for the matrix A is known, but we will 
collectt only one vector per step: one adds one new vector to the set of the conjugate vectors 
collectedd on preceding steps, performs a step, and then repeats the procedure. 

Then,, our steps are: 

Stepp 1 

Wee have x l as a start point, f'(xx) as the gradient at this point, and take the first vector pi. 
Thee step is 

XX22 = X\ + hi—-

wheree Vhi / 0. 

Stepp 2 

Wee calculate f'(x2), and take the next vectorp2. The step is 

ff  3 = x i + hi +h2 

rr  _ (fi - x2,fi) f^fa) Pi (2) P2 
IIPilll  fp.i^)- f^(xi)\\pi\\ ||p2|| 

(2) ) 

wheree \/Hl  ̂ 0. In the case of a quadratic function and in absence of computer rounding 
errors,, the component of this step along the direction pi leads to the function minimum along 
thiss direction. If rounding errors are present then that minimum will be approximate. 
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Stepp 3 

Wee calculate / ' ( f3). and add the next vector p^. The step is 

x4 4 

hh3 3 

x33 + h-A 

\ pp (f2 - x3,p. f'r&) f'r&) 
1 =1 1 IPilll  f!p^)-f'P^-2)WP 

-h-h + K (3)) P3 

llPal l 

wheree V/Z-J; / 0. Again, in a case of the quadratic function and in the absence of rounding 
errors,, the components of this step along the directions px and f>2 lead to the function minima 
alongg these directions. If rounding errors are present then those minima wil l be approximate, 
butbut the minimum along p\ wil l also be improved. 

Stepp A: 

Wee calculate /'(xV-) a nd add the next vector pi-. The step is 

hhk k 

== xk + hk 

k-lk-l ,-. 

k-\ k-\ 

[Zk-l[Zk-l  — Xk,Pi /;.(& ) ) 
\\pi\ \\pi\ 

PiPi I H(k) _pk_ 

ffPP̂ k)-r^k)-r pp̂ k-,~)\\m^k-,~)\\m k~l\\Pk\ 

érr  Ml \\Pk 

(B.9) ) 

wheree V / / ^  ̂ 0. The a[k) (?' = 1 A' - 1) represent the projections on the conju-
gatee vectors pl (z = 1 , . . ., k - 1) of the step from the point x^, each of these projections 
leadss to the minimum along the corresponding direction in case of the quadratic function 
withoutt rounding errors. In the case of rounding errors, the function minima along the vec-
torss /7, (i = 1 , . . ., k - 2) wil l be improved. 

Stepp N + 1 

Wee calculate f'(xi\+[), and the last conjugate vector has been collected on the preceding 
step.. The last step for quadratic function wil l be: 

X\X\ + -2 

== £ 
++ h. 2.Y+11 "I" H.\+\ 

N N 
: : ,v+i, , 

\pi \pi ffpipi(xy^)(xy^) - /^(f.v) H/7,1 

Note,, that there are no arbitrary projections along any conjugate vector; the point f,v+2 is 
thee minimum of the quadratic function (e.g., if the function ƒ in (B.8) would be quadratic), 



104 4 APPENDIXX B. CONJUGATE DIRECTIONS METHOD 

22 — £rn- One can easily see that we do not need the line minimization, which is required 
inn the Fletcher-Reeves conjugate gradient method [40]. This became possible because we 
wil ll  construct the set of required conjugate vectors without any reference to whether the 
functionn minima are reached along the searched vectors. 

Constructionn of the conjugate vector  set 

Considerr the point x k that was reached after k - 1 steps and assume that on those steps we 
weree able to calculate one conjugate vector per step. We made the steps using the above 
procedure.. Thus we have the vectors {p j l = u ._ i, and we are going to determine the next 
one-—pk.. The vector pk is found as a linear combination of the known vectors and the gradi-
entt at the current point xk: 

k-i k-i 

P**  = -/V*)+X> ; [k)[k) ii ii (B.10) ) 

Thee relations {(pfe, Ap;) = 0} l = 1 k_i should be valid. Substituting pk by (B.10) in these 
relations: : 

00 = (pk,Api) = (-f(xk) + ] T pVpt, Api] 

andd using the fact that the vectors are mutually conjugate, {(pj, Apt) = 0 }^ J; liJ=1 k_u we 
obtainn the expressions: 

CO, , (f(x(f(xkk),Ap),Apii)) = l3]K'(pi,Api 

tW tW whichh gives the fi\ coefficients for Formula (B.10): 

(B.ll ) ) 

Whatt do the {A;7J!=1,._k_x equal to? To answer this question, consider Formula (B.4) 
forr the current and preceding points, xk and ^ - I : 

f'ixk)f'ixk) ~ f'(*k-i)  = A(Ik - xk. (B.12) ) 
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Rememberr that the preceding step is: 

XXkk - Xfe_i hk-i hk-i 

k-2k-2 , ^ 
yXk-2yXk-2 ~ Xk-l,Pi, £ £ /;>vt; ; 

H, H, 
(k-l)(k-l) Pk-l 
k-2 k-2 

f'f' {Xk-i) - f'p.iXk-2) \\pi 

\Pk-\\ \Pk-\\ 

k-2 k-2 
\ ^  ̂ (k-l) Pi rr(k-\) Pi 

—— / " i ,| -v I, > nk-2 n -> 
i-^i-^ ' ï\r>:\\  K z T} | 

(B.13) ) 

P f c - l l 

P i f c - l l l 

Afterr substitution of this step for (xk - xk-i) in (B.12), we obtain the vector Apk-v 

ƒƒ (Xfc) - ƒ (Zfc- l ) = A ( 2 ^ OL{ T-TjT + # fc-2 ^ 
Pfc-1 1 

thus s 

(B.14) ) 

Onn the A-th step, we calculate the vector Apk-\ using the vectors {Api} i= i k-2 t h at w e re 

foundd on the preceding steps. We use this vector to determine the coefficients 0t'
} (see 

(B.ll  1)), and, finally, obtain the pk conjugate vector by Formula (B.10). For the first step we 
takee the anti-gradient (see Formula (B.10)) as the first conjugate vector; in general, the first 
vectorr can be taken arbitrarily. We now have a procedure that gives a new conjugate vector 
onn every step, including the first one. After N steps, one can keep this set of vectors or update 
itt by the procedure described in reference [41]. Note that the conjugate vector construction 
makess no use of the line minimization, while the conjugate gradient method [40] requires 
this. . 

Finally,, we derive a special form of of) (see Formula (B.9)). This form helps to un-
derstandd the chosen steps' components along the conjugate vectors and is very practical for 
programmingg this algorithm into computer codes. 
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B.44 Practical representation of a (*) ) 

Introducee C' as 

then n 

aaWW = _dk)&(x k) 

a a 
(k)(k) _ [Zk — Xfc_i,Pj 

Ipilll  fpS^k) - ƒ;,(£*_!) 

Butt from (B. 13): 

(B.15) ) 

XkXk ~ f*_! = £ R C f - V ^ V O ^ n + ". ftft  , r/(*-l ) P*:-l 

>=1 1 
-lif tt  I 'fc-2 2 

i f t - i i 

Itt gives: 

C WW = 

bi iK / ; ,^ ) - / ; , ^ - ! ) ) 1 ^ ^ [(E(-)^" ])4^-- xx ft -
lif tt  11 

++ ( ^ - 2 ^ — i ï ^ f t ) J : t = l , . . . , A - - l 
IPfc-il l 

Wee then find that the coefficients C\ from the current step can be derived from those of the 
precedingg step using the gradients at the current and preceding points: 

U f c -1 1 

== c .(fc-1) ) /;,(**--

-)H -)H 

f^x^)f^x^) - &(xk) ' 

(fc-D D 
A-- - 2 

ii  = 1 A- - 2 

/pfc. j^fc- l )) ~ fpk-S*k) 

(B.16) ) 

B.55 Comments 
Theree are four comments about the step's components along the conjugate vectors, which 
aree important in the practical realization of this algorithm: 



B.6 ..  PERFORMANCE O F TH E METHOD FOR QUADRATIC FUNCTIONS 107 7 

First,, for the positive-definite matrix A (see (B.8)) the —C\ represent the diagonal 
elementss of the inverse Hesse matrix A" 1 in the coordinate system with the conjugate vectors 
ass the basis vectors. In this coordinate system the matrix is diagonal. It means that for 
thee same conjugate vector, the C\ do not change as the step number k runs, unless the 
functionn is non-quadratic: for a quadratic function the matrix A is a constant matrix. If the 
functionn is highly non-quadratic, then the coefficients might change considerably, and the 
step'ss component a- (along the corresponding vectors) must be constrained (see [41]) to 
keepp the function inside the region where the quadratic approximation is valid. 

Second,, the above feature of the coefficients C\ makes that the a] are the Newton's 
stepss along the corresponding vectors ;72. These step's components, which are independently 
controlled,, look at minima along their directions and do not change the possible minima 
alongg the neighbouring vectors for the quadratic function. Since the step's components are 
independentlyy controlled by (B.15)-(B.16), this is the way how it helps the rounding error 
problem. . 

Third,, the proposed procedure of the conjugate vector construction makes no use of line 
minimization!!  This also helps the rounding error problem. Since the function minimiza-
tionn is performed in the increasing subspace of the known conjugate vectors (the subspace 
dimensionn increases as more vectors are found), we use the quadratic approximation of the 
functionn (B.8) only for this subspace unlike the variable metric methods (e.g. [42] or [43]) 
do.. (The algorithm does not use the function second derivatives as well.) This enables us 
too make the optimal steps (in the context of the first two comments) and to use in the most 
effectivee way the available information about the function. 

Finally,, at the minimum the algorithm gives the sets of the conjugate vectors {#},= !  ;v 
andd of the vectors to which they must be orthogonal {(Ap,-)},- ^ v' This allows us to 
calculatee the covariant matrix A - 1, which can be used in the error analysis of the obtained 
functionn parameters at the minimum. 

B.66 Performance of the method for  quadratic functions 

Wee considered the following function of N variables (here the lower index is the number of 
thee variable): 

/<*  '.v) = è^r+'i; 

withh start point x(ÜJ = (1 . . .. ,1) and minimum ƒ(() 0) = 0 

Resultss for various values of .V obtained in our method and a comparison with those of 
thee variable metric method (VMM) are given in Table B.l. 

Thee convergence of our algorithm for quadratic functions turns out to be close to the 
theoreticall  limit—for functions of .V variables minima were reached after X + 1 steps with 
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Numberr of 
variables s 

N=10 0 
N=20 0 
N=30 0 
N=40 0 

Thiss method 

Number r 
off  steps 

11 1 
21 1 
31 1 
43 3 

Numberr of 
funct.calls s 

242 2 
882 2 
1922 2 
3526 6 

Accuracy y 
inn F 

0.22 * 10"25 

0.22 * 1CT27 

0.11 * 10~27 

0.2**  10-'21 

VM M M 

Numberr of 
funct.. calls 

448 8 
975 5 
1658 8 
2383 3 

Accuracy y 
inn F 

i(H 5 5 

io-'io-'22 22 

0.44 * 10"25 

o.i**  icr21 

Tablee B. 1: Results for a quadratic function. 

highh accuracy (may be, plus 1 - 4 steps at large Ar exceeding approximately 40-60). To 
comparee this algorithm with that of VMM , the last one was required to reach approximately 
thee same accuracy of the function at the minimum. 

Bothh algorithms are very effective for quadratic functions. It is clear that the most effi-
cientt method for quadratic functions is Newton's method. As the VMM-algorithm (in the 
MINUI TT package) calculates on the first iteration the Hesse matrix and then makes Newton 
steps,, its efficiency is close to that of Newton's method. This conjugate direction method 
doess not compare unfavourably with these methods. If we compare the total number of func-
tionn calls of these two algorithms', then the VMM has some advantage over our algorithm 
onlyy for Ar > 25; but still accuracy, as a rule, is higher in the proposed conjugate direction 
method. . 

B.77 Some history about gradient methods 

First,, there was the Steepest descent method. It starts at a point JV As many times as 
needed,, moves from the point i> to the point Jr^^i by minimising along the line from I> 
inn the direction of the local anti-gradient ~f'(Ik). Remember that the new gradient at the 
minimumm point of any line minimization is perpendicular to the direction just traversed. 
Thiss is expected to become a serious problem with minimising functions (even quadratic 
functions)) with deep valleys. 

FletcherFletcher and Reeves [40] proposed not to move in the direction of the local anti-gradient, 
butbut rather in a direction that is somehow constructed to be conjugate to the preceding direc-
tionn traversed; this way one saves the local minimum in that direction (as these two directions 
aree conjugate). They also observed that the new conjugate vector could be found by conju-
gatingg this vector with the last found conjugate vector because the line minimization in the 
directionn of that vector had been performed: At the point / I . + I, any vector orthogonal to 
/ ' ( fW i )) — f'{?k) and the vector i^.+ 1 - x<. are conjugate in the case of a quadratic function 
ƒ.. It looks like one pass of .Y-line minimizations wil l result in the minimum of a A'-vanable 

'Forr calculations of derivatives ot'quadratic functions central differences were used, one call of the gradient 
iss equivalent to 2.V calls of the function. 
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quadraticc function. This is the theory, but in practice, it won't be exactly at the minimum 
becausee of rounding errors, so that repeated cycles of A' line minimizations are required. 

ManevichManevich and Polyanchikov [44] went further using the following. First, for quadratic 
functionss two steps in the direction of any conjugate vector are enough to reach the minimum 
alongg this vector; for non-quadratic functions these two steps can still have a considerable 
deviationn from the minimum. Second, in contrast to quadratic functions, where each step 
inn the direction of the conjugate vector up to the exact minimum lowers by one the space 
dimensionn in which the function should be minimised, this is not true any more for a non-
quadraticc function. Finally, the function variables are not absolutely independent, and the 
Fletcher-Reevess result that the new vector is automatically conjugate to all previous found 
vectorss is not valid anymore. Hence, what is the point of spending time and efforts to find 
thee linear minimum if we do not need it later? The answer is there is no point at all. The 
firstt idea is that the linear minimization should be cancelled. But one needs then a general 
proceduree of conjugate vector construction that makes no use of line minimizations. This 
wil ll  be the second idea. At first glance this seems a bad idea, since nobody likes to solve the 
systemm of equations (B.5). Well, then we come up with the third idea! Let us allow each of 
ourr steps to have some projections on all conjugate vectors already found, and for example 
theyy improve the minima along the corresponding vectors, then we get the step (B.9) with the 
conjugatee vector determination by Formulae (B. 10),(B. 11) and (B. 14). This way the method 
hass fewer calls to the function and is less sensitive to accumulation of rounding errors in the 
conjugatee vectors set construction. And all what is said about it in section B.5 is valid. 

Inn paper [41] we give further development of Manevich's algorithm for non-quadratic 
functionss and show that it performs as good as the best variable metric methods and can 
evenn be applied, in special cases, to Monte Carlo type objective functions. We are able to 
extractt the covariant matrix at the minimum and it is done without additional calls to the 
functionn (see section B.5), so that it is now possible to carry out the error analysis too. We 
thinkk that the next step in this direction should be using the proposed algorithm as the basic 
optimiserr in constrained optimization methods. 
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Summary y 

Thiss thesis describes the measurement of the s quark forward-backward asymmetry in Z° 
decays: : 

e + e ""  - > Z  -  ss 

Parity,, i.e. the symmetry w.r.t. space inversion, is violated in the electroweak interaction. 
Thiss results in an asymmetric production of s and s quarks with respect to the direction of in-
cidencee of the initial electrons and positrons. The electroweak Standard Model quantitatively 
predictss this forward-backward asymmetry. 

Inn the first chapter a general introduction to the Standard Model is given. The cross-
sectionn and forward-backward asymmetry of the fermion pairs at the LEP collider are pre-
sented.. In the Standard Model one expects the same asymmetry for all down-type (or up-
type)) quarks. As the forward-backward asymmetries for b and c quarks have already been 
measuredd by experiments at LEP, the measurement of the s quark (a down-type quark) 
forward-backwardd asymmetry provides a test of the prediction that the down-type quark 
asymmetriess are equal. It also shows how the forward-backward asymmetries measured at 
thee Z° peak are sensitive through the electroweak corrections to the mass of the top (t) quark 
andd to the mass of the hypothetical Higgs particle (predicted by the electroweak Standard 
Model). . 

Thee second chapter describes the DELPHI detector. The detector consists of many sub-
detectors,, which allow a precise measurement and identification of particles produced in 
thee e+e~ interactions. A short functional description of all detector components and their 
performancess is given. It begins with describing the tracking system, then describes the 
measurementt of the energy of particles, and concludes showing how these particles are iden-
tified. . 

Too identify charged particles the DELPHI detector is equipped with Cherenkov detec-
tors,, which are described in Chapter 3. The DELPHI Ring-Imaging Cherenkov detector 
systemm comprises the gaseous and liquid radiator RICHs in the central (barrel) and for-
ward/backwardd regions. We give extensive details on the ring-finding algorithm, which has 
beenn applied for the charged kaon identification in this analysis. 

Chapterr 4 describes the selection of hadronic events in general and, in particular, the 
selectionn of the event sample that is enriched with s and s quarks produced from the Zn 

decay.. Most of the heavy quark (6 and c) events were removed from the sample in the 
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barrell  region using information from the vertex detector. This chapter also discusses the 
identificationn of high-energy kaons in the gaseous radiator of the forward and barrel RICHs. 
Thee charged kaons are identified on a track-by-track basis. To be included in the sample it is 
requiredd that the most energetic of the identified kaons in the event has a momentum between 
100 and 24 GeV/c. 

Chapterr 5 presents the experimental measurement of the forward-backward asymmetry 
forr charged kaons A$B. The charge of the kaon is used to separate the s quark from the s 
quark.. The A$B at a centre-of-mass energy of 91.2 GeV was measured to be : 

^ ( b a r r e l)) - 0.0405  0.0049 (stat.)  0.0005 (syst.) 

A£B(forward)) = 0.0390  0.0090 (stat.)  0.0009 (syst.) 

Thee systematic error on this quantity is very small w.r.t. the statistical error. 
Fromm this measurement of AFB the s quark forward-backward asymmetry AS

FB is ex-
tracted.. This is presented in Chapter 6. The dominant systematic error on AS

FB comes from 
thee uncertainty on the knowledge of how the charge and the direction of the kaon are related 
too that of the primary quark. A long discussion of various systematic sources is presented in 
thiss chapter. The result for the s pole asymmetry A%, i.e. the asymmetry at the Z° pole, is : 

A%A% = 0.1008 3 (stat.)  0.0040 (syst.) 

Thee systematic error is about three times smaller than the statistical one. From this measure-
mentt we conclude that the asymmetry for 5 and b quarks (A°bl = 0.0990  0.0021) are equal 
withinn the experimental errors, as it is predicted by the Standard Model. From A% we extract 
thee electroweak mixing angle : 

sin22 el
e
e
f
pj = 0.2321  0.0029 

whichh is a very important parameter of the Standard Model because it is sensitive to the mass 
off  the t quark and the mass of the hypothetical Higgs particle. The parity violating coupling 
off  the s quark to the Z° (which is responsible for the violation of the parity symmetry in the 
electroweakk interactions) was determined to be : 

AAss = 0.909  0.102 (stat.)  0.036(syst.). 

Thiss value agrees well with the Standard Model expectation of 0.935. Finally the s quark 
forward-backwardd asymmetry AS

FB is determined at three centre-of-mass energies. 
Inn the last chapter we summarise and discuss the results obtained in this thesis. All 

resultss are in good agreement with the Standard Model predictions. It is the most precise 
measurementt of the s quark forward-backward asymmetry and the parity violating coupling 
off  the s quark As. 



Samenvatting g 

Ditt proefschrift beschrijft de meting van de s quark voorwaarts-achterwaarts asymmetrie in 
hett verfal van de Z° : 

e +e -- -  Z° -^  ss 

Pariteit,, de symmetrie m.b.t. ruimte inversie, is geschonden in de electrozwakke interac-
tie.. Dit levert een asymmetrische productie van s e ns quarks op m.b.t. de richting van de 
botsingg van de primaire electrons en positrons. Deze voorwaarts-achterwaarts asymmetrie 
wordtt kwantitatief voorspeld door het electrozwakke Standaard Model. 

Inn het eerste hoofdstuk wordt een algemene inleiding gegeven. De werkzame doorsnede 
enn de voorwaarts-achterwaarts asymmetrie van het fermion paar bij de LEP versneller wor-
denn gepresenteerd. In het Standaard Model verwacht men dezelfde asymmetrie voor alle 
"down"-typee (of "up"-type) quarks. De voorwaarts-achterwaarts asymmetrieën voor b en c 
quarkss zijn al gemeten door de experimenten bij LEP, waardoor de meting van de s quark (een 
"down"-typee quark) voorwaarts-achterwaarts asymmetrie een test levert van de voorspelling 
datt de "down"-type quark asymmetrieën gelijk zijn. Dit laat ook zien hoe de voorwaarts-
achterwaartss asymmetrieën, gemeten bij de Z° piek, gevoelig zijn via de electrozwakke cor-
rectiee voor de massa van het top (t) quark en voor de massa van het hypothetische Higgs 
deeltjee (voorspeld door het electrozwakke Standaard Model). 

Hett tweede hoofdstuk beschrijft de DELPHI detector. De detector bestaat uit veel sub-
detectoren,, die een nauwkeurige meting en identificatie van de deeltjes, geproduceerd in de 
e+e~~ interactie, mogelijk maken. Er wordt een korte functionele beschrijving gegeven van 
allee detector bestanddelen en hun uitvoeringen. Het begint met een beschrijving van het 
systeemm van detectoren voor bepaling van geladen deeltjes, vervolgens beschrijft het de met-
ingg van de energie van deeltjes. Als laatste wordt er aangetoond hoe deze deeltjes worden 
geïdentificeerd. . 

Omm geladen deeltjes te identificeren zijn in de DELPHI detector Cherenkov detectoren 
geïnstalleerd,, die worden beschreven in hoofdstuk 3. Het DELPHI Ring-Imaging Cherenkov 
detectorr systeem bestaat uit RICHs met een gas en een vloeibare radiator in de centrale 
(barrel)) en voorwaarts-achterwaartse gebieden. Wij geven uitgebreide details over het ring-
herkenn algoritme, dat werd gebruikt voor de geladen kaon identificatie in deze analyse. 

Hoofdstukk 4 behandelt de selectie van hadromsche gebeurtenissen in het algemeen en, 
mett name, de selectie van de verzameling gebeurtenissen die is verrijkt met .s en ,s quarks 

116 6 



SAMENVATTIN G G 117 7 

geproduceerdd in het Z° verval. De meeste van de zware quark (6 and c) gebeurtenissen 
werdenn geëlimineerd uit de verzameling in het barrel gebied. Daarbij werd de informatie van 
dee vertex detector gebruikt. Dit hoofdstuk behandelt ook de identificatie van de hoge-energie 
kaonenn in de gas-radiator van de voorwaartse en barrel RICHs. De geladen kaonen worden 
geidentificeerdd op een spoor-bij-spoor basis. Om te worden opgenomen in de verzameling 
iss het nodig dat de meest energetische van de geidentificeerde kaonen in de gebeurtenis een 
impulss heeft tussen 10 en 24 Ge V/c. 

Hoofdstukk 5 is gewijd aan de experimentele meting van de voorwaarts-achterwaarts 
asymmetriee voor geladen kaonen AFB. De lading van het kaon is gebruikt om het s quark te 
scheidenn van het s quark. De A B̂ bij een zwaartepunts energie van 91.2 GeV werd bepaald 
alss : 

/^(centraal)) = 0.0405  0.0049 (stat.)  0.0005 (syst.) 

A$A$BB(voorwaarts)(voorwaarts) = 0.0390  0.0090 (stat.)  0.0009 (syst.) 

Dee systematische fout op deze grootheid is erg klein t.o.v de statistische fout. 
Uitt deze meting van AfB is de s quark voorwaarts-achterwaarts asymmetrie AS

FB bepaald. 
Ditt wordt beschreven in hoofdstuk 6. De dominerende systematische fout op AS

FB komt uit 
dee onzekerheid over de kennis van de relatie tussen de lading en richting van het kaon met 
diee van het primaire quark. Een uitvoerige discussie van verschillende bronnen van systema-
tischee effecten wordt gegeven in dit hoofdstuk. Het resultaat voor de s pole asymmetrie A%, 
dee asymmetrie bij de Z° pole, is : 

A%A% = 0.1008 3 (stat.) 0 (syst.) 

Dee systematische fout is ongeveer drie keer zo klein als de statistische fout. Uit deze meting 
concluderenn wij dat de asymmetriën voor s en b quarks (A°y = 0.0990  0.0021) gelijk 
zijnn binnen de experimentele fouten, zoals is voorspeld door het Standaard Model. Uit A% 
bepalenn wij de electrozwakke menghoek : 

s i n2 ^ '' = 0.2321 9 

watt een heel belangrijke parameter van het Standaard Model is omdat die gevoelig is voor 
dee massa van het t quark en voor de massa van het hypothetische Higgs deeltje. De pariteit-
schendendee koppeling van het s quark aan de Z° (die verantwoordelijk is voorde verstoring 
vann de pariteit symmetrie in de electrozwakke interacties) werd bepaald als : 

.4,, = 0.909  0.102 (stat.)  0.036(syst.). 

Ditt resultaat komt goed overeen met de Standaard Model verwachting van 0.935. Als laatste 
iss de $ quark voorwaarts-achterwaarts asymmetrie bepaald bij drie zwaartepunts energieën. 
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Dee resultaten verkregen in dit proefschrift worden kort samengevat en besproken in het 
laatstee hoofdstuk. Alle resultaten zijn in goede overeenstemming met de voorspellingen 
vann het Standaard Model. Het is de meest nauwkeurige meting van de s quark voorwaarts-
achterwaartss asymmetrie en de pariteit-schendende koppeling van het s quark As. 
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