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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) ) 
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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( 

•3{c•3{c - c^idis) + 4^6',(.s)] + (r:a - rtildis) - A^qG>{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 till 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 will 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 will 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: 

• • W " ' * )) = 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 will 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 ( aF 2 ) 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-cos 2ö„,, (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{ 

Alll 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)) = - •AeAf + 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) + <jJM) • (1 +—Qj] 

whereas s 

iïfrJA*)iïfrJA*) -o-/,(••>•)) = 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 

Initiall 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. 

Initiall - 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 
c^^ —> 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. 


