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Chapter 1 

Introduction

T he physics o f  elem entary  particles has advanced from trying to understand 
the properties o f  a large collection of particles, to dealing with only tw elve 
ferm ions (the quarks and leptons), one spin zero boson, and twelve spin one bosons 
that m ediate the possible interactions These interactions arc the strong force, 
responsible for the nuclear binding; the weak interaction, responsible  for nuclear 
beta decay; and elec trom agnetism , responsible for atomic binding. T here  exists a 
theory that predicts the behaviour o f  the weak and e lectromagnetic interactions as 
one ensem ble . It is this theory that will be tested in this thesis.

Certain  conditions m ust be satisfied for the theory to m ake m eaningful (i.e. 
finite) predictions for all energies. T here  m ust be three times as m any quarks 
as leptons, ensuring  that the sum o f  the charges o f  the fe rm ions is zero. This  is 
achieved by the inclusion o f  a quantum  num ber called “co lo u r” . Each quark  m ay 
have one of three possible values o f  the co lour quantum  number. T he  interaction 
involving this quantum  num ber is the strong force. T he w eak and e lec trom agnetic  
interactions are blind to colour. A scalar p a r t i c le ’s introduced to incorporate  mass 
into the theory. Finally, in addition to the w eak interaction which transfers charge, 
there m ust be a weak interaction that does not involve the transfer o f  charge.

T he Z° boson was predicted to be the m edia to r o f  the weak interaction that 
does not involve a transfer of  charge. Such “ neutral cu rren t” interactions were first 
seen in neutrino scattering experim ents in 1973 [2] and the Z° boson was observed  
directly  in proton-antipro ton  collisions in 1983 [3], T he LEP accelerator [4] at 
C E R N  was designed to study in detail the properties o f  the Z° boson using the 
clean env ironm en t o f  c +v~ collisions.

F igure 1.1 shows som e cross sections fo r o +o~ collisions as a function o f  centre  
o f  m ass energy. In processes where a Z° can be produced a large en h an cem en t is

1 A l th o u g h  (tie m e asu rem en t  o f  the m ass  o f  the Z° at L E P  has b e c o m e  the first par tic le  p h y s ic s  
m easu rem en t  to h e  s ign if ican t ly  affec ted  by till the k n o w n  forces o f  na tu re  11 ], the  force  o f  g ra v i ty  
w ill  be  ignored  here.
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ev iden t  when the centre of m ass energy is equal to the mass o f  the Z". E xper im en­
tally this large enhancem ent yields high rates, m aking possible the determ ination  
o f the couplings of the fe rm ions to the Z}\ In particular, final states with quark  - 
antiquark  pairs provide a practical opportunity  to s tudy in detail the properties o f  
the quarks.

T h e  LEP accelera tor [41 is housed in a 27 km circum ference ring tit an average 
depth  of approx im ate ly  50m. Positrons and electrons circulate in opposite d irec ­
tions, coll id ing  in e igh t possible points around the ring. T he  d e s ig n  luminosity  
of  the  m ach ine is 1.6 x  I031 c m - ^ -1 with a centre o f  mass energy o f  100 GeV. 
T h ere  are detectors  in four of  the eight collision points, A L E PH  [6 |, D ELPH I [7 |,  
L3 [8 [ and O P A L  [9]. The w ork  in this thesis uses data  collected with the OPAL 
detector.

T h e  first physics run o f  LEP was in S ep tem ber 1989 am. approxim ate ly  20 pl> 1 
of integrated lum inosity  was delivered to each experim ent during the period o f  
1989 to 1991. O nly  the data  collected during  the 1990 and 1991 LE P  running 
periods are used here. D uring those runs, LEP was operated at approxim ate ly  
seven  d ifferent centre o f  mass energies. Table 1.1 show s 'he integrated luminosities 
recorded  at each  energy  point by the O PA L detector.

cen tre  of  m ass  energy (GeV) ( n l . - 1) (1990) (nl. ')  (1991)

88 485 90
89 627 114
90 393 159
91 3432 5763
92 457 161
93 563 277
94 562

Table  1.1: T h e  in tegrated lu m in o s ity  recorded, b y  O PAL, at the various beam  
energ ies during  the 1990 and 1991 runn ing  periods. The peak o f  the cross section  
is at a p proxim a te ly  91.26 G eV, the energies g iven  in the table are rounded  to 
the netu'est integer. T he lu m in o sity  values correspond to the detector cond itions  
d em a n d ed  fo r  the forw ard-backw ard  a sym m etry  m easurem ent.

D ue to the  possibility of  good statistical precision, it is possible to test the cu r ­
ren t  theory o f  the interactions o f  the Z°. This thesis reports on two m easurem ents  
o f  the co up ling  o f  the Zu to the b quark; the partial decay width o f  the Z" into b 
quarks  (the fraction o f  the total num ber o f  Z() decays that are bb pa irs7 and the 
fo rw ard-backw ard  charge asym m etry  in the reaction r +c~ - Z" —> bb. Together 
these  m easurem ents  test the strength and form of the coupling  of the Z” to b quarks.



C
ro

ss
-S

ec
tio

n 
(p

bc
m

) 0 9

LEP

CESR
DORIS

e V —> h a d ro n s

PEP

PETRA

TRISTAN

e*e~ —> g*/jT

10
12010020 40 60 800

(GeV)
C e n t e r - o f - M a s s  Energy

Figure 1.1: The cross section  f o r c +v interactions sh o w n  as a fu n ctio n  o f  the 
centre o f  m ass energy  /5/.



4

Such tests are im portant, as it is widely believed that the current theo'-y is only 
a low energy approxim ation  o f  som e deepei underlying truth. D eviations from 
the predictions o f  the current theory m ay point the way to uncovering  any hidden 
aspects o f  the nature o f  e lem enta ry  particle interactions.
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Chapter 2 

Theory

2.1 Electroweak Theory
T he unified theory o f  the e lectrom agnetic  and weak in teractions results from  work 
by Glashow, W einberg and Salam (G SW ) [ 10, 11, 12|. A long  with Q uan tum  
C hrom odynam ics  (Q CD), a gauge theory  o f  the strong interaction, it form s the 
basis o f  the Standard  M odel of the interactions of quarks and leptons. T h e  gauge 
s tructure of the Standard  Model is S U ( 2 ) x U ( l ) x S U ( 3 ) ,  and the interactions are 
m ediated  by twelve vector gauge bosons; e ight co loured  gluons o f  the strong 
interaction, W + and W ~ o f  the charged current w eak interaction, Z° of the neutral 
cu rren t  weak interaction, and the photon o f  the e lec trom agnetic  interaction. O nly  
the “elec trow eak” sector o f  S U ( 2 ) x l J ( l )  will be discussed here.

T he G S W  theory has m any free parameters; two coup ling  constants  (g\ and 
<h) for the U ( l )  and SU (2) groups, the masses and m ixings o f  the fe rm ions, a 
vacuum  expectation value o f  a scalar field (the H iggs fieid), and the m ass o f  a 
scalar particle (the Higgs boson). T he  theory reduces to the Fermi theory o f  
charged current weak interactions (13) and Q E D  114] at low energies. Thus, by 
construction , the theory explains all experim ental da ta  of charged cu rren t  w eak 
interactions at energies much below 100 G eV  and incorporates QED. Tbis  theory 
also predicted the existence of neutral curren t w eak interactions, which were first 
observed in 1973 |2 | .  It is these neutral current w eak interactions that are the 
subject o f this thesis.

D ue to the renorm alisability  of the G S W  theory, only a finite n u m b er  of e x ­
perim ental inputs are needed to fix the predictions o f  the theory at all orders o f  
perturbation theory. S ince the couplings <j\ and g-i, a long  with the vacuum  ex p ec­
tation value (v) o f  the scalar field are not m easurable directly, a set o f  experim ental  
observables m ust be chosen to fix the theory. The choice  is com plete ly  arbitrary, 
and all choices are equivalent in the limit o f  infinite experim ental precision and 
infinite orders o f  perturbation theory. O ne  set o f  input param eters, based on ph y s­
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ically m eaningful inputs, has becom e predom inant in the literature. These inputs 
are n  = c2 /A ir m easured in Thom pson  scattering (//J ~  0){< is tlie charge o f  the 
e lec tron),  the m asses of  the W * and Z° gauge bosons (m\v and m y o ), the m ass of 
the H iggs scalar and the masses of the ferm ions in the theory ;n f. S om e of 
these input param eters  are not know n or are known to a fairly low precision. T here 
are m ethods  to overcom e these uncertainties and with our present know ledge the 
theory  is well constrained. It is im portan t to m easure as many independent o b ­
servables as possib le  to expose  any  inconsistencies in the predictions, as even one 
m easu rem en t which is inconsistent with the predictions will dem and modifications 
to the theory.

In the S tandard  M odel, the lowest order cross section for the process e ' c  > ff 
( 7  and Z° exchange) is given by {151

r t f . « r H c [ \ i > ( . s ) ]  4 ■/ i / v u ' r m | \ i > ( * ) l ‘! -
T h e  factor N c is 1 for leptons and 3 for quark  final states, f denotes the final stale 
fe rm ion  and /if =  where * is the centre  of  mass energy squared. Q 1 is the 
charge o f  the ferm ion, and 17 and «r are the vector and axial vector couplings of 
the fe rm ion  to the TP. T h e  factor \ (J(.s) is given by

w ith  niyo, the m ass, and Vyo, the width, o f  the Z° boson. Figure 2.1 shows the cross 
section for the process o +<,_ -» h ad ro n s  as a function of the centre of  mass energy 
as m easured  by O P A L  116|. T he  hadronic cross section is pSO.Hti i ().(>‘2) nb 1 lb) 
at the Z° peak.

By in troducing  the notation

da
dii £ y V , V  1 -: ' l /7 r [L ,i(.‘0 ( !  f co s*0)

W here

(7i(.s) =  Q ’f -  2 Q j I', I 7 h c [ \ i , (•''■)) I

-I' « r )L 'r  +  tlr — '1/tfUf ) | \ | | ( . s ) | J

(V2(.s) =  Q'f -  2 (1) r K 0 7 H c [ \ n(.s)] +  ( iP u 2) i ' f \ \ {)(*)\'i

.S -  Ill y0 “f i I ilyo I '■/})
( 2 .2 )

C\Y - (2.3)
m y a

and
(2.4)
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Figure 2 . 1: T he cross section  fo r  the process  (*+ c>~ -*  h ad ro n s  m easured  by  
G P A L  1161. The open po in ts  are for the data co llec ted  during  the  1989 L E P  
runn ing  period  and the so lid  p o in ts  are fo r  the 1990 runn ing  period. The cu rve  is 
the pred iction  o f  the Standard M odel.
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the factors \>r anti </f are given by

i'r =  - ,  - J L ~~  (2.5)
2 's i r O r

/ ‘
«r =  C2.6)i .sw f i i ’

Table 2.1 show s the charge (Q )  and isospin projection {/,<) assignm ents for the
know n ferm ions, a long  with the postulated top quark.

fermion Q  (units o f  0 !■,

I'r 0 1/2

(' -1 - 1/2

0 1/2

A -1 - 1/2

I'r 0 1/2

I -1 - 1/2

U 2/3 1/2

d -1/3 - 1/2

c 2/3 1/2
s -1/3 •1/2

t 2/3 1/2

-1/3 - 1/2

Table 2.1: T he charge (Q ) and iso:,pin pro jection  ( l :i) for the ferm io n s in the  
elec trow eak theory.

T h e  fo rw ard-backw ard  asym m etry  (A |.h) is defined as

a  -  <7̂ 'oh() > ()) ~  fT(('os 0j"_ ()) n  7
1 H r r ( r o s  0 > 0)  +  rr(,-os () ()) ’

the d iffe rence  betw een the num ber o f  events with the outgoing fermion scattered in 
the forw ard  (cohO >  0 ) direction (/V/,') and the num ber in the backw ard direction 
( N b ) d iv ided  by the total num ber o f  events. 0 is the angle of the ou tgoing fermion 
with respect to the incom ing  electron direction (F igure 2.2). At centre of mass 
energies near to the mar.s o f  the %°, mass terms for the known ferm ions in the cross 
section form ula  (Equation 2.1) m ay be neglected and Equation 2.7 becomes,

{v'i +  + « r ) '
=  a * ,
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Figure 2.2: D efin ition  o f  the angle 0 . N ote  that 0 is the angle betw een  the in co m in g  
electron m o m e n tu m  vector and the ou tg o in g  ferm ion  m o m e n tu m  vector.

for the process u hc~ Z° —> ff. This  also implies that, for x/s «  m yo, the cross 
section for this process, neglecting the photon (Q  j )  term, m ay  be written as

d a ((

tl cos 0
B

8 r
-f- COS 0 T  ^ ^  ^ (2.9)

with B  a norm alisation constant. T he  S tandard M odel prediction for A p B at \J& =  
!) 1.2 GeV, is 0.085 117 i. 1 This  is consistent with the previous LE P  m easurem ents:

AjjH =  0.097 ±  0.057 ±  0.014 O PA L [18]

A'ph =  0.126 ±  0.028 ±  0.012 A L E PH  [ 19]

A',Jh =  0 .101 ±  0.000 ±  0.021 D ELH I [20]

A '^  =  0 .i:U )tg :°«  L3 [21],

D ue to the .s dependence oi \ (), the forw ard-backw ard  asym m etry  varies with 
the centre of m ass energy, F igure 2 3 shows the predicted centre  o f  m ass energy 
dependence  o f  the fo rw ard-backw ard  asym m etry  fo r b and c quarks.

At any value o f  | cos 0\, the fo rw ard-backw ard  asym m etry  m ay be m easured
as

JV( +  | c o s 0 | )  -  /V( —|co- 0\) A p B| cos 0\

V ( + |  cos 0\) +  N ( - \ c o s 0 \ )  3 1 +  cos2 0 ’
(2 . 10)

'Throughout this thesis, unless stated otherwise, all Standard Model values arc derived using 
m Zn =  ill. 175GeV/c2, nil =  132 GeV/c2 and jn| 1irb, =  3 0 0 G cV /r2.
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Figure  2.3: The forw ard-backw ard  a sym m etry  fo r b  quarks (triangles, so lid  line) 
and c  quarks (squares, dashed line) vs. the centre o f  m ass energy. These curves  
are the  S tandard  M o d e l [17] p red ic tion  fo r a  top m ass o f  132 G e V /c 2 and a H iggs  
m ass o f  3 0 0  G e V /c2. m 7n =  91.175 G e V /c 2 is indicated.
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with /V( +  | r o s 0 | )  (yV (~ |n>H 0|)) the num ber o f  ferm ions scattered at positive 
(negative) cos 0. The ex p e r im en t.!  sensitivity to the forw ard-backw ard  a rym m etry  
thus varies as | r o s 0 | / ( l  +  cos2 0), and therefore it is im portant to extend the 
acceptance to as large values o f  I cos 0 | as possible.

T he partial width o f  the Z° for each fermion is specified by the Standard Model. 
In lowest o rder  of  perturbation theory the partial width into fermion pairs is given, 
for energies .s «  m Zo, by [ 15]

—>rr =  {u ’f  +  rtf) . (2 . 11 )

has been m easured to be
I li.nl

=  0 .2 2 0  ±  0.008 ±  0.018
I h ad

I = 0. | <)8 ±  0.000 ± 0.011 ±  0.021
1 h a d

=  :i8.r) ± 7 ±  11 M eV 

=  0.215 ±  0.017 ±  0.024
I h ad

All these results are consistent with the Standard  M odel prediction o f  Fzo-un, =  
870 M eV [ 171. Pj,,,,! has been n ieasursd  to be 1.740 ±  0.012 G eV  [25].

It is im portan t to note at this point that the above equations will be modified 
w hen higher orders o f  perturbation theory are considered. H ow ever  no m ore  
degrees of freedom  en te r  the theory in h igher orders. T he G S W  theory  m akes 
only one prediction for any observable, any variation o f  these predic tions arises 
purely  from uncertain ties  in the calculations ^finite orders, approxim ations) or in 
the input param eters . For the fo rw ard-backw ard  asym m etry  and partial width to 
b quarks, F igure  2.4 show s the allowed region of values at the Z° peak due to 
these uncertainties. T he  rem ain ing  freedom o f  the values com es m ain ly  from the 
unknow n m ass of the top quark  and the mass o f  the Higgs boson. A bb is much 
m ore  sensitive to the top quark  m ass than is the quantity  r Zo This arises from 
the cancellation  o f  som e o f  the top quark  mass dependence  in d iagram s that enter 
the calculation of r Zo->i>i>. F igure 2.5 shows the variation o f  Fzo_>bb and Pz°->rc 
with the m ass o f  the top quark. S ince PZo->iii> is m uch less sensitive to the mass 
o f  the top q u ark  ( m t), a m easurem ent o f  r z°->bi> m ay test the Standard  M odel 
m ore  precisely even w hen the m ass o f  the top quark  is unknow n. In contrast  A |jB 
is sensitive to the m asses of  the top quark and Higgs boson (Figure 2.6). This 
dependence m akes A |)b a less reliable test o f  the m odel when these m asses are not 
know n, but a m easurem ent of  A bb could provide  an indication o f  possible values 
o f  the Higgs m ass once the top mass in known.

OPAL [22)

O PA L [18] 

L 3 [23] 

A L E PH  [24].
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2.2 b-flavoured Hadron Decays
The average b hadron lifetime has been m easured by OPA L to be [2 6 J

I ..'57 ±  0 .0 7 (s ta t )  ±  O.OG(sys) ps. (2 . 12)

With this average lifetime b-flavoured hadrons produced at the Z° travel approx­
imately 2  m m  before decaying, and therefore direct observation of b-flavoured 
hudrons in the detec tor is practically impossible. Identification o f  hadronic events 
that originate from bl> quark  pairs thus requires the identification o f  the b-flavoured 
hadron from its decay products in the detector.

T he  decays o f  hadrons contain ing heavy (b and c) quarks are m ost  easily 
understood in the contex t of the so called “Spectator M odel” [27]. This  model 
m akes the assum ption that the decay o f  a hadron containing a heavy quark  is the 
independent decay  of the heavy quark  via virtual W  emission, with the o ther  quarks 
in the hadron having no influence. A fter the heavy quark decays, all the rem ain ing  
quarks  form hadrons. Figure 2.7 shows the spectator decay  B°,i —>
D ecays or hadrons contain ing heavy quarks thus proceed via a chain o f  virtual 
W  emission. W hen leptons are present in the decay products o f  the hadron, the 
decay  is termed semileptonic ( i f  the lepton is an electron the decay  will be termed 
sem ielectronic). Any lepton that originates d irectly  from b e r e  quark  decays 
or from any o f  the three cascade processes will be termed a “ p rom pt” lepton. 
F igure 2.8 show s that the decay chain o f  a b-flavoured hadron m ay result in two 
p ro m p t  leptons, while c hadrons may only  produce one p rom pt lepton. T h e  decay 
chains b —> c —> <,+, b 4  r  ->  c~ and b -4  r  -4  o~ are know n as “ cascade 
processes” and are show n in F igure 2.9. 2

T he branching  ratio o f  a hadron (h i) into electrons B (h \  —> i'V7.X) is given by

the ratio of  the partial width into electrons divided by the total width. T he  lifetime 
o f  a hadron is ju s t  the inverse o f  the total width and therefore

The relations in Equations 2.13 and 2.14 m ake no assum ption on the actual decay 
m echanism s. S ince spectator decays o f  the sort shown in F igure 2.7 are expected  to 
be the dom inan t  process in semileptonic decays o f  heavy quarks, the sem ielectronic

I1(h\ —> (■/'<..V) =  — (2.13)

■Throughout this thesis, the charge conjugate processes arc implied, e.g.: I) -> <• -4  e+ implies 
also h —> c —> i’_ . When no distinction is to lie made between b - t r  4  e+ and b -4  c -4  p“ the 
symbol h -4  c —> <■ will denote both processes.
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W +

B ° D ‘

Figure  2.7: T he decay specta tor decay  W \\ ■ -> I)

F igure  2.8: P ossible  .sources o f  p ro m p t lep tons from  b quark decay. N o te  that b 
q uark decay m a y  resu lt in tw o  p ro m p t leptons, w hile c decay can g ive  o n ly  one.
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Figure  2.9: The three cascade decays, (a) l> c c + (b) 1> —> c -> t~  
(c )  I) —> r  —> (•“ .



IS

decay  rates for two hadrons (h i and h „.) containing the same heavy quark  should be 
equal; r / l | _+l.^A' 52 U sing  this expectation and Equations 2.13 and 2.14
the sem ielec tronic branching ratios and lifetimes of two hadrons containing the 
sam e heavy quark  should be related by

T!± = !1± !L L Z L ^  pi <5)
Th, 11(1,2 -> < •)’

regardless o f  w hether the total decay width of the hadrons are equal or  not. For 
the D system, the branching ratios and lifetimes are m easured to be |2 8 | ,

r|)o =  (4.21 ±  0.10) x 1 0 - ,:i s (2.16)

r o t - -  (10.02 ± 0 . 2 8 )  x 10“ l:! s (2.17)

H(l)° -> c+.V) -  (7.7 ± 1.2 )% (2.18)

B (D ± - M ' . V ) =  (10.21-J; ')% . (2.19)

sem ileptonic decays o f  these mesons.
T h e  virtual W  em itted  in b quark  decay  m ay m aterialise as any o f  the pairs: 

e - E£, n +V fn sc, d r ,  du o r  su. Q u ig g  and Rosner [2 9 1 have calculated the rates for 
these virtual W  branchings, assum ing  that only l> -> c W "  occurs anti 1> > uVV 
does not, to be:

r ( i >  c( ~ k ) =  s i  ’ » t e ) 5
( 2 . 2 0 )

P ( l )  — > c / U P , , ) -  I '  -  ( “ ) V ( - r / . « . , ) ( 2 . 2 1 )

F ( b  — > c t V t ) ■= I 1'., f e ) ' . ' / O ' " ,  i ( 2 . 2 2 )

r ( b - >  ( c ( d u ) ± c ( s u ) ) ) =  ( s t ) r7 ( ' " . / " ' i . ) ( 2 . 2 3 )

F ( b - >  (c(dr) +  e(sc))) =  jon.  ( s ) ” " 1'1" ' ' / < > ■
( 2 . 2 4 )

The m , are m asses o f  the fe rm ions and F„ is a norm alisation factor. The phase 
space factors f { y )  and </(/;) are given by:

f ( v )  =  ( 1  —  . ( / ' ) ( !  ~  -V ± / / ' ) -  I‘V I" Ul  (2.25)
and

g ( v ) =  (I - 7.V/2 - //V8 - ,VVI0)(l  ~ u ) ' ri  
± . V ( 1  -  ; / /7 10) In ( 1±^ p )  •

If  the m ass o f  the b quark  is taken to be mi, -- .TO G e V /c 2 , the c quark mass 
is taken to be rnc =  1.5 G eV /o 2 and using the r  mass o f  m ,  -  | .7fSd I G e V / r 2 

then
F(b -> c(sc) ±  c (<l r ) ) / r (b  cX) «  0 .1 ■). (2.27)
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This prediction has not been tested directly, how ever it can be show n to be p lau­
sible. The hadron formed by the charm quark  from the decay  b -»  <• W ~ , will be 
assum ed to decay  to electrons with the branching  ratio 11 (c  -> c>+ ) =  0.079 [28], 
which is an average o f  low energy m easurem ents with unknow n m ixes o f  charm ed 
hadrons. T he virtual W ~ is predicted to branch into a c quark  and a d -type quark  
15% o f  the time. Due to the m agnitudes  o f  the quark m ix ing  angles [28], cs is 
expected to dom inate , hence it will be assum ed that 15% o f  the tim e the virtual 
W ~ :'orms a 1)~. Hence I1(\> -> r  - »  v)  m ay be written as

l i (U - >  c -> c) «  H( r  ->  o+) +  0 .1 5 / ^ ( D ~  ->  ( - ) .

U sing B ( I)"  —> ('_ ) =  1.00/ i (D °  -»  <'“ ) (from Equation 2.15 using r D~ =  
4. i5 x 10“ 1:1 s 128]), the prediction is I1(\> -> c -»  c>) «  0.09, which is in good 
agreem ent with the m easured value o f  (0.097 ±  0.010) [30].

A n expectation for the lepton m om entum  spectrum is needed to predic t the 
efficiency for leptons from heavy quark decays to satisfy any kinem atic  requ ire­
ments. F igure 2 .10(a) shows the m om entum  of the electron in the decay ing  hadron 
•rest fram e for the decay  b c~7v '.  This  should be com pared  to the spectrum  
in F igure 2.10(b) for the decay c e + //(.s. T he large b - c  quark  m ass d iffe rence 
results in a larger electron m om entum  endpoint. A ngular m om en tum  considera­
tions also suggest that the electron takes a larger fraction o f  the ava ilab le  energy  
in b decay than in the corresponding  charm  decay (Figure 2.11). T he  electron in 
b decay  will have the highest energy when it recoils against the an ti-neutrino and 
the charm ed quark. In the corresponding  c decay  this topology  is not allow ed fo r  
massless final state particles, due  to the lefthanded nature o f  the charged  curren t 
w eak interaction. In the case of massive final state particles helicity considerations 
determ ine the electron m om entum  spectra show n in F igure 2 . 11.

T h e  C L E O  collaboration has reported m easurem ents o f  the sem ilep ton ic  b ranch ­
ing ratios l l { I) -> <\Y), l i (b -» <• -> o.Y), at the T ( 4 ,S') resonance using various 
decay  m odels [30|. T h e  CLEO  collaboration considered the free quark  m odel o f  
Altarelli et al. (A CM ) [31] (a spectator model) and two form s o f  the decay  m odel 
o f  I sg u rc /r / / .  133]. T he  original model o f  Isgur e t al. ( ISG W ) has, in principle, no 
free param eters and predicts that the decays B -»  D c + ^ .Y ,  B —>■ l ) V + /x..Y and 
B -> l)*V + /',..Y, occur at the rates 27% , 62%  and 11% respectively. C L E O  also 
considered a modified version o f  the ISG W  model (ISG W **) in which the re lative 
rates to D and 1)* were held constant, but the branching ratio to I)** was increased 
to 32%  of the total. This change in the B -> L** branching ratio im proved the 
agreem ent w ith  the C L E O  data  [ 30].

T he  C L E O  co llabora tion’s m easurem ents  o f  the branching  ratios B { b - » I X )  
and B {b •-> o I X )  were obtained by fitting the observed lepton spectrum  [30]. 
F igure 2.12 shows the m easured electron spectrum, with the fit to the A C M  
m odel superim posed. The m odelling  o f  the semileptonic decay is im portan t fo r
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F igure  2.10: (a) The electron m o m en tu m  spectrum  in the rest fram e o f  the decaying  
b -fla vo u red  hadron as p red ic ted  b y  the m o d e l o f  A ltarelli et al. (A C M ) j3 l j .  (b) 
T h e  electron  m o m e n tu m  spectrum  in the rest fram e o f  the d eca yin g  c-llavourcd  
hadron as p red ic ted  b y  the A C M  m odel. T he large b~c m ass d iffe ren ce  results in 
a larger p o ss ib le  electron  m o m en tu m .
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Figure 2.11: T he ratio o f  the electron m o m en tu m  /v in the parent rest fram e to the  
parent m ass (m u )  fo r  l> -> c (squares) and c v (triangles) as p red ic ted  b y  the  
JH T S E T  M o n te  Carlo 1321. The d iffe ren t shapes o f  the tw o  d istribu tions can be 
understood  b y  angular m o m en tu m  considerations.
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extrapolation  to regions of low electron m om entum , which are not experim entally  
accessible and to separate d irect b decays 1'ioin cascade decays. Differences in 
the extrapolations result in different branching ratios. F igure 2.13 com pares the 
m om entum  spectrum  for sem ileptonic decays o f  B m esons in the B rest frame 
from the A C M  and the ISG W ** m odel. Table 2.2 shows the branching ratios 
obtained by C L E O  in the contex t of these models 130].

ISGW model ACM model ISGW** model

B {b -> lviq)% 9 . 9  ± 0 . 1  ± 0 . 4 1 0 . 5  ± 0 . 2  ± 0 . 4 1 1 . 2  i  0 . 4  I 0 , 1

Ok
. I I

1

1 1 . 3  ± 0 . 7  ± 0 . 0 9 . 7  ±  0 . 8  ±  0 . 0 9 . 0  1 0 . 8  1 O.ti

B {b  -> lu,u)% 0 . 0 0  ±  0 . 0 8  ±  0 . 0 4 0 . 2 8  ±  0 . 1 2  ±  0 . 0 4 0 . 2 r  1 0 . 1 0  I 0 . 9 2

Table 2.2: T h e sem ilep to n ic  branching ratios m easured b y  the C lJ iO  collaboration  
at the T ( 4 S )  resonance [301 in the co n tex t o f  three sem ilep ton ic  oecay m odels. 
T he branching  ratio B {b —> //>/q) includes the 1> > li'/n contribution.

A t >/s ss oiya, the efficiency for prom pt electrons from b decay to satisfy 
any k inem atic  requirem ents is dom inated  by the energy spectrum of the parent 
b-flavoured hadrons (fragm entation), as shown in Figure 2.14. This is in co n ­
trast to m easurem ents  at the T (4 S )  resonance where the B mesons are produced 
nearly ,t rest and thus the lepton m om entum  spectrum  is dom inated by the tlecay 
spectrum . S ince  it is necessary  to use sem ileptonic branching ratios determ ined at 
the T (4 S )  resonance and these branching  ratios vary with the model of  the lepton 
m om en tum  spectrum  used, it is necessary to take into account these correlations 
when ca lcu la ting  p rom pt e lectron kinem atic efficiencies.

2.3 b Fragmentation

The process by which a qq pair evolves into a system of colourless hadrons is 
k now n as fragm entation , which is dom inated  by nonperturbative processes. A 
oimplistic p icture o f  the fragm entation process is that the co lour lines o r force 
betw een  the two quarks  are stretched and produce qq pairs that also m ove apart. 
This process can con tinue  until no m ore energy is available to m aterialise qq pairs. 
The quarks p roduced  in this m anner then group into colourless states, which are 
the observed  hadrons.

In this picture o f  fragm entation, quarks are m ost likely to group into hadrons if 
their velocities are equal. A heavy quark must lose very little energy to materialise a 
light quark  with the sam e velocity. Therefore it is expected that hadrons contain ing  
a p rim ordia l heavy quark  should  carry m ore of the initial quark energy on average,
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Figure 2.12: The electron spec trum  from  B m eso n  decays as m easured  b y  the  
C L E O  collaboration at the T ( 4 S )  resonance [30]. T he d irect and cascade c o m p o ­
nents, as pred ic ted  b y  the A C M  m o d el [31], are show n.
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Figure 2.14: The electron  energy in the rest fram e o f  the decaying  B m eson  (so lid  
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than 2 G eV /c  and and transverse m o m en tu m  w ith  respect to the j e t  axis greater  
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those that do no t (d o tted  line). The fluctuations ir< the  B m eson  m o m en tu m  in  
the lab fram e do m in a te  the probab ility  that an electron w ill sa tis fy  any k in em a tic  
requirem ent im p o sed  in the lab frame.
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than a lighter quark. T he tendency for h e a v y  quarks to materialise into a heavy

of Peterson e t al. |34 ) reproduces this feature of heavy quark  fragm entation. This 
m odel param etrises D n { ;) ,  the probability of  a hadron II having an energy A'11 as

H ere, z =  A’11/A 1'1, the energy o f  the nudron divided by the initial energy of the 
heavy  quark. r r, is the only free param eter ( ( ’ is an overall normalisation). As 
is decreased , Ne m ean z increases.

As the et ,rgy o f  the quark  is not m easurable  (it depends on radiation at the 
initial event vertex), w ha t is determ ined  exoerim entally  is (./•/.•),,, which is the 
energy  of the hadron divided by the beam energy:

T h ese  m easured  values o f  correspond approxim ately  to values of

T h e  L3 and A L E P H  collaborations have m easured to be 123, 24)

T h ese  m easurem ents  are consistent with those obtained by OPAL, and will be used 
to assess the uncertainty in these parameters.

W hen studying  sem ileptonic decays of heavy quarks, it is not usually possible 
to reconstruct the parent h ad ro n ’s direction. This difficulty is overcom e by using 
the je t  axis as an approxim ation  to the parent h ad ro n ’s direction. F igure 2.15 
show s the d ifference betw een tl e je t  axis and the hadron direction in simulate I 
events . T hese  simulated events  suggest that the je t  axis approxim ates  the parent

hadron  with large energy is called "hard fragm entation". The fragm entation model 

A ' l t / v / * / - -

O P A L  has m easured  and (.r/.•),. using prom pt muons, to be | IN):

(.!'/.;)I, -  U.72(i ±  0.007 i  0.022

(.r/.;), =  o.r.o ±  0 .0 2  t  o.o:i.

(2.29}

(2.30)

(2.31)

a  0,00:15

t ,  -  0.05:1.

(2.32)

(2.33)

( . r , , ) , ,  =  ().0 S(i ±  0 .0 0 0  ±  0 .0 1 0

(•'■/•;) i. =

In addition, the A L E P H  collaboration bus m easured (./•/■;). m be )2 4 1

(2.34)

(2.35)

(2.36)
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hadrr i direction to approxim ately  60 mrad, for |m sf lj,.t | <  0.9. T he  procedure for 
finding je ts  experim entally  will be addressed in Section 4.4.

T he quark  direction at the elec trow eak vertex is needed to m easure  the forward- 
backw ard  asymmetry. S ince the quark  is never observed directly, it is necessary 
to approx im ate  its initial direction. T he quark  d irection could be approx im ated  by 
the hadron  (jet) direction, how ever a com plication  arises in events  with m ore  than 
two jets. These even ts  are due to gluon radiation at the elec trow eak vertex  and 
thus the thrust axis is used to approx im ate  the initial quark  direction.

T he  thrust axis is defined as the vector T  that m axim ises :

X > ' - n  (2.37)
I

with the sum over / im plying all particles in the event. Figure 2.16 show s that 
f r r  sim ula ted  data, the thrust axis represents the original quark  direction with a 
resolution  o f  less than 80 mrad for m ost polar angles.

A n am biguity  exists in the choice  for the sign o f  the ;  com ponen t  of 7' (7 ',) and 
therefore the sign o f  c o s  0t|,r„sl. To resolve this am biguity  for events  contain ing  a 
p ro m p t lepton, the thrust d irection is chosen as follows. The dot product (p  • 7 ’) 
is form ed, with p  the m om entum  o f  the lepton. If this product is positive then the 
thrust d irection is taken as

<- os i 9 , i m ,s, =  7 \ / | 7 j ,  (2.38)

if  it is negative the opposite  sign is chosen. The am biguity  in the quark  d irection is 
resolved by using the sign o f  the observed iopton. b quarks have charge I, thus 
b quark  sem ileptonic decay results in a negative signed lepton, hence the quark 
d irection  is thus chosen as

cos 0q ~  (A|in,st. (2.39)

In this w ay  the quark  d irection is signed correctly  for b quarks that are tagged from 
a d irec t  sem ileptonic decay. F o r e  quarks this assignm ent results in the incorrect 
sign fo r cos 0r,

2.4 Summary
In this thesis the predic tions o f  the S tandard Model for the forw ard-backw ard  
asy m m etry  in the reaction <>+(‘-  —> bb and the partial width o f  the /<" boson into 
b quarks will be tested. It has been shown above that b quark  production can 
be tagged through the presence o f  prom pt electrons, which form  approxim ately
10% o f  all b decays. By determ ining  the sign o f  the p rom pt lepton, the quark
direction  at the elec trow eak vertex m ay be inferred. From the total num ber of
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observed p ro m p t electrons and their angular distribution I V ' - m.i. and A{’,t m ay 
be de term ined . In the fo llow ing  sections a set o f  selection crite ia developed to 
identify p ro m p t electrons in m ultihadronic  Z° decays is described. T he  resulting 
sam ple  of p rom pt electrons will be used to obtain and
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Chapter 3 

The OPAL Detector

T he O PA L  detector has been described in detail in [9] and full descrip tions o f  the 
subcom ponents  are given in the references contained in that publication. O n ly  a 
brief description is given here.

T h e  OPAL detector (Figure 3.1) is based around a 4 .36 m d iam eter  solenoidal 
m agnet, providing a field o f  0.435 T. The O PA L  coord ina te  system is defined as 
follows; the z axis is a long the <*~ beam direction, the x axis is into the centre o f  the 
LEP ring and the y axis is perpendicular to both, form ing a right handed coord ina te  
system. The azimuthal angle (<•/>) is measured from the x axis around the z axis, 
while the polar angle (0) is m easured from the z axis. T he  origin o f  the coord ina te 
system is the centre o f  the detector. The detec tor subcom ponen ts  are  op tim ised to 
provide energy and m om entum  m easurem ents and partic le identification.

3.1 Central Tracking System

The O PA L  central tracking system is com prised o f  three tracking detectors inside a 
solenoidal m agnet (F igure 3.2). These detectors share the sam e gas m ixture (88 .2%  
argon, 9 .8% m ethane and 2.0% isobutane), which is m aintained at a pressure o f  4 
bar.

T he  innermost tracking detector, between radii o f  8 8  m m  and 235 m m  is a 
1 m long drift cham ber (C V ) . 1 This  cham ber is optimised to p rov ide  a precise  
m easurem ent o f  the r  -  0  origin o f  a track. B eginning  at a radius o f  1.9 m is a 
system o f  4 m long cham bers  designed to m easure precisely the z coord ina te  o f  a 
track (CZ). These cham bers  provide a z coord ina te  resolution  o f  100-350 //.m in 
the range 11 < 0 < 130.

T he  main tracking is provided by a large (approxim ately  4  m long) drift

'F o r  the 199! running period a silicon vertex detector was installed between CV and the 
beam pipe. This detector was not used in this analysis.
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Figure 3.1: A verticil! sec tion  v iew  o f  the O PAL detector w ith the m ajor system s  
indicated.
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ch am b er  (CJ). This  cham ber has an inner radius of  250 m m , an ou te r  radius of  
1850 mm and is d iv ided into 24 sectors in <p. Each sector in <;> can provide up to 
159 space points  a long a track. True space points o f  hits ( r ,  </>, c) are m easured by 
w ire  position, d rif t  time and charge division. T he intrinsic coordinate  resolution 
has been de term ined  to be 105 //m in r  -  </> and 6  cm  in c [35 |.  T he first anode 
w ire  is at a radius o f  255 m m  and the last is at a radius of  1835 m m , resulting in 
a 10 mm anode spacing. T he  wires are supported at each end  of the cham ber by 
conica l  supports o f  opening  angle 15°. At track polar angles of | cos ■> I).70 a 
m easu rem en t  o f  the z coordinate o f  a track upon exit o f  the cham ber is possible. 
T h e  z coord ina te o f  the track endpoin t is determ ined  from the last r </) hit on a 
track  using the know n z position o f  the hit wire at the conical support. Tracks that 
h av e  a z coord ina te  m easured in this way will be termed to have a CJ endpoint.

CJ also m easures  the energy loss to ionisation per unit length (d£/d.v) o f  it 
par tic le  as it traverses the cham ber gas. T he d£/cLr m easurem ent uses a truncated 
m ean  to com pensa te  the tails in the Landau distribution. T he  70% o f  sam ples with 
the  sm allest m easured  charges are used to calculate the d/s/tLv for a track. W hen 
159 samples are used in the determ ination of d£/iLv a resolution of approxim ately  
3%  is obtained. T h e  4  bar operating  pressure was chosen partially to optimise the 
resolution o f  the dE/clr m easurem ent.

T he co m b in ed  vertex resolution o f  all 3 detectors is estim ated to be 10 /mi in 
the r  — (j> p iane  and 6  cm  in the ~ [3 5 1. T he CJ endpoin t z m easurem ent resulis in a 
p o la r  angle resolution o f  2.7 mrad [ 35 J. In the region o f  active CZ acceptance, the 
m o m en tu m  resolution, neglecting  the small contribution from multiple scattering, 
is found to be [35 |:

3 ?  =  1.5 , | ( r ‘ (G c V /c ) " 1.
P l

In the range 0.815 <  | ro s (0 ) |  <  0.01, where 159 samples in CJ are not possible, 
the  m om en tum  resolution is well described by 136)

£'El
Pl

(0 .0 2 ) +  ( ()(J;j j i n \ j  ( j

i/i

H e re  (G eV /c) is the m om entum  in the bending  plane, B is the m agnetic  field 
(4 .35 kG), L(m ) is the radial track length and n h i l r j  is the num ber o f  space points 
m easured  in CJ for the track. T he factor (Tr _(/J is the average single hit resolution 
an d  is 120 /im  in this angular  range. The 0.02 is the m om entum -independen t  
con tribu tion  from  m ultip le  scattering.
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3.2 Electromagnetic Calorimeter
O utside  the pressure vessel o f  tracking system (and after the m agnet coil and the 
tim e of flight system (TOF), for | cos 0 \ <  0.82) is the e lec trom agnetic  ca lo r im e­
ter. Two distinct systems m ake up the elec trom agnetic  calorimeter; a system o f  
prcshow cr counters  (presam pler) and a lead glass calorimeter. T h e  material in 
front o f  the elec trom agnetic  ca lorim eter is approxim ate ly  2  radiation lengths ( A'o) 
thick which ensures that m ost electrom agnetic  show ers will have started before 
en tering the calorimeter.

The p reshow er coun ter  system is divided into a barrel (PB), for | c o s  0 1 <  0.81, 
and endcap (PE), for 0.80 <  | c o s f l | <  0.95. T he PB is constructed as a cy linder 
o f  two layers o f  limited stream er tubes. Each layer is read out by  a system  o f  
strips, designed to give u precise position m easurem ent o f  the e lec trom agnetic  
shower. T he  pulse height on the strips also provides som e inform ation  about the 
longitudinal energy deposit profile.

T he lead glass ca lor im eter (ECA L) is d iv ided into two separate detectors , the 
barrel (EB) in the range | c o h (0 )| <  0.82  and the endcap  (EE) covering  0.81 <
| ro s  0\ <  0.95. Both detectors are Cerenkov show er counters  m ade up o f  b locks 
o f  lead glass. Since the EB and EE are very similar in operation  and  EE is used 
to develop the prom pt electron selection described in C hap ter  5, on ly  EE will be 
described in detail here.

T he endcap  ca lor im eter (EE) (Figure 3.3) consists o f  22 6 4  lead glass blocks 
(C ER EN  25 137]) o f  d im ensions 9.2 x 9.2 x 52.0 cm. A t each  end o f  OPA L in 2 , 
1132 blocks are arranged in a disk surrounding  the beam pipe . The b lock m edians 
are parallel to the beam (z) axis and, for tracks orig inating from the centre o f  the 
detector, the EE presents approxim ate ly  22A ' 0 o f  material. This “ non-p ro jec t ing” 
geom etry  o f  the EE will be exploited in the work described here.

Identification o f  localised energy deposits in the ca lor im eter is necessary to 
m ak e  associations between charged tracks and energy  deposits. This  c lustering  
is a two step process, the first step is to create “coarse” clusters. T h e  algorithm  
to create the “coarse” clusters is as follows. A b lock with energy greater than 
60  MeV is identified (seed b lock)2. All o f the blocks touching  the seed block with 
energy  greater than 40 M eV  are grouped with this seed b lock to form  a cluster. 
Each touching block that has energy above 60 M eV  is then used in turn  as the seed 
b lock and the process is repeated. This process continues until no b locks can be 
added  to the cluster in this way. O nce a “coarse” cluster is thus finished, the next 
unassigned block with energy  above 60 M eV  is used to start a new  cluster. This 
procedure  is continued until no m ore seed blocks are available.

It is possible that these “coarse” clusters contain  m any separate energy deposits

-Tin; RMS noise in EE is approximately 14 MeV. Hence blocks with energy larger 60 MeV arc 
at least three a above the noise level.
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Figure  3.3: T he endcap ca lorim eter sh o w in g  h o w  the endcap p reshow er  coun ter is 
m o u n te d  on the lead g lass array (from  / 3HJ). (b) sh o w s the endcap electrom agnetic  
ca lorim eter m o u n ted  beh ind  the pressure bell o f  the central tracking detectors.

and hence a further splitting into “ fine” clusters is perform ed. The process o f  
creating  the “ fine” clusters tries to identify valleys in the energy deposit  of the 
coarse  cluster.

To begin, the b locks within a “coarse” cluster are ordered by energy. In 
decreas ing  order o f  energy, each block not already assigned to a “ line” cluster, is 
considered  in turn (present block). The block with the largest energy that touches 
the p resen t bloc!" is found. If  this largest neighbour block is already in a “ fine” 
c luster  and its energy is larger than the present b lock’s energy, the present block 
and all the blocks touching  the present block are assigned to the “ fine” cluster 
that already contains this neighbour. O therw ise  a new “ fine" cluster is started 
con ta in ing  the present block and all its neighbours. This process is repeated until 
all b locks in the “coarse” c luster are assigned to a “ fine” cluster. Figure 3.4 shows 
a coarse c luster and two fine clusters found within it. T he term ‘c lu s te r’ will 
henceforth  be used to refer to these “ fine” clusters. T he energy associated with 
the c luster at this s tage is term ed the “ raw cluster energy” .

T h e  pressure vessel for the central detector adds approxim ate ly  I.5.V,, in front 
o f  the calorimeter. T herefore  the m easured energies need to be corrected to account 
for the energy  loss in this dead material. This correction is calculated for each
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cluster o f energy  assum ing that the cluster was created by an electron '. The 
resulting energy resolution o f  the EE has been m easured to be

SIC 0. Hi

T = M 2 r’ ' " 7 / T

with E (G eV ) the m easured energy. T he  raw cluster energy corrected for the 
m aterial in front o f  the ca lo r im ete r is termed the “cluster energy” .

3.3 Muon System
O utside  the e lec trom agnetic  ca lorim eter is the iron o f  the magnet return yolk. The 
m ag n e t  iron serves as an absorber (8-14 interaction lengths), which acts as a filler 
fo r m uons, a l low ing  them  to be identified by their ability to penetrate this material. 
In the region 0.07 <  | cos 0 \ <  0.98 there is a system of limited stream er tubes that 
m easures  the positions o f  tracks penetrating the m agnet iron. (A similar system 
exists at larger angles). These m uon detectors  provide up to 4 space points on 
each  m uon with  resolutions of ~  1 mm in x-y and 5 mrad in polar angle.

3.4 The OPAL Trigger System
T he  O PA L tr igger system  139] provides a redundant and efficient trigger for  all Z" 
decays. It is based on a matrix o f  0 -  0  bins covering  the entire detector, and has 
been m easured  to be 100% efficient for selecting hadronic decays of the Z" 116|. 
T he  basic tr igger e lem ents  are described below.

C V  and CJ provide a fast m easu rem en t o f  the r  -  c coordinates of hits in bins 
o f  0 and 0. Tracks are identified as straight lines in r  - ~, thus enab ling  a track 
based trigger decision.

T he  time o f  flight counters, outside the m agnet coil, provide trigger signals in 
21 bins of  0. T hese  signals are used in co incidence with other signals to form 
tr igger decisions.

T h e  e lec trom agnetic  ca lorim eter (both EB and EE) is divided into 6  0 bins and 
24  over lapp ing  0  bins. Trigger signals are formed from analogue energy sum s in 
these bins.

S o m e tr igger conditions relevant for m ultihadronie events (any o f  which alone 
will cause a trigger) are:

* >  3 tracks

3For | ros 01 ss 0.85 (his correction increases Ihe raw cluster energy by a factor of approximately 
1.33, for energies between 4 and 10 OcV.
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• 2  tracks in the barrel region

•  track trigger-TO F coincidence in <i>

•  track tr igger-EC A L coincidence in 0 -  <l>

9  T O F -E C A L  coincidence in <•/>

« ^  7 T O F  r/; hits

•  >  7 G eV  total energy in EB

•  > 6  G eV  total energy in EE

o ^  2.6 G eV  in a 0 -  (j) bin in EB

•  >  3 G eV  in a 0 ~  bin in EE

3.5 Event Reconstruction System

The final stage o f  the O PA L  data  acquisition system [40] is a second level 
trigger and classification system (filter) [4 1 1. The filter writes the triggered 
events  to disk in files (partitions) o f  approxim ate ly  20 Mbyte. These par­
titions are copied  from the filter to an optical disk for perm anen t s torage 
and distributed to a system of A PO L L O  D N 10000 com puters  that form the 
online reconstruction system [40]. An individual D N 10000  processes the 
events  in a partition through four parallel running  copies o f  the O PA L event 
reconstruction  program . The events are reordered onto a local disk o f  the 
DN 10000 and m oved to external com pu ter  systems.

The online reconstruction  system takes full advantage of the capabilities 
available in m odern  low  cost workstations. The services o f  the operating  
system, such as the file system, event scheduling and external co m m u n ica ­
tions were exploited  to m ake a system that is easily expandab le  and easily 
maintained. Reconstruc ted  events are typically available for analysis and 
detec tor m onitor ing  less than one hour after the event is triggered.
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Chapter 4 

Event Selection

4.1 Hadronic Event Selection
T h e  O PA L selection o f  hadronic events  uses a com bination o f  tracking and calori 
metric  requirem ents.  Reconstructed tracks and energy clusters must pass certain 
quality  requ irem ents  to be considered in the event selection. For tracks to he 
considered  they m ust have greater than 19 m easured space points in CJ anil a 
distance o f  closest approach to the event vertex of less than 2  cm in the ;• <l>
plane and less than 40  cm in ~. Tracks must also have a m om entum  com ponent 
in the bend ing  plane of at least 50 M eV /r.  Energy clusters are required to havi^ at 
least 100 M eV  in EB and at least 200 MeV in EE. For an even t to he classified as 
a hadronic  decay o f  the Z° the following criteria must be satisfied:

•  >  6  energy clusters

•  >  5 tracks

•  T he  sum o f  all e lec trom agnetic  cluster energies m ost be greater than 10% 
o f  the centre o f  mass energy ( v / s )

l _ ,  " t  lll.<

w here 0 is the polar angle o f  the electrom agnetic  cluster. T he last requirem ent 
rejects events with a large energy  im balance in z, thus d iscrim inating  against events 
that are not due to c +<,_ collisions. Figure 4.1 shows a s e 1 m ultihadronic 
event.

This hadronic selection has an acceptance of 98.4% for hadronic decays of 
the Z° [16]. The fraction o f  events accepted by ;'ie selection that is not due to 
hadronic  Z () decays is es tim ated to be 0.2%/, arising equally  from the reaction 
o+t~  —» Z(J —> r + r ” and 2 photon events ( c +r  -> r +c ,Y).
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Run:«v«nt 2269: 7B042 Data 510504 Tima 115108 ClrV(N= 26 Sump:- 69.5) Eeol(H= 32 SumE= 61.3) Hcal(N=1S SumC= 11.5) 
tbaom  45.631 t'vls 102.4 Cmbs -1 1 -2  Vlx { -0 .0 2 . 0 .19, -0 .7 2 )  Uuon(H= 0) Sac V**(W=I0) 0  SumE= 0.0)

92=4.350 Thrm lcQ .9713 Apton=0.0032 0blot=0.0466 Sphar=0.0130__________________________________________________________

Slflti/s 
Dei Tr

CV 3 3 
CJ ? 3 
Cl 2 0 
TB 3 3 
PG 3 0 
FB 3 3 
P f 3 3 
IE J  3 
HT 3 J 
IIS 3 3 
HP 3 1 
Ufi 3 3 
ME 3 3 
ro  3 0 
SI 0  0

A

7
1 X

, ?OQ. cm . I .. '* .4.*.
C a n tie  o f s ^ a n  '<* (  0 .0 0 0 0 , 0 .0 0  . .  0 .0 0 0 0 )  I I I N I )  I

Figure 4.1: A n  even t se lec ted  as a n w ltih a d ro m c  Z° d eca y  as described  in the *ext. 
The com plica ted  nature o f  such even ts  is evident.



42

4.2 Single Electron Selection
F o r  efficiency calculations it is desirable to have a set o f  events that contain only 
o n e  particle in the detector, with that particle being an electron or a positron. This 
c lass  o f  even ts  m ay arise from the reactions o+<'~ -4  t’+e~-y or -4 cN '^ .Y , 
w here  on ly  the. e lectron or positron is detected. To select events o f  this type 
the  fo llow ing  requirem ents were imposed. The event was required to contain 
on ly  one track  that had a distance o f  closest approach to the vertex in the r  -  <!> 
p lane  of less than 6  m m  and no m ore  than 30 cm  in r. Requiring that the track 
d id  not m atch  any reconstructed  segm ent found in the m uon cham ber suppressed 
m u o n  background. A n elec trom agnetic  energy deposit o f  greater than 200 MeV 
w as  required  within a cone o f  opening  angle of 200 m rad around the track. The 
energy  deposi t  o f  a m in im um  ionising partic le in EE is approxim ate ly  200 MeV. 
Events  with  e lec trom agnetic  clusters of energy greater than 500 M eV at angles 
greater than  200 m rad  from the track were rejected. This requirem ent served to 
e lim inate  even ts  w ith  many partic les but only  one track satisfying the tm ck quality 
requirem ents .  With these cuts a fairly pure sample o f  electrons was obtained, with 
on ly  a s ligh t non-electron contam ination  below  m om enta  o f  4 G eV /r .  Figure 4.2 
show s an ev en t  selected in this manner.

4.3 Inclusive Muon Selection
Since the sources o f  p rom pt m uons and prom pt electrons are identical, p rom pt 
m uons  are useful in assessing effects that depend on activity surrounding  the 
p ro m p t lepton. A sam ple o f  m uons  in multiliadronic events  (inclusive m u o n s ' 
w as obtained  to s tudy  these effects. The ability  o f  m uons to penetrate the m agnet 
iron and reg is ter  in the muon cham bers  was the basis o f  the muon selection. The 
goodness  o f  a m atch in position o f  a track segm ent found in the m uon cham bers 
and  the ex trapolated  track im pact point, obtained from the central tracking system, 
w as used as the d iscrim inating  variable. Specifically a requirem ent was imposed 
on  the variab le  defined as 142]:

T lzV /y . , , ) '

w here  A(t>poa ( A 0v„a) was the difference between die extrapolated  im pact point and 
the reconstructed m uon  segm ent in (J)). The resolutions <r( Ar/;;i,M) and <r( A 0v„a) 
include the various sources o f  errors possible in the positional match (multiple 
scattering, m om en tum  m is-m easurem ent,  survey errors, etc.).

A p u re r  m uon sam ple results when the upper limit o f  accepted \ v„a values is 
decreased. It has been estim ated f42) that a requirem ent of  \ Tma ■" 3 results in
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Runavanl 1652: 21401 Oala 900501 Tima 23649 C1rk(N= I S jm p =  8.2) Ecol(N= 1 SumE= 7.8) lbial(N= 1 SumE= 0.2) 
Ebaom 45.010 Evil 8.2 E m in  83.0 Via ( -0 .0 2 . 0 .09. 0.73) Uuon(N= 0) Sen Vla(N= 0) Edal(R= 1 SumE= 15.3)

H l°4 ,350  fhrull-******  ..........* O blate......... * 5phate»» '*»‘__________________ __________________________________________

o

Status

CV 3 0
CJ 3 3
CZ 2 0
ra  3 3
PU 3 0
FB 3  3
PF 2 3

US 3 3

UB 3 3
WF 3 3
FD 3 0
SI 0  0

f e d

A
2
L X

| 7 0 0 .  c m .  | I ' » «  ”  °"V
C un lfit o f tc r« o n  I t ( 0 .0 0 0 0 .  0 ,0 0 0 0 . 0  0 0 0 0 )  ' I I I I I I I I

Figure  4.2: A/i even t se lec ted  to be a sing le  electron using the procedure described  
in the text. T he even t has one track o f  m o m en tu m  8.2 G eV /c , m a tched  to an 
E E  cluster o f  7.8 GeV. On the opposite  side o f  the detector to this track in z , the  
forw ard  lu m in o sity  calorim eter (w hich  is no t considered  in the se lec tion) reg istered  
an energy o f  54 .3  GeV. N oise  o f  192 M e V  is seen in the hadron calorimeter.
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a selection o f  p rom pt muons with 48%  purity and a m ore  stringent criterion of 
\ pos <  2  results in a purity o f  55%.

4.4 Jet Definition

Jets were derived using “good” tracks (defined in Section 5.1) and e lec trom agnetic  
ca lo r im ete r clusters (E C A L  clusters) not associated to “g o o d ” tracks. Unassociated 
E C A L  clusters were required to satisfy the following quality  requirem ents:

o T he  raw  cluster energy m ust have been greater than 50 MeV. This removed 
clusters  that w ere  due to electronic noise.

•  The c luster  energy  was required to exceed 100 M eV in the barrel e lec trom ag­
netic ca lo r im e te r  and 200  MeV in the endcap  elec trom agnetic  calorimeter,

•  T he reconstructed  cluster m ust no t have contained a region o f  the detector 
that was know n to have a large am ount u f  e lectronic noise.

T he diffe ren t energy  thresholds for the EE and the EB clusters reflect the different 
noise levels in these detectors. The m ain source of unassociatcd E C A L  clusters 
w as assum ed to be photons, from the decay  o f  short lived neutral particles ( 7r", 
r/,...), with an energy  equal to the c luster  energy  and orig inating  from the event 
vertex.

To p roceed  with the jetfinding, an event was required to contain  at least five 
good tracks. This  is a stricter requirem ent than that used in the hadronic event 
selection, s ince the definition o f  “ good” tracks is more dem and ing  than the track 
selection used for the hadronic  event selection. This requirem ent o f  at least five 
“ g o o d ” tracks was estim ated, using sim ulated data, to have an efficiency greater 
than 99.7%  efficient fo r  1>I> events.

T h e  je t  definition was based on the je tfinding algorithm developed  by the 
JA D E  experim en t [4 3 1 w hich  uses a “ scaled mass variab le” . This  m ethod of 
co m bin ing  partic les into jets  em ploys the “ E0 recom bination sch em e” developed 
by O P A L  [44]. This algorithm  considers  all particles in turn and form s an invariant 
m ass squared

1/hn =  ( / ; / '+  l O 2 (4.2)

I f  the invariant m ass squared (y/m) o f  a pair is smaller than som e value the
two particles are com bined  into a pseudo-particle  (n) using the prescription

I ' n  ~  I ' l  +  I ' m  . .

/•;„ i , , ( 4 . 5 )
P n  ~  \ v r b p , n \ ’ 4  A m ) .

T he  p n is scaled by so that the pseudo-particle n has zero invariant mass
(the origin o f  the nam e E0). The recom bination process is repeated until no
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pscudo-particlcs  m ay be formed in this manner. The je t  m om enta  are then equal 
to the m om enta  o f  the rem aining pseudo-particles. The value o f  used in this 
analysis  was (G? V / c 2)2.

T he  m om entum  com ponen t  transverse to the je t  axis, o f  any track associated 
to that jet, was given by:

Here /> is the track m om entum  and is the je t  m om entum . T h e  p r  o f  p rom pt 
e lectrons was thus determ ined  with the electron candidate included in the jet. This 
underlines the im portance of only including unassociated E C A L  clusters in the 
jetfinding. Including EC A L clusters associated to tracks would have resulted in a 
large bias towards the electron direction.
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Chapter 5 

Prompt Electron Selection

5.1 Track Selection
Electron candida tes were required  to be associated to the “ good” tracks used in 
je tf ind ing  w here  tracks w ere  considered  “ go o d ” in this context if:

•  the track had at least 20 space points m easured in CJ ( i ih ilc j  ■ 2 0 )

•  the track had a d istance o f  closest approach to the event vertex in the ./• //
plane o f  less than 5 cm

• the track had a distance o f  closest approach to the event vertex in o f  less 
than 2 0 0  cm

•  the track m om en tum  in the bending plane m easured more than 150 MeV/o

•  the m easured  track m om en tum  was less than 05 G cV /r ,

T hese  “ g o o d ” tracks w ere  constra ined to originate from the event vertex in to 
p rovide  a m ore re liable po lar angle m easurement.

Electron candida tes were also required to have either a CJ endpoin t m easu re­
m en t ( 0 .8 15 <  jc-o.s/)J <  0 .9 1 ) o r a t  l e a s t3 C Z sam p le s  used in the track lit. These 
requ irem ents  greatly  reduced the system atics present in the determ ination  o f  polar 
angle o f  the tracks,

5.2 Electron Identification
Identify ing  electrons in the mio... o f  a m ultihadronic event requires an optimised 
set o f  selection criteria. Two properties o f  electrons m ake it possible for a pure 
sam ple  o f  high m om en tum  elec trons to be obtained in hadronic events. The first 
is the constan t d E /d x  o f  electrons in the CJ gas for m om en ta  greater than 2 G eV /r.
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T he  second property  o f  electrons utilised is the distinctive energy loss d istribution 
of electrons in the lead glass calorimeter. A selection for p rom pt electrons with 
m om entum  greater than 2 GeV /c, has already been developed  in OPAL for the 
region | m s 0 |  <  0.7 (barrel selection) [22). Here a set o f  selection criteria for 
p rom pt electrons in the region 0.815 <  | r o s 0 | <  0.91 (endcap selection) is 
presented. T he barrel selection, which will be used with the endcap  selection in 
the m easurem ent of the forw ard-backw ard asym m etry  for b quarks, is sum m arised 
in section 5.4.

5.3 Endcap Electron Identification

5.3.1 (I FJ<\x
As a charged particle traverses any material it loses energy  to ionisation o f  the 
surrounding  material according to the Bethe-B loch form ula

2 2 z
(Lr x / ,  , z

(5 .1)
with

•  r,, : e lass 'cal e isctron radius = ‘2.817 x 10- l i  cm

•  in,  : electron m ass

•  N„ : A vagadro ’s num ber

•  / :  m ean ionisation potential o f  the medium

•  Z  : A tom ic num ber o f  the m edium  

A : A tom ic w eight o f  the medium 

l>: density  o f  the medium

•  r  : charge o f  the incident particle (units o f  e)

•  II max : The m axim um  possible kinetic energy transfer 

o J  : t ' / c  m agnitude o f  the particle velocity in units o f  the speed o f  light

•  7 :  r-

•  C  : “ shell correction  ”

O
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F ig u re  5.1: The m easured  dE /dx in m u ltihadron ic  even ts in O P A L (D am  1451). 
T h e  exp ec ted  bands corresponding  to various particles are show n. N o te  that fo r  
m o m en ta  greater than 2 G eV /c  ail particles have a m ean dE/dx b e low  that o f  
electrons.

•  8 : “ density  correction

It is im portan t to note that the energy loss to ionisation for a given m edium  is only  
a function o f  the charge and m agnitude o f  the velocity  o f  the incident particle. 
F igu re  5.1 show s the m easured dE /dx  in the O PA L  jet cham ber for many tracks 
in m ultihadron ic  events. T he  bands corresponding  to different mass particles are 
evident.

The va lue  o f  dE /d x  in a m edium  exhibits  a p lateau at large partic le velocities. 
T h is  Fermi plateau [46, 47] is due to dielectric effects and therefore depends on 
the density  o f  the m edium . Electrons with p  > 2 G e V /r  are highly relativislic and 
thus are a lready  at the Fermi plateau. F igure 5.2 shows the m easured dE /dx  for 
s ing le  e lectron events  with p >  2 G eV /c  in the range 0.816 <"■ |co s f l |  ^  ().!)l. T he 
m ean  d E /d x  for these electrons is 10.1 keV/cm.
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Fluctuations, clue to experim ental resolution, may cause particles o ther than 
e lec trons to be m easured with the electron clE/di value; conversely  electrons may 
be m easured  to have a low d£/cLv value. Also, at higher m om enta, other particles 
approach  the plateau d£/cLv value. It is thus im portant to have a m easure of how 
consisten t a d £ /d v  m easurem ent is with that o f  an electron. For this m easure it is 
necessary  to know  the experim ental resolution of the dE/dv m easurement.

T he resolution for d £ /d v  m easurem ents  depends on many param eters , such 
as the gas pressure, the sam ple length, the num ber o f  samples and the electronic 
n o is e f4 8 ,4 9 ) .  T he O PA L je t  cham ber has 159 signal wires and thus it is convenient 
to param eterise  the d £ / d r  resolution as

with ov.!) the resolution obtained when 159 d£ /dv  samples (-V,.im,,) are used in the 
d£/cLt determ ination . T he 0.43 pow er is due to the work of Walenta |5 0 | .  For 
s ingle elec trons in the range 0.815 < j cos <7| < 0.01, rrir,,, is found to be 2.7% 
(F igure  5.3). It should be noted that in the angular range 0.815 • | cos 0 \ • 0.91 
159 sam ples  canno t be obtained. T he resolution is staled in this m anner so all 
reg ions o f  the detec to r can be described by the sam e expression, with only n lvl 
chang ing .

T he  n u m b er  o f  standard deviations a m easurem ent lies away from the expected 
elec tron  d£/clv is used as the d iscrim inating  variable.

T h e  expected  d£/cLr for electrons was taken to be the 10.1 keV /cm  m easured from 
single e lectron events.

F igure  5.1 shows that, for m om enta  greater than 2 G eV /r ,  all particles have a 
m ean  d£/cLr value less than or equal to that of  electrons. Thus electrons candidates 
w ere  required  to satisfy:

F igure  5.3 show s that, for single electrons, the distribution is a gaussian
w ith  m ean  o f  approx im ate ly  zero and unit width, suggesting an efficiency of 
app rox im ate ly  97.7%. T he actual efficiency of this requirem ent will be discussed 
in section 6 . 1 .

A requ irem ent on the num ber o f dE/cLt samples was imposed in order to avoid 
tracks that had a poorly  m easured d£/djt  value due to a small num ber of samples

(5.2)

( d K / d x ) „ , r ' f L K i i m l (d£ /dv  ..... .

roiio/.u
(5.3)

with

f l V i K A i x  =  ( d F / d x )

(5.4)
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used in the d£/clv determination. Electron candidates were required to satisfy:

‘Vsiunp > 21). (5.5)

Besides the above requirem ent, the num ber of dE/tLv samples was also required to 
satisfy :

N u m b er  o f  space points used in the CJ track r <;> lit

O n ly  space points that are used to determ ine the track in r -■ <:> in CJ may be used 
for the d E /d x  determ ination . d E /dx  samples may be discarded due to nearby tracks 
o r because  the candida te  track passes too closed to a signal wire. A requirem ent 
on the fraction o f  CJ r  -  ^  samples used imposes a form o f  isolation criterion and 
serves to m ake the efficiency for the /Vsimi|) requirem ent less dependent on | m s  ()\.

5.3.2 Calorim etric C riteria

Electrons that en te r  the lead glass ca lorim eter lose energy through repeated p ro ­
cesses o f  brem sstrah lung  and pair production from the resulting photons (e lec tro ­
m agnetic  show er).  This e lec trom agnetic  process creates a localised energy deposit 
with a d is tinc tive  longitudinal and transverse distribution.

T he  EE  represents  approxim ate ly  22.Y() of absorber and therefore, for a very 
large fraction o f  e lec trons with I f  <  50 G eV /r ,  all o f  the energy will be deposited 
in the e lec trom agnetic  calorimeter. M uons do not initiate e lec trom agnetic  showers 
due  to the low er brem sstrah lung  cross section and therefore leave very little energy 
deposit  in the ca lo r im ete r  ( «  300 MeV). H adrons interact in the ca lor im eter mainly 
through nuclear interactions. These interactions tend to produce m any low energy 
particles that escape detection by the lead glass. Hadronic show ers also lend to 
have m uch  larger longitudinal and transverse d im ensions than electrom agnetic  
show ers  [511. T h e  scale o f  hadronic showers is the nuclear interaction length and 
E E  is app rox im ate ly  2 interaction lengths thick.

T he above factors m ake it possible to identify electrons with the e lec trom ag­
netic ca lo r im e te r  through the d istinctive shower shape and the ratio of the energy 
m easured  in the ca lor im eter to the m om entum  m easured in the central detector. 
F igure 5.4 show s the ratio of m easured cluster energies to central track m om enta  
(E.-iuhI p ) d is tributions for electrons from single electron events, pions (selected 
opposite  s igned pairs o f  tracks that have a mass consistent with that o f  a K° |5 2 |)  
and m uons  from  o+o_ —» Z° —> ; /+ / r  events. T hree  calorim etric  variables were 
considered  in selecting prom pt electrons: I f /p  , (J-mateh and N \,\^ .
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5.3.2.1 E / p

In a m ultihadronic event, e lec trom agnetic  clusters are rarely created in isolation. 
A cco m p an y in g  particles may increase the m easured cluster energy. Conversely, an 
energy  deposit  may be split into more than one cluster due to neighbouring  energy 
deposits . A corrected energy was calculated, which exploits the expected shape 
o f  e lec trom agnetic  showers, to reduce these effects on the energy m easurem ent.

T he  corrected  energy associated to a track was calculated by first finding the 
b lock  in EE  within which the track traversed its first four radiation lengths ( ~  
10 cm ). T h is  avoided problem s arising from tracks extrapolated  to the edge o f  
a block. T h is  block is termed the “centre blocK”, and two rings of blocks were 
fo rm ed  around  the centre block. O ne contained the eight “ touching” bd.cks and 
one the sixteen “ next-to -touch ing” blocks (Figure 5.5).

As an a ttem pt to rem ove any overlapping  energy in the inner ring o f  blocks, 
a subtrac tion  was perform ed as follows. T he average of the eleven blocks in 
the ou ter ring , that were not in the d irection o f  the ex trapolated  track (in the .r // 
p lane),  w as calculated. N ot all sixteen “ next-to-touching” blocks were used in 
ca lcu la ting  this average to reduce the effects o f  track mis-extrapola tions. A lthough 
no e lectron energy was expected in any of the “ next-to -touch ing” blocks, the live 
b locks in the  d irection of the track were the m ost likely to be affected by any track 
misextrapolations. S ince there is a small am ount o f  noise in the EE electronics, 
a b lock had to have registered an energy deposit  o f  more than 20 MeV to be 
considered  in the average. This ave tage energy w as then subtracted from the 
cen tre  and eight touching blocks If this subtraction made the energy in a block 
negative, the block energy was set to zero. The resulting energy in these nine 
in n e r  blocks was then sum m ed and scaled by the ratio o f  the c luster energy  to the 
raw  cluster energy. This scaling took into account the average energy lost by an 
electron before  en ter ing  the EE. It is this corrected energy that was associated to 
the track to form the ratio E / p  . Hereafter, E  will denote  this corrected energy.

The subtraction o f  the ou ter ring energy accom plished two things. First, since 
there  is no electron energy  expected  in this ring, it was an attem pt to remove any 
over lapp ing  activity affecting the energy m easurem ent. Secondly, and perhaps 
m o re  importantly, this subtraction tended to reduce the energy  m easured for pi- 
ons. This reduction  o f  the m easured pion energy had the effect of reducing the 
background  to the electron signal in the region of interest. Figure 5.6 com pares  
the corrected  energy to m om entum  ratio with the c luster energy  and /; for pions 
identified as orig inating from K° decays.

E lectron candidates were required to satisfy:

().!s E /p  1.2. (5.7)

F igure  5.7 shows the m easured E /p  vs. | cos ()\ for single electron events  in four 
bins of  m om en tum . T he angular  range ().Nl.r> |< o s7 |  ().*> 1 was chosen for the
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Figure 5.5: T he g eo m e try  used  fo r  the coiTected energy. The track im pact p o in t  
is d eno ted  b y  «, w ith a m o m en tu m  vector in the .r-;j plane as show n. C  denotes  
the centre b lock. B lo ck s  deno ted  T a re  the " to u ch in g ” b lo cks and N T  deno tes the  
"n ex t-to -to u ch in g ” b locks used  in the background calculation.

selection since em pirically  it was found to be free o f  large systematic effects in 
the I t / p  resolution.

S.3 .2 .2  tf-Malch

T he blocks o f  the EE are aligned parallel to the c axis. E lectrons from the 
centre of the detector that en ter  the EE, on average, have three b locks in their 
d irect path in r  -  e. This non-pro jecting  geom etry  can be used to provide a 
c rude longitudinal show er sampling. F igure 5.8 shows that longitudinal show er 
sam p h n g  is a potential selector of electrons over pions.

A n y  energy  deposit in the EE will have a reconstructed centre o f  gravity  in 
0 m oved  aw ay from the track impact point, due to the non-pro jecting  geom etry  
(F igure 5.9). This deviation is corrected on a cluster by cluster basis assum ing 
that the deposition is due to an electron. '.  This correction yields a d ifference 
l^tinrk -  flriuNi.-rl very close to zero for electrons, while hadrons have a m uch  broader

1 A t | i-osfl| =  O.Sfi the  m a g n i tu d e  o f  this co r rec t io n  is a p p ro x im a te ly  20  m rad .
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p (G c V / r ) 1 2 3 4

2 4 (88.2 ±  3 .8 )% (88.2 ± 3 . 8 ) % , (88.5 ± 4 . 0 ) % (8 7 .7  ± 3 . 9 ) % ,

4 6 (80.8 ± 4 . 5 ] % ( 8 0 7  ±  4 .1 )% (8 0 .0  ± 4 . 7 ) % (79.1 ± 4 . 0 ) %
6 10 (80.4 ±  3 .0 )% (86.1 ±  3 . 0 ) % (87.4 ±  3 .3 )% (85.7  ±  3 . 2 ) %

above  10 (!) 1.7 ±  2 . 3 )% (90.7 ± 2 . 7 ) % (90.2 ± 4 . 7 ) % (9 0 .7  ±  3.9)%,

Tabic 6 .8 : T he e ffic ien cy  fo r  a p  o m p 1 electron with p r  >  1.0 G eV /c  to  sat­
is fy  the requirem ent |<V(ll|< -  0..|„st(.r j - <s mrad. The results o f  m a n y  fits  are 
sh o w n  to  illustrate the agreem ent am ong  the various fitting  m ethods. C o lu m n  I 
is the e ffic ien cy  calculated w ith  background shape determ ined  b y  the selec tion  
/V't,ik/,jx 2.5, but w ith the g  in Equation 6.1 fixed  at 2. C o lum n 2  was calcu­
lated w ith  <i in Equation 6 .1 lixed  at 2 and the background  shape d e term in ed  by  
the selec tion  A'mno/.ix <  - 3 .5 .  C olum n 3 is the e ffic ien cy  obta ined  from  fitting  
the /Vrr,ii,/,ix distribu tion  w ith a background shape determ ined  b y  the selec tion  
0 . 1 ' E /p  <  0.0. Finally  co lum n 4 is again a lit to the  /V<t,ik/,ix. but w ith  >he 
background  shape determ ined  b y  the selection  0.1 <  E /p  <  0.-1, These values  
sh o u ld  be com pared  to co lum n I o f  Table 6.1.

6.1.4 iVi.iî  Efficiency

The efficiency for a prom pt electron to satisfy the requirem ent on the n u m b er  of 
b locks in the reconstructed cluster,

ATlks <  16,

was determ ined  similarly to the efficiency for the 0-match requirem ent.  The 
E /p  and /Vrr,iK/.ix d istributions were lit as in section 6.1.3. T he /Vi,^ efficiency 
was determ ined  with all o f  the other electron selection requirem ents applied. 
F igures 6 .8  and 6.9 show the E /p  d istributions, without the ATik* requirem ent 
applied and the resulting background norm alisations for transverse m om entum  
cuts o f  p r > 1.0 G e V /r  a n d /;■/• > 0.8 GeV/c respecti /e ly .  Table 6.9 show s the 
efficiencies for the A^n,* requirem ent determ ined  as the ratio o f  the n u m b er  of 
p io m p t electrons above the predicted background with and w ithout the ATiks re­
q u irem ent applied. As expected from the single electrons, (F igures 5.11 and 5.12), 
the efficiency for low energy electrons is very high, w hile  there is som e loss of  
efficiency at higher m om enta.

As for the 0-match efficiency, Table 6.10 com pares  the efficiency ob ­
tained using various A’it(ik/ (|X requirem ents to determ ine the background  shape 
and the efficiency obtained from fitting the .Vrr.iK/.ix distribution. These various 
determ inations of the efficiency are in good agreement.



85

t/3M

8
o
<-(U

, Ds
3
C

V J

o3
b

1)XZ
E
3
C

20
17.5 

15

12.5 

10

7.5

5

2.5 

0

;a)

1.5
E /p

24

20

16

12

8

4

J&MLiJ
1.5 2

0
0 0.5 1

16

in 14
X iU

r o 12
b

<+-< 1 C

o
t-c 8

X 5

s
6

c 4

2

0

10

35
in

30
U
6  25 

O  20
t-4J

X) 15s
3  10c.

5

0

(b)

M & M L , J#'
0.5

(d)

it.

1.5 2
E /p

E /p

fl tt TI u
i  J S i n i  f l j  J i i «  J d tJ ' j ,  

.5

E /p

th JVrt 'dUUwiT
0.5 1 1.5 2

Figure  6 .8 : T h e E /p  d istribu tions t'o n ill candidates w ith p r - 1.0 G eV /c in the  
endcap  acceptance w ith  all die electron selec tion  criteria applied  excep t the E /p  
arid NbUit requ irem ents, (a) is the d istribu tion  for the m o m en tu m  bin o f  2 4 (le  V/c, 
w h ile  (b), (c) and (d) correspond to the m o m en tu m  bins o f  4  6 Ge V/c, 6  10 G c V/c 
and  above 10 G eV /c  respectively . T he shaded ureas arc the pred icted  background  
shapes ob ta ined  w ith  the selec tion  N n ,Wj tH < 2 .6 , the norm alisations w ere
d e term in ed  b y  the fit. The signa l region is 0 .8  ^  E /p  1.2 .



86

32

</) 28
CJ 24
b

'4-. 20
O
u, 16
<U

•2 12
3
C 8

4

0

(n)

. t i
3 0.5 1

.t

1.5
E /p

24

Yi 20

b  16
*4“*o

12l)x>
£ 8

4

0
0.50 1 1.5 2

E /p

o
§

<4-1o
u,<ux>
E
3
C

32

28

24

20

16

,'2

8

4

0

50

b  30
<4-

1.5 2
0

0.5 10
/<;//;

F igure 6.9: The I s /p  d istribu tions fo r  all candidates w ith  p r  >  0 .8  G eV /c  in the 
endcap acceptance w ith tdl the electron selection  criteria applied  excep t the E /p  
and  /ViiikH requirem ents, (a) is the d istribution  tor the m o m e n tu m  bin o f  2 -4  G eV /c , 
w hile  (b), (c) and (d) correspond to the  m om entum  bins o f  4 -6  G eV /c , 6 -1 0  G eV /c  
and above 10 G eV /c  respectively. T he shaded areas are the p red ic ted  background  
shapes ob ta ined  w ith  the selection  NrrlK/,ix <  - 2 . 5 ,  the norm alisa tions w ere  
determ ined  from  the fit. T he signal region is 0 .8  <  E /p  <  1.2 .
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p  (GeV/c) p r > I .O G eV /e p r ■> 0 .8  G eV /c

2 -4 " ” ( 1 0 0  :t 1 .91% .... ( i'do i l . l ) %
4—6 ( 1 0 0  ±  1.8 )% ( 1 0 0  t l . l ) %
6 - 1 0 (98.5 ±  1.8)% (9(5.7 1 1.7)%
above 10 (9:5.7 ±  2 .5)% (9:5.9 1 :i.0)%

Table 6.9: T h e  e ffic ien cy  fo r  a p ro m p t electron in the repion U .Sib  * |<-os0j • 
0.91 to sa tis fy  the requ irem ent < 1 (i after all other electron selec tion  criteria 
have  been applied. T h is  e ffic ien cy  is determ ined  from  the E /p  distribution as 
described  in the text.

It m ight be possible  that the Arj,n,s anti 0-mutch requirem ents are co r re la ted  
F or  exam ple , clusters widi m any  blocks may be systematically displaced from 
candida te  tracks in 0. The com bined  efficiency of the two requirem ents was 
obtained using the sam e m ethod as for the two individual efficiencies to test for 
such correlations. Table 6 .11 com pares  the efficiency determ ined for the com bined 
/V|,ii<H and 0-m atch requirem ents ,  to the product o f  the individual efficiencies. No 
significant system atic  trend is suggested. The efficiencies for the com bined  ,\'i,nls 
and 0 -m atch requ irem ents  obtai m this m anner are not used, as the num ber of 
hadrons misidentified as electrons is very large when both of these requirem ents 
are rem oved. It is possible that such a large am ount o f  hadronic background could 
affect the efficiency determ ination .

6.1.5 E / p  Efficiency

T h e  efficiency for a p ro m p t  electron to satisfy the requirem ent

O.h <  1C I p  <  1.2

w as determ ined  using a com bination  o f  the single electron and inclusive muon 
data. It was not possib le  to de term ine  the efficiency o f  the E /p  requirem ent 
from  the single electrons, as these electrons are isolated and thus any effect due 
to the m ultihadronic  en v iro n m en t could not be assessed. Prom pt m uons originate 
from  the sam e sources as prom pt electrons and therefore should have the same 
su rround ing  activity, h ow ever  m uons interact very differently  to electrons in the 
electrom agi ;tic calorimeter. A  com bination of the single electrons and inclusive 
m uons provided  a sam ple  that had the same surrounding  activity and the sam e 
elec trom agnetic  show er properties as p rom pt electrons. T he surrounding activity 
can cause E /p  to be m ism easured due to additional energy deposited  near the 
e lectron in the calorimeter.



88

p (GeV/c) 1 2 3 4

2 4 ( 1 0 0 -1: 1 .0 )% ( 100  ±  2.0) / ( 100  ± 1.0 )% ( 1 0 0 ±  1.8 )%

4 6 (100  ±  1.8 )% ( 1 0 0 ±  1.8 )% ( 1 0 0  ±  1.0 )% ( 1 0 0 ±  1.9)%

6  10 (08.5 ±  1.3)% (98.6 ±  1/1)% (98.0 ±  1.9)% (08.0 ±  1.9)%

above  10 ( 9 1 3  ±  2.5)%, (03.9 ± 2 4 ) % (03.0 ± 3 .0 )% (0-1.3 ± 3 . 0 ) %

Tabic 6 .10: T he e ffic ien cy  fo r  a p ro m p t electron w ith p r  >  1.0 G eV /c  to  sa tis fy  
the  /V|,n(H '  16 requirem ent. The results o f  m a n y  fits  are sh o w n  to illustrate  
the agreem ent am ong  the various fitting  m ethods. C olum n I is the e ffic ien cy  
calculated w ith  a background shape determ ined  by the requirem ent <

2,5, but w ith  <i in Equation 6.1 fixed  at 2. C o lum n 2 was ca lculated  w ith  the </ 
fixed  at 2 and a background  shape de term ined  w ith  the selection  <  -11.5.
C olum n  3 is the e ffic ien cy  obtained from  f t t in g  the N o ,n.;/,|x d istribu tion  w ith a 
background shape obta ined  w ith the selection  0.1 <  E / p  < 0.6. F inally co lum n  
4 is again a fit to the N o ,h.:/,Ix, but w ith  the background  shape de term ined  b y  
0 ! «" E /p  • 0 . 1  G ood  agreem ent is seen betw een  the e ffic ien cy  ca lcu la ted  in 
co lu m n  I o f  Table 6.9.

T he E /p  efficiency was determ ined  by com bin ing  the E E  block energies 
from inclusive muon and single electron events  to determ ine an E /p  value for 
a “ pseudo-candidate” . T he m uon and electron were required to be in the same 
m om entum  bin and at the sam e end o f  the detector in e. In form ing  E / p  , the 
m om entum  o f  the single electron was used, while the p r  o f  the m uon w as used in 
form ing the pseudo-candidate. T he energy o f  the pseudo-candidate  w as formed 
by adding the block energies associated with the inclusive m uon  to those of the 
single electron. In determ in ing  the energy to be used in E /p  the energy deposited  
in the inner ring of nine blocks used to form E  (Section 5.3.2.1, Figure 5.5), by 
the muon, was subtracted.

p  (GeV /c) product com bined  lit
2 -4 (88.7 ±  3.1)% (8 8 . 8  ±  2.9)%
4 - 6 ( 8 1 9  ±  3.0)% (80.7 ±  3.9)%
6 - 1 0 (81,1 ± 3 . 1 ) % (7 1 3  ±  3.2)%
above 10 (86.7 ± 1 1 ) % (81.1 ± 4 .2 ) %

Tabie 6 .11: A  com parison  o f  the p roduct o f  the Nuiu* and  0 -m atch  e ffic iencies and  
a de term ina tion  o f  the co m b in ed  e ffic ien cy  f o r p r >  0 . 8  G eV /c . N o  sign ifican t 
correlation is suggested .
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The expected  m uon energy deposit in the inner ring o f  nine b locks was d e ­
term ined using n +fi~ events. The even ts  were selected as in 11ft] with further 
requ irem ents  imposed on the tracks. To be accepted a m uon 'rack had to have a 
m om en tum  less than 30 G c V /r  and the tw o tracks in the event were required to be 
m o re  than 2° from collinear. T h e  requirem ent on the acollinearity ensured that the 
radiated photon  in the event was well rem oved from the m uon track. Figure ft. 10 
show s the raw  energy  deposited  in the nine inner blocks for m uons selected ii' 
th is manner. The m ean energy  deposit is approxim ately  300 MeV, therefore in 
the single e lec tro n -m u o n  sum, 300 M eV  was subtracted to account for the m uon 
energy.

Table 6 .12 show s the efficiency obtained from this m ethod fora prom pt electron 
to satisFy the E j p  requirem ent for p r > 1.0 G eV /c  a n d />,■ • O.s GeV/c. The 
efficiency in the 2 - 4  G e V /r  m om en tum  bin was determ ined by averaging the 
efficiencies o f  the three o ther m om en tum  bins The efficiency for the lowest 
m o m en tu m  bin was evaluated  in this m an n er  since, in this m om entum  region, the 
inclusive m uon  sam ple and single electron samples have larger contam ination than 
fo r  larger m om enta .  The average  appears justified as the efficiency of the E j p  
requ irem en t appears constant over  the three higher m om entum  bins. Figure ft. 11 
show s the E / p  d istributions for the pseudo-candidates for me case of p ,  ■ 
0 . 8  G eV /c. G ood  general agreem ent with the shape of the E j p  d istribution in 
F igure  6.3 is seen.

p  (G eV 'c) p r  >  1.0 C e V / r

2 - 4 (7 7 4  i  1.2)%
4 - 6 (79.7 ±  1.7)%
6 - 1 0 (78.2 ±  3.9)%
above 10 (7 1.2 ±  .1.0)%

p./- I).<8 G eV /r

"(7f)"7 1 :U>)% 
(77.3 1
(7 1 .8  ! : { . ! )% 

(7.7.1) i .17)%

Table 6 .12: The e ffic ien cy  fa r  n p ro m p t electron in the region  0 . 8 1.7 - | cos t)\ ■ 
0.91 to  sa tis fy  the requ irem en t 0 . 8  E / p  *' 1.2 , determ ined  us described  in the 
text.

As a check  on the consistency o f  the efficiency evaluated in this manner. 
Table 6.13 shows the efficiency determ ined  using inclusive muon sam ples selected 
with  m ore  s tr ingent requirem ents  on \ There is no sugge.Mir . o f  a significant 
variation o f  the efficiency.
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described  in the text. T he  average rau> energy deposit is a p p ro xim a te ly  3 0 0  M eV.
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ing  the  sing le  electron  and m u o n  d'.ta for the case o f  p r  > II.s G eV /c . (a) is fo r  
the m o m e n tu m  bin 2 -4  G eV /c  and is no t used to  calculate the efficiency, (b) is fo r  
the m o m e n tu m  bin 4 - 6  G eV /c . (c) is fo r  the m o m en tu m  bin 6 10 GcV/< and (d) 
is fo t  m om en ta  greater than 10 G eV /c.
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p  (GeV/ c)  

4 - 6
r> io ....I    . . „ ..................... - . .[ abvive 10

 V -
(7‘).r,

2 .0 v I 5

± ■1 7)% (nlJ.f) ±  5 .7)%
± 3.!))% (70.7 ± 5 . 0 ) %
± 1.7)% (75.0 ± 5 . 3 ) %

Iable 6.13: The e ffic ien cy  fo r  a pseudo-candidate to sa tis fy  the requirem ent 
0.8 f i j p  < 1.2, fo r  p r  ^  1.0 G eV /c  determ ined  using purer in c lu sive  m u o n  
sam ples. G ood  agreem ent is seen w ith C olum n 1 o f  Table 6.12. N o te  that the 
e ffic ien cy  fo r  the 2 -4 G eV /c  m o m en tu m  bin is no t g iven  in tins table as it is not 
d eterm ined  d irectly  from  the data.

6.1.6 Â rr(||.:/(|X Efficiency

T he  single electron sam ple was used to establish the efficiency o f  the Nrr, ^ / , | x 
requirem ent. The fraction of all single electrons that satisfied the requ irem ent

^<t,ii.;/,ix >  - 2 .0

was determ ined T he  efficiency determ ined  in this w a;  was (07.67 ±  0.16)% , 
taken to be valid for all transverse m om enta.

The prom pt electron data ihem selves were used as a check  on this efficiency 
determ ination. Using the fit to the background fraction, the am oun t o f  signal above 
the predicted background was determ ined  for the range - 5 . 0  <  N <  5.0. 
T he  fra''ti m of this signal that fell above Ncr,u.;/(|X >  - 2 . 0  was calculated for 
the four m om entum  ranges. Table 6 . >4 shows the efficiency determ ined  with 
this method for p T >  1.0 G eV /i \  T he efficiency determ ined  in this w ay  is 
system atically  lower than the (1)7.7 ±  0 .2 )% determ ined  from the single electrons. 
The efficiency determ ined  this way could suffer from system atic  problem s. It 
relies on the signal actually being described by a gaussian and that the /V|,ii,s, 
0*match nd I' lfp efficiencies are independent of  the /Vrnm/.ix efficiency. S ince it 
is not clear if this is a real loss in efficiency, an additional system atic  error o f  5% 
was added to the overall e r ro r  o.. the efficiency of the *Vrr(n.:/(|x requirem ent. This 
e rro r covers the m axim um  difference between the tw o  determ inations indicated in 
any m om entum  bin. T herefore  die efficiency for a prom pt electron to satisfy the 
' /rTiiK/<ix requ irem ent is (1)7.7 ±  5.2)%.

6.1.7 Total Selection Efficiency

T he selection efficiency for prom pt electrons in the range 0.815 <  | r o s 0 )  <  0.91 is 
the product o f  the efficiencies determ ined  aoove. Table 6.15 presents the efficiency
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p  G e V /r •^liK /ax efficiency
2 -4 (90.0 ±  2,2)%.
4 -6 (S9.2 4 3 ,0)%

' f i l l ) (90.8 ±  2 . 1)%
above 10 (91.6 { 1.0)%

Table 6.14: The e ffic ien cy  o f  the .Vrr,n.:/(K requirem ent, fo r  p  r - 1.0 G eV /c , ns 
determ in ed  fro m  the NcraE/a* distribu tion  us described  in the text. T h L  e ffic ien cy  
is sys tem a tica lly  lo w er than the  ( 9 7 . 7  ±  0 . 2 ) %  exp ected  from  the single electron  
sam ple.

for a p rom pt electron to satisfy the com bined  requirem ents

CJ endpoin t used in track lit

TVHiimp  ̂ 21)
  ____ _______   ̂ (\ r
N’um ber ol hits’usetT in the CJ r  <j> (It ‘ "

Struck ^cliisli'i'l * S mi ad

'Vi.iu 10 

'V'T.w/.ix • 2 .0

O. S  <  1< : / p  ■ 1 . 2

T he efficiency for a prom pt electron to satisfy the track quality, k inem atic and 
geom etry  requ irem ents  will be discussed in Section 6.3.

p ,  * 1.0 ( JeV /r  

( 6 2 . 9  1 6 3 ) %

( 1 7  1 ! 6 . 2 ) %

( 1 6 . 2  i 1 . 0 ) %

 ( 4 1 1  i 4 . 0 ) %

p  G e V /r p r  > O.S G e V /r

2 - 4 (60 .S ±  4 .4)%  
“ (47.2 ± 1 1 ] %4 - 6

6 - 1 0 (40.7 ±  3 .6)%
above 10 (44.4 ±  4 .0 )%

Table 6.15: T he ef f i ci ency fo r  a p rom pt electron to  sat i sfy the selection criteria in 
the angular range  O.S 16  <  | r o s ( J |  < (I.!) I fo r  tw o  transverse m o m en tu m  regions.
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6.2 Misidentification Fraction Determination
The E / p  fit, wirh all the electron selection requirem ents applied, used to establish 
the efficiencies, also determ ined  the num ber o f  hadronic r a c k s  expected in the 
sam ple for each m om entum  bin. T ab 'e  6.16 show s the num ber o f  prom pt electron 
candidates expected  to be hadrons misidentified as electrons for the angular  region 
0.815 -r' | c o s l)\ <: ().!)l and Table 6.17 shows the num ber o f  p rom pt electron 
candidates found in each m om entum  bin. Thus, for the endcap  selection, with 
p r  > O.S G eV /c. ( 2 .6 ± 0 .4 )%  o f  the sam ple isexpec ted  to be hadrons misidentified 
as e 'ec trons, while for p r  >  1.0 (2.-1 ±  ti.'.l)0/  hadron contam ination  is expected.

p  G e V /r  

2 -4  
4- 6 

6 - 1 0

p r  > 0 .8  GeV/c p T > 1 . 0  G eV /c

(0.18 ±  0.27) (0.14 ± 0 . 1 4 )
(1.61 ±  O.-i'M (0.58 ±  0 .2 1 )
(6.84 ±  0 .15) (.{.60 ±  0.50)

above 10 (7.07 ± 0 . 6 6 ) (6 .54 ±  0.50)

Table 6 . 16: T he  n u m b er  o f  the p ro m p t electron candidates exp ec ted  to be hadrons  
m tsid en tilied  as  electrons for the endcap  selection.

p  G eV /c p T >  0.8 G eV /c p T > 1.0 GeV/c

2 -4 115 65
4 -6 98 6 8

6 - 1 0 187 146
above 10 229 182

Table 6.17: T h e n u m b er o f  the p ro m p t electron candidates fo u n d  fo r  each m o m e n ­
tum  bin  for the endcap selection.

T h e  sam e fitting technique was used to establish the misidentification rate 
for the barrel selection. T he E t.,„iv/j)  distribution, with all the o ther electron 
selection criteria  applied, was fit as fo r  the e n d ra p  selection. F igure 6.12 ..hows 
the background normalisations obtained for p r  >  0.8 G eV /c  and Table 6.18 gives 
the expected  misidentification percentages for the barrel selection in the four 
m om entum  bins.

T hree  d ifferent fits were used to assess possible systematic effects in the 
determ inations o f  the misidentification fractions from the E jp  and E rom./p  fits; 
the standard E / n  fit with </ in Equation 6.1 allowed to float free, the E /p  fit with
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Figure 6.12: T he background  norm alisa tions used to  establish the fraction o f  the 
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p  G e V /r p r  > 0 .8  G eV /c p T > 1.0 G eV /c

2 - 4 (0.5 ± 0 . 1)% (0 .8  ± 0 . 1)%
4 -6 (2.1 ± 0 . 1)% ( 1.2 ± 0 . 1)%
6 - 1 0 ( ± 1  ± 0 . 1)% (2 .8  ± 0 . 1)%
above 10 (7.8 ±  0.8)% (0.4 ± 0 .2 )%

Tablr. 6.18: The percentage o f  the p ro m p t electron signal that is exp ec ted  to  be 
hadrons m isid en tified  as electrons fo r  the barrel selection.

<j fixed at 2 and the Nrr(U.ytjx fit. T he N a ^ y ,,x fit is alm ost independent o f  the o ther 
two. Table 6.19 shows the total misidentification fractions determ ined  from these 
three fits for the endcap  selection. The three background fractions agree within 
the fit errors for the endcap  lection.

............... l i j p  (j free E Ip  g  fixed at 2

Endcap selection (2 .0  ± 0 .8 )% (8.1 ± 0 .8 )% (4.8 ±  1.4)%
Barrel selection (8 .8  ± 0 . 1)% (4.2 ± 0 . 1 ) % (8.0  ±  0 .8 )%

Table 6.19: The g loba l hadron m isidentifica tion  rates fo r  the endcap and barrel 
electron selections, fo r p T >  O.S G eV /c , determ ined  in three d iffe ren t ways. There 
is ev id en ce  fo r  a system a tic  in the barrel determ ination.

Table 6 .19 shows the misidentification fractions determ ined from  the three 
fits for the barrel selection. T here is a possibility o f  a d isagreem ent between the 
/Vonc/p determ inations using different descriptions o f  the pignal functional form. 
T he  misidentification fraction from the /V<r(|ic/ ix determ ination agrees well with 
the E /p  fit w ith <y allowed to be determ ined  by the fit, how ever when the signal is 
described as a gaussian a slight d isagreem ent is suggested. The E rmwJ p  signal is 
not expected *o be gaussian, how ever the errors from  all the fits were increased by 
50%  to account for the possible bias. T he result o f  the Er,m<-/p fit with <j a llow ed 
to float in the fit, is used to determ ine the background fraction.

The total fraction o f  hadrons misidentified as electrons in the sam ple for 
p T >  0.8 G eV /c  is ( 8 .8  ±  0 .2)%  for the barrel selection and (2.0 ±  0 .8)%  for the 
endcap  selection.

It will be essential to know  the variation o f  the background fraction with 
|cok ^thrust I for the A|)h determ ination. The E t.,„w/ p distribution was fit in three bins 
o f  |cos fltimisil to determ ine this variation for the barrel selection. Table 6.20 show s 
the background fraction for the barrel selection in the three bins o f  | c o s 0 t |mist|.
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T he * was only enough  data in the last |u>s tf,|irils(| bin (0.7 ^  |* i)s (7,I(IUftt| v 
0.9) to fit the misidentification fraction for the endcap selection reliably. The 
decreasing misidentification fraction with increasing |c o s  is mainly due to
the im proving  d£/<±v separation with | t v s  01.

| COS  | Barrel selection Endcap selection

0 -0 .2 5 (4..35 ±  0.28)% -

0 .2 5 -0 .7 (3.63 ± 0 .1 9 ) % -
0 .7 -0 .9 (2.14 ± 0 . 3 2 ) % (2.1 ' ± 0 .5 5 ) %

Table 6.20: The variation o f  the  hadronic contam ination  o f  the prom pt electron 
signal w ith  | r o s  0 ti,rilsl|, fo r p r  >  O.S GeV/c. The endcap selection  provides on ly  
enough data in the last | c o k 0 , i , | bin to determ ine reliab ly the m isidentifica tion  
fraction.

6.3 Kinematic and Geometric Efficiencies
In ca lculating abso lu te  or ic .u tive p rom pt electron rates it is necessary to know 
the efficiency for an electron from a prom pt source to satisfy certain kinematic 
and  geom etr ic  requirem ents.  T hese  efficiencies were calculated  using simulated 
data  (M onte  Carlo). T he data  were simulated using the JE T S E T  7.3 [3 2 J event 
generator and a p rogram  to sim ulate the response o f  the OPAL detector (5 5 1. 
Specifically, JE T S E T  was used to generate simulated Z" decays and to fragm ent 
the quarks into hadrons.

T he Peterson fragm entation  scheme! 34| was used for the fragm entation p ro ­
cess. T h e  param eter  ( h was 0 .0035, corresponding  to =  0.72 a m i / ,  0.024 
correspond ing  to (./■/j ) r =  0.5:5. These fragm entation param eters  are the OPAL 
m easured  values [18] given in Section 2.3. T he  sensitivity of the efficiencies 
calculated  with the above fragm entation param eters  was assessed by recalcu­
lating all efficiencies using a range o f  choices of  /,,. T he range used for / 1, 
was 0.009 <  /|, <  0.0005, which corresponds to a variation o f  (./■ /.; )i, between 
0.68 and 0.76. For charm quark  fragm entation the correspond ing  range was 
0.09 <  t c < 0 .00a, o r  0.48 <  (./•/.;),■ <  0.59. This  range of fragm entation pa­
ram eters  covers  the range of the LEP m easurem ents  o f  and (./■/■;), g iven in 
Section 2.3.

T he efficiency fo r  a p rom pt electron to satisfy the com bined  kinem atic and
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geom etr ic  requirem ents:

>  I!) space points m easured in CJ 

p > P\„w
P t  >  Pr\»w tf. o
c x < | cos o\ < r-i K0'3)
| f O ! ; / A l , n i Sl |  <  0 . 9  

! r o s 0 j , . t |  <  0 . 9

was evaluated  using the simulated data. Tables 6.21 and 6.22 show the kinem atic  
and geom etr ic  efficiencies, obtained from JETSET, for each source o f  prom pt 
electrons for the requirem ents that were used for the m easurem ent o f  Tz ° ^ h t j f i,ad 
and A |’h respectively.

prom pt source kinematic and geom etric  efficiency

b —> c~ 0.0506 ±  0.0027
b - > c - >  e + 0.0052 ± 0 .0 0 1 0
It (,_ 0.0058 ±  0.0027
1) —> t  —y e~ 0.0118 ± 0 .0 0 4 2

r -> c‘+ 0.0084 ±  0.0008

Table 6.21: T he k in em a tic  and g eo m etric  e ffic iencies fo r  (n u m b er o f  CJ space  
p o in ts  greater than 19, p >  2 G eV /c , p T >  O.S G eV /c , |cosfljct.| <  0.9, and  
(0 .8 l.r) < | cos ()\ <  0.91), as pred ic ted  b y  the J E T S E T  M o n te  C arlo!32]. The  
errors are the sta tistical errors due to the lim ited  M on te  Carlo statistics. These  
k in em a tic  and  g eo m etr ic  requirem ents were im p o sed  fo r  the m easurem en t o f

I Vj ° -*!>(>/1 luul-

T h e  JE T S E T  7.3 M onte Carlo produces the fo llow ing  b-flavoured hadrons; 
B(),i, B*, Bl)s, and A), in the abundances; 40 .5% , 40.5% , 11%, 8 %. In the 
sem ileptonic decays o f  the B°,i and B* mesons, only D or D* charm ed m esons are 
produced. Recent m easurem ents  by C LEO  [30] suggest that approxim ate ly  30%  
of all B°,i and B* m eson semileptonic decays at the T (4 S )  have a D** m eson in 
the final state This deficiency in the JE T SE T  m odelling  o f  sem ileptonic B decays 
was overcom e by forcing the electron m om entum  spectra from JETS E l ’ B°(j and 
B* m eson sem ielec tronic decays to reproduce the CLEO  m easured spectra. As it 
is no t possible to separate the C L E O  data into d irect and cascade com ponen ts ,  the 
three m odels fit by C L E O  (A C M , ISG W  and ISG W **) were used as the reference 
spectra. The A C M  m odel was used as the central value for all efficiencies. T he 
differences between the A C M  and the other two m odels w ere  used to indicate the 
sensitivity o f  the b -*  v efficiencies to the sem ileptonic decay  modelling.
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p ro m p t source kinem atic and geom etric  efficiency

0 . 1 l V ±  IhOOfi
1) —» r —> t>+
I) —> c -4 c'-

o.()(i;Vi: o.oo.'i 
o.t) i:i i- o.oos

I) — > T  —> ( ' I). 12 5 1  0.01 1
l).l)5fi i: 0.1)02

Table 6.22: The k in em a tic  and g eo m etric  e ffic ienc ies for  (n u m b er  o f  CJ spnee 
p o in ts  greater than 19, p >  2 G eV /c , p T >  O.S G eV /c , |<-os i,,i,«,| < 0.0,

by the J E T S E T  M o n te  Cnrlof32J. T h e  errors ate  the statistical errors due to the 
l im ite d  M o n te  Carlo statistics. These k in em a tic  and g eo m etr ic  requirem ents were 
im p o sed  fo r  the m easurem en t o f  Aj’H.

T h e  p rocedure  used to force the JETSET m om entum  spectrum  to reproduce 
the C L E O  data  was as follows. T he kinem atic and geom etric  efficiency for B",i 
and B ± sem ielec tronic  decays  was calculated with the original JE T S E T  spectrum. 
A w e igh t  was then assigned to each Ii",i or B* sem ielectronic decay such that the 
d is tribution o f  the electron m om en tum  in the parent meson rest frame reproduced 
the spectrum  predicted  by the model. The w eight for each event (in) was

w h e re  M ( u )  is the m odel and J ( n )  the JE T S E T  prediction for the fraction of 
the total electron m o m en tu m  spectrum, in the rest frame o f  the decaying  meson, 
that is in the m om en tum  reg ion  u. T h e  m om entum  region was determ ined  by the 
e lec tron  m o m en tu m  from the JE T S E T  sim ulated B decay. This  procedure will 
be term ed  “ rew eigh ting” the electron m om entum  spectrum. O nly  B",| and IC  to 
e lec tron  events were rew eighted in this manner.

T h e  ratio o f  the efficiencies, for B —> e~ , obtained by rew eighting  to a model 
and that predicted by JETSFT, yielded a correction  factor. This correction  factor 
was applied  to the k inem atic  and geom etric  efficiency, for b > <■ V,.X, calculated 
with JE T S E T  including  the B’1* and A|, decays. T he factors to correct the JE T S E T  
efficiency for b -»  e~V f.X  were, 1.00 for the IS G W  model, 0.983 for the ACM 
m odel and 0.955 for the IS G W ** m odel, for the requirem ents; n h i l c j  ^  19, p ^  
2.0 G eV /c ,  p r  >  0.8 G eV /c ,  |ct>s <2tjiri,st| <  0.9, |cosflj,.,| <  0.9, and ((Jcosflj <" 
0.7) or (0.815 <  | r o s 0 |  <  0.91)). The correction  factors vary with changing 
m o m en tu m  and transverse m om en tum  requirem ents.

S ince JE T S E T  does no t  properly reproduce the semileptonic decay spectrum

| c o s 0 j e t | <  0.9, and  ( ( | r o s 0 |  <  0.7) or (0.815 <  | c o s 0 |  <  0.91)), as predicted
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(if 15 mesons, it is likely that the hadronic decay spectra are not correctly  m odeled 
o th e r .  Deficiencies in reproducing these decays would affect the k inem atic  and 
geom etr ic  efficiencies calculated for the charm  cascade processes. As a s im ple  
assessm ent o f  the m agnitude o f  any possible effect, the charm ed meson m om en tum  
in the '5 m eson semileptonic decay was com pared  before and after rew eig h d n g  the 
electron spectrum to the ACM  model. T he average charm ed meson m om en tum  
in the parent 15 meson rest fram e changed from 1.65 G eV /c  to 1.66 G eV/c. A 
hardening  o f  the. charm ed meson m om entum  spectrum o f  this m agnitude w ould  
have a negligible effect on the charm  cascade kinem atic and geom etr ic  efficiency. 
T herefore  no correction to the JE T S E T  predicted efficiencies for the charm  cascade 
process was perform ed.

A nother shortcom ing  of the JE T S E T  7.3 M onte  Carlo is the om ission o f  
I) ii transitions. T he CLEO  collaboration has reported the branching  ratio 
li(\> —> iilut) to be (0  28 ±  0.12}% in the context o f  the A C M  m odel [30]. T he 
larger b -u  m ass difference yields higher electron m om en ta  in the rest fram e o f  
the decay ing  hadron. Figure 6.13 shoes the prediction o f  the A C M  m odel for 
the electron spectrum for h —> cc~T£.\' and b -»  tu'~Ff.Y decays T he h igher 
possible electron m om entum  implies a h igher efficiency to satisfy any  k inem atic  
requirem ents for b to u transitions com pared  to b to c. T h e  effect o f  the b to u 
transitions on the b -4  <• kinematic and geom etric  efficiency was assessed using the 
A C M  b —> u h/i spectrum. The efficiency for an electron from  b -> re"  T\, decays 
to satisfy the m om entum  and transverse m om entum  requirem ents in the lab fram e 
in the A C M  model was found. T he requirem ent on the electron m om en tum  in 
the decaying  15 meson rest frame that reproduced this efficiency was then applied 
to the A C M  b —> u<’~Pv spectrum. This procedure  implied that the k inem atic  
efficiency for b —> \u~17^ decays should be 40%  larger than the correspond ing  
I) —> c(’"7Y efficiency. This assessm ent o f  the effect o f  b ->  u transitions assigns 
the full effect to the electron m om entum  spectrum , w hile  the k inem atic  efficiency is 
dom inated  by the b hadron m om entum  spectrum. This  should be an overestim ate  
o f  any possib le  effect o f  b - 4  u transitions. It was not possible to de term ine  
the correction  factor from m om entum  spectra in the lab frame, as b —> ik'~7Y 
events  were not simulated. The C LEO  m easured b —> iu~T\, branching  ratio o f  
(0.28 ±  0 .12)%  implies that the JE T S E T  predic ted b - 4  ('“ T^.Y k inem atic  and 
geom etr ic  efficiency should be increased by 1.1% to account for this effect. As 
this is a small change, it will be used to determ ine the sensitivity to b -> u e “ 7^ 
transitions.

JE T S E T  7.3 does not include radiative correc tions in the decay o f  b-f lavoured 
hadrons. T he  effect o f  these radiative corrections, for the sem ileptonic decays has 
been calculated by A tw ood and M arciano [56]. To account for these radiative 
corrections, a correction  factor for the JE T S E T  predicted k inem atic and geom etr ic  
efficiency for b - 4  e transitions was calculated by rew eighting  each B°f| o r  B*
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F igure  6.13: T he m o m e n tu m  spectrum  o f  the decay electron in the rest I'nune 
o*' the d eca y in g  I) m eson , as p red ic ted  b y  the A C M  m o d e l 1311, for  1) -> re  />,. 
(squares)  b - v  uc~i7f, (triangles). B oth  curves are norm alised  to the sam e area. 
T he larger electron  m o m e n tu m  available in b —> transitions is apparent.
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sem ileptonic decay, using the weight

( 2 . i / i r ) { l n ( ' 2 / v , / m , ) — l ]
*ym*ix l j *'  \

-  , K  ■> ■ (6 '7)

E ,Uilx was taken to be ( lH and r =  ( E„UIX -  E „ )/E e. E,. is thee lec tron  
energy in the decaying Ii meson rest frame. Taking these radia tive corrections 
into account decreases the JE T S E T  predicted kinem atic  and geom etr ic  efficiency 
by 1%.
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Chapter 7

r Z ° - > b b / r i i a d  

T h e  fraction o f  all hadronic Z° decays that produce a hh  quark  pair ( l '-/0 >m,/ 1 
ca n  be obtained from the p rom pt electron rate. T he num ber of prom pt electrons 
p resen t  in a sam ple is, by definition, the sum o f  the num ber of electrons from b 
q u a rk  decays (direct or cascade) (/V(l) and the num ber o f  electrons from c quark 
d ecay s  (N c) .

T he n u m b er  o f  p rom pt electrons produced from c quark  decays in a collection 
o f  hadronic decays o f  the Z° is given by:

T h e  factor I V - H r / l  imd gives the fraction of the Ivulronic Z" decays that tire 
c r  events, N \m,\ is the num ber o f  hadronic events. //(<■ --> o 1 ) is the average 
branch ing  ratio  of  charm ed  hadrons to electrons. The factor o f  2 is due to their 
b e in g  two p rim ary  quarks in the event and hence twice the probability  o f  observing 
a p ro m p t electron.

The n u m b er  o f  p rom pt electrons produced from b quark  decays is the sum 
o f  fo u r  possibilities; d irect decays, the two charm cascade processes and the tan 
cascade  process  (b —> r  - 4  c>“ ). T he num ber o f prom pt electrons in each o f  these 
channels  is g iven by

(7.1)
hail

(7.2)

(7.3)
1 ha.I

(7.4)

(7.5)
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li( \)  --> c -> c + ) and H{\) -> r  -> <•“ ) are related through Equation 2.27, 
which implies that the reaction b -> r  —> c"  forms 13% of the total . arm 
cascade branching ratio. S ince these tw o processes have potentially  different 
electron m om entum  spectra  (and therefore different, efficiencies for any kinem atic 
requirem ent) they have been left separate.

The num ber o f  prom pt electrons is ju s t  a sum  o f  the fi»^ prom pt sources. 
It is conven ien t to define the num ber o f  observable  prom pt electrons in a sam ­
ple ( / V , , . . , a s  the num ber o f  prom pt electrons that would satisfy the im posed 
kinem atic  and geom etr ic  requirements. Thus

/V,prompt. 2 N, i ad
+  /7(b -> r  ->  )
+  /*(!> -> r  ->  (>"
+  /?(b  —> r  —> (■- )c(i,_).T_>(.-))  

/ i ( c  -> ,)] .

(7.6)

4. LzS.ij.lc 
+  I'lMd

T he r, are the kinem atic  and geom etric  efficiencies for each channel. This ex p res ­
sion m ay be solved for I ' / o P | md us:

si

1 |,   ^prompt A <•' (r-+«+)
I had 2/V|mt|Lj

N\> — )f (I.-><■-)
+ H( h  C -> (’+ ) f )
-)-/i(l) -> C -> O'
-1-/y(1) —> r  ->  c > ( | H T 4 P -)].

{1 . 1)

(7.8)

With a m easure o f  the num ber o f  observable p rom pt electrons in a sam ple of 
hadronic Z(l decays, IV>->,»!»/1’imd can be determ ined.

7.1 Data Sample
T he O PA L m ultihadronic  data (selected as in Section 4.1) for the 1990 and 1991 
LEP runs have been analysed for this m easu rem en t o f  r^ o ^ i^ /r im d -  A fter requir­
ing that the relevant portions o f  the detec tor were functioning properly  when the 
data w as recorded 484  367 m ultihadronic  events were available and 482 101 of 
these events had five " g o o d ” track, to be used in the jetfinding. In these events, 
629 prom pt electron candidates with transverse m om entum  greater than 0.8 G eV /c  
were found using the endcap  selection. T hree  events had tw o p rom pt electron can ­
didates. This num ber is consistent with the num ber expected , taking into accoun t 
U{h  —> (<“ ), the kinem atic  and geom etr ic  efficiency, and the e lectron selection 
efficiency. Table 7.1 shows the num ber o f  candidates found in the four bins of
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m om entum  and the num ber o f  potential candidates that were rem oved from the 
sam ple  by the photon conversion finder.

p  (GeV/c) num ber of candidates num ber of removed eonver

2 - 4 115 28
4—o 98 12

6 - 1 0 187 17
above 10 229 15

T able  7.1: T he n u m b er o f  p ro m p t electron candidates w ith transverse  mon/cntih .i 
grea ter than 0 .8  G eV /c , o bserved  in the sam ple  o f  484 367 m ultihadron ic events. 
T h e  second  co lum n  g ives  the n um ber o f  po ten tia l candidates that w ere rem o ved  
fro m  the sa m p le  as being  consisten t w ith  orig inating from  photon  conversions.

By co rrec ting  the observed num ber o f  prom pt electron candidates for the 
n u m b er  o f  hadrons misidentified as electrons (from Section 6.2), (he num ber of 
e lec trons from  photon conversions (from Section 5.5), the num ber o f  electrons 
from  Dalitz  decays and the selection efficiency, the num ber o f  observable prom pt 
e lec trons m ay  be obtained. T h e  correction procedure is described below.

For each  bin o f  m o m en tu m , the expected num ber of misidentified hadrons 
p resen t  was subtracted from the total num ber of prom pt electron candidates. In 
Section 6.2 the num ber of all identified electrons that are expected to be m is iden ­
tified hadrons was determ ined  and are shown again in Table 7.2.

In Section 5.5 the efficiency tor identifying an electron originating from a 
photon  conversion , when the electron had /?-, >  O.S GeV/o, was given as (0.84 1 
0 .04) and the purity o f  the conversion electron sam ple is expected to be (0.05 I 
0 .10). Table 7 .2  show s the estim ated num ber o f  electrons originating from photon 
convers ions  expected to be present in the prom pt electron candidate sample. An 
estim ated  additional 0.5% o f  the selected prom pt electron sample is electrons 
o rig inating  from  Dalitz decays and (•'! ±  1)% o f  all observable prom pt electrons are 
expected  to have been w rong ly  rem oved from the sample as conversion electrons.

Table 7 .3  shows the n u m b er  o f  observed prom pt electrons after subtracting  
the m isidentification and conversion backgrounds. A lso  show n is the num ber o f  
o bservab le  p ro m p t  electrons, obtained by correcting each bin by the electron iden­
tification efficiency. 1385 ±  1 12,5 observable (with the endcap  selection) prom pt 
e lec trons w ere  expected  to be present in the sam ple of 484  367 m ultihadronic 
events . T h e  error in this num ber is only the statistical e rro r resulting from the 
nu m b er  o f  observed eiectron candidates.
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p  (GeV/c) num ber of m isidentified haurons num ber o f  conversion electrons

2 - 4 (0 .2  ± 0 . 3 ) (3.46 ±  1.38)
4 - 6 (1.5 ± 0 . 4 ) (1.48 ± 0 . 6 7 )
6  10 (0 .8  ± 0 .2 ) (2 .1 0  ± 0 . 9 0 )

above i() (8.0 ±  0.7) (1.85 ± 0 . 8 1 )

Table 7.2: The n u m b er  o f  hadrons exp ec ted  to  have been m is id en tified  as electrons  
and  the n u m b er o f  rem ain ing  electrons from  pho ton  conversion.

p  (G e y !c ) observed prom pt electrons observable p rom pt electrons

2 -4 111.3 (219.2 ± 2 1 . 1 )
4 - 6 95.0 (201.3 ± 2 1 . 0 )
6 - 1 0 178.1 (437.6 ±  33.6)
above 10 219.2 (493.6 ± 3 4 . 1 )

Table 7.3: The n u m b er o f  observed  p ro m p t electrons (first co lum n). The seco n d  
co lu m n  sh o w s the exp ec ted  n u m b er o f  observable p ro m p t electruns p resen t in  die  
to ta l sam ple o f  m ultihadron ic  even ts . The error is the statistical error fro m  the 
n u m b er o f  o bserved  prom pt electron candidates.

7 . 2  The r z u _ , | ) b / r i ia(| Measurement

In determ ining  IV -n .a /P im ti  from Equation 7.7, the various sem ileptonic b ran ch ­
ing  ratios m ust be Known. T he  re levant kinematic and geom etr ic  efficiencies were 
determ ined  in Section 6.3.

The charm  sem ileptonic branching  ratio ( /^ ( r  ->• c + )) is taken to be an average 
o f  H(c —> p + ) m easurem ents  128]

/*((•->  P+) =  (0.079 ± 0 . 0 1 1 ) .  (7.9)

T h is  average is for an unknow n m ix of charm ed hadrons, m easured  at low er 
cen tre  o f  m ass energies. T h e  factor IV,0 /Pima is taken to be  the S tandard M odel 
predic tion  of 0.171 [ 17].

The b ranching  ratios I1(h -> v ~ ) and l l ( h  c —> e)  m ust be chcsen  to co r re ­
spond to the appropriate  B semileptonic decay m odel prediction. For the central 
value  of PZo P lm,i, the A C M  m odel will be used. T he C L E O  collaboration has 
m easured

/*(!) - m ~)  =  (0.105 ± 0 .0 0 6 )  (7.10)
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and
/J(l> -»  c -+ (>) =  (0.097 ±  0.010) (7.11)

using  the A C M  decay model 13 0 1. R ew eighting the JE T S E T  7.3 b -> o spectrum, 
as described in Section 6.3, to the A C M  model changes the JE T S E T  predicted 
k inem atic  and geom etric  efficiency by a factor o f  0.979.

A t th e  T ( 'IS )  resonance only enough energy is available to produce Bll,i and B* 
m esons. Evidence for the production o f  the strange b-flavoured m eson B°„ and the 
lightest b-flavoured baryon Ai, has been reported [57, 5 8 ,5 9 ,6 0 ,  6 1 1. It is possible 
that these heavier b-flavoured hadrons have different semileptonic branchings 
than the light B mesons. T he  Spectator Model predicts that all hadrons containing 
b quarks (and not the postulated t quark) should have the sam e sem ileptonic 
branchings. This  expectation will be assum ed, how ever an erro r of  25%  on the 
sem ilep tonic  branching  fractions of these two heavy b-llavourcd hadrons will be 
assigned. T h e  JE T S E T  7.3 M onte Carlo estimates that approxim ate ly  11% of all 
p r im ary  b quarks  will fragm ent into a B°s meson and approxim ate ly  8 % to the 
baryon  A|,. T hus  an additional 25%  erro r on I1( 1> —> <•“ ) is assigned to 19% o f  the 
total b —> e “ sample, g iv ing /f(l> -> <>~) =  ( 10.5 ±  0 .0 )% for the AC M  model.

T h e  presence o f  B°s and A|, m ay also m odify the cascade branching  ratio 
Li(o  c —> o+ ). To assess the m agnitude o f  the effect o f  these heavy b hadrons 
on the charm  cascade rate it will be assum ed that B°s decays to l )si: 100% of 
the time and that Ai, decays to A,. 100% of the time. Equation 2.15 can be used
to relate the uncertain  D* and A,, semileptonic branching ratio;; to the known D
m eson  sem ileptonic b ranching  ratios. T he lifetimes o f  the D f  and A, have been 
m easured  to be  [28]

•n± =  s (7.12)

Tst =  «• (7 . 13)

U sing  Equation 2.15 and taking the l)° meson as the reference the various sem ilep­
tonic  branch ing  ratios m ay be written a s :

B i n *  -»  0 +/V.Y) =  2.52 H i I)" -*  e +/;,.A') (7.14)

y?(D+ -> c+urX)  =  i.ofi/y(n° -> <•+/✓,. A') (7. 15)
B i K  ->  <'+//, ,X )  =  0 .454 /*([)” -> (•+/✓„A'). (7.16)

T he  C L E O  collaboration  has m easured the inclusive B decay rates at the Y( 4S)  to 
be [62]

/ y(B -> l)°.Y) =  0.55 ±  0.09 (7.17)

t f ( B - H ) + .Y) = 0 . 2 5  ± 0 . 0 5  (7.18)

/ J ( B - H J + A ' )  = 0 . 1 0  ± 0 . 0 4  (7.19)

B i B -> A,.A') =  0.004 ±  0 .0 1 1. (7.20)
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Using these inclusive rates, the charm  cascade branching fraction at the T (4 S )  
resonance m ay be wrHten in terms o f  the branching ratio B { \)°  ->  c~u , , X)  as 
B(\> -y  <• —> (>+ ) =  1 1 5/ ^( D°  c +u„X) .  In the above calculation the 
( 1.12 ±  0 . 18)%  o f  B -> .J/»/’ decays, m easured by C LEO  have been ignored.

Using the above assum ption on the B°„ and A|, decays, the expected branching  
ratio at cen tre  of  m ass  energies near the Z° resonance m ay  be written as B { h  -»  
c ->  e + ) =  1 .218 /7 (0°  -> p+u,,.X). In deriv ing this, it has been assum ed that 
81 % o f  all decays are  those m easurable  by CLEO , 11% are from B°s and 8 % arise 
from A|,. T hus  B (h  —> c - y  r +) at centre  o f  mass energies near m 7a can be related 
to B ( I) - y  c —> (’+ ) m easured at the T (4 S )  resonance by

0.928. (7.2,)
B ( I) —> c —> (,'l‘)T(.i.s) 1.815

In all calculations using  this factor, an erro r equal to 100% o f  the induced change  
is quoted (i.e. 0.920 ±  0.078). This e rro r should cover all the possible ex trem es 
in the correction.

The r  cascade b ranching  ratio B{ 1> t - y  c~)  was derived  as the product of 
B { t ~  - > ( " )  =  0.177 ±  0.008 1281 and B (  1> -> r "  )//?(!> -> c " )  =  0.25 ±  0.10. 
T he last factor was derived using the phase  space form ulas g iven in [29]. The erro r  
is derived by  varying the b quark  mass from 5.0 G eV  f c 2 in the range 4.7 <  my, <
5.8 G e V / r 2 and the charm quark m ass in the range 1.8 <  <  1.7 G e V / c 2
from a central value o f  1.5 G e V / c 2.

The individual term s in Equation 7.7 are then:

A /p ro m p t =  1885 ± 1 1 2 (7.22)

A^rf (c—►«+) =  109.9 (7.23)

2N |mr|/7 (b  -»  ( " )f =  5042.8 (7.24)

2 Â |m, | / i ( b  —> c —> (,+ )r ) =  891.8 (7.25)

‘2V |m(|/7 (b  - > ( • —>(> ) < ) =  70.5 (7.26)

'2 Â |m,iB(U  —> r  -»  e -  52.8 (7.27)

and thus

• Imil
where the e r ro r  is statistical only.

0.280 ±  0.020, (7 .28)

7.3 Systematic Errors

T he sensitivity  of the m easurem ent o f  IV-n.i./Pim-i to possib le  systematic effects 
is discussed below.
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In determ ining  the num ber of prompt electron!, expected  from each source, 
the branching  ratios /?(b -> <•"), /i(l> •■--> r  > <-), / / ( 1> > r  -><■' } and
B ( c -> e + ) were needed. T he most precise m easurem ents  of the first two 
co m e  from m easurem ents  at the T(-IS) re so n an ce1. These m easurem ents o f  the 
b sem ileptonic b ranching  ratios use theoretical m odels to extrapolate the lepton 
spectra  to low m om enta  and to attribute parts o f the lepton spectra to direct and 
cascade com ponents .  Such an ex t ra p 'la t io n  is shown in F igure 2.12. The theore t­
ical curves, fitted to the data, are then used to obtain the sem ileptonic branching 
ra tios B (b  —y I), B ( b —> c —> /) and B { b —>■ u /). Different theories m ay lit 
the data equally  well in the m easured region, but predict different low m o m en ­
tum  behav iour and therefore different branching ratios. T he constraint on the 
m odels  is that the observed total rate o f  p rom pt ieptons m ust be reproduced; i.e.: 
B ( b  —> -|- B { b -> c —> y, (•) is fixed. This constraint m ay be
used  to reduce the sensitivity o f  the m easurem ent of  I'-/'1. >i,i./l'im,i to b scmilep- 
ton ic  decay m odelling  if  the branching ratios m easured with a particular model 
are  used together with the m om entum  spectrum  predicted by that model. 'Hie 
C L E O  collaboration  has reported a m easurem ent of / i ( b  --■> 1), B(\> > <• > I) 
and  /3(b -»  u /) that separates the m odelling  uncertainties from the other sources 
o f  error. T hese  o ther sources of  error inc 'ude the statistical error on the lit, con tin ­
uum  subtraction, efficiencies etc. and will be termed ‘'in tr insic” to C LEO ) errors 
hereafter.

T he sensitivity  o f  the determ ination o f  IV -n . i  / I ' | m,i to the sem ileptonic decay 
m odell ing  w as determ ined  by recalculating after rew eighting  the JE T S E T
elec tron  m om en tum  spectrum to agree with the ISG W  and ISG W ** m odels, as 
described  in Section 6.3. The semileptonic branching ratios appropriate to each 
m odel w ere  then used to determ ine the num ber o f  observable  electrons from each 
source. U sing  the IS G W  model, fiWrnb/Fimd was 0.234 while 0.224 was found 
with  IS G W ** model. A systematic error o f  ± 0 .0 0 0  is thus added to the e r ro r  on 
F^o_*!,[,/r^ u i  to accoun t for the b semileptonic. decay  m odelling  error.

T he intrinsic e rro r in B ( h  -> r ~ )  =  (10.5 ±  0 .0 )% contribu tes  an e r ro r  of 
0 . 0 1 2  on

T he  C L E O  m easu rem en t of  B [ b r  -> I), in the context of the ACM  model, 
w as B { b  —> c —> I) — (9.7 ±  I .())%. The erro r in tnis param eter contributes 0,002 
to the systematic erro r on I V-n.n/Fhrni-

To accoun t for the different branching ratio B ( b ~> c ~ > o 1) at yC «  my»,  
d u e  to the d ifferent mix of b hadrons from that present in T (4 S )  decays, the 
C L E O  m easured branching  ratio o f  B ( b  - > < • - * / )  was m ultiplied by the factor 
0.926 ±  0.074 to obtain  B {b —> r  —> <i+ ) at LEP. The uncertain ty  in this factor 
contribu tes  0.001 to the s y te m a t i c  error in IV'-mi./l'im-i.

'There is a measurement of this quantity at LEP H(U I) =  0 1 Li i- 0.010 i  0 000 |23], 
however it is not cleiir how this measurement is affected by b semileptonic decay modelling.
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T he process b c~ has been assumed to contribute  13% o f  the total
charm  cascade rate. Varying this rate between 9% and 17% (corresponding  to 
vary ing  B { h  c ) / B ( b -> c X )  between 10% and 20% ) induces a negligible 
change  on P /o ^ ^ /P i rn d .  If fn-u is varied between 4.7 and 5.3 G e V /c 2 and m c 
is varied between 1.3 and 1.7 G eV /c2 in the phase space formulae leading to 
Equation 2.27, P(b c(.sc) +  c ( d r ) ) / F( 1> ->■ cX ) varies between 9%  and 17%.

T he branching r a t i o / ! ( b  —> r  —» ( '~ ) h a s b e e n ta k e n to b e (0 .0 d /l± 0 .0 1 8 ) /? (b  —> 
e~). The e r ro r  in this branching ratio contributes 0.001 to the systematic error on

I 7H-+lili/f had-
The presence o f  I) —> ue~ transitions will affect the k inem atic  and geom etric  

efficiency fo r  b ->  v~  as discussed in Section 6.3. Increasing the kinem atic  
and geom etr ic  efficiency for l> -> c~ to account for the possibility o f  b —> u e _ 
transitions changes the derived Pz°-u,b/Phad value by 0.003* which is added to the 
systematic error.

Radiative corrections in b -»  c~ transitions soften the electron m om entum  
spectrum and  therefore lower f ( i , I n  principle, radiative corrections o f  this 
kind should also affect the cascade (and charm ) processes as well, how ever  the 
ex ac t  nature o f  thesi corrections has not been determ ined for these channels  here. 
Incorporating  the radiative corrections to the process b —» e~, as described in 
Section 6.3, changes the resulting r l ^ h a H  value by 0.002 and is added to the 
systematic error.

B (r  ->• (>+) was taken to be (7.9 ± 1 . 1 )%. The erro r in this b ranching  ratio 
contributes 0.003 to the systematic e rro r on Pz°->i,b/Pimd-

In calculating the expected num ber of prom pt electrons from  direct charm  
decays, the S tandard  Model value for r zo_.r,,/T|,a(j o f  0.171 was used. Varying 
the top quark  mass betw een 82 and 177 G e V /c 2 produces a negligible change in 
this value. T here  are m easurem ents o f  this quantity  [18, 24, 63, 64] which are 
all consistent with the S tandard Model prediction. S ince it is not the aim here, 
nor  is it en tire ly  possible, to determ ine Pzo-nd./I'had independent o f  input from  
the S tandard Model, no error on the assum ed value o f  Pz°-H-e/Phad is assessed. 
T h e  dependence o f  the obtained r^o—>hb/Phnd value on the assum ed value o f  
Pz« / P |m,i can be expressed as

A ( 1 =  - 0 . 0 2 A ( - ^ ^ ) ,  (7.29)
1 lia.I 1 had

w here  A( ) is the d ifference from the assum ed value o f 171 for Pzo _>rc/Thad-
* It.ul

T he uncertainty in the <, arising from the limited M onte  Carlo statistics co n ­
tributes 0.016 to the system atic  error on I V ^ h /T i m d -

The sensitivity o f  the derived value of Pz°-+bh/Phad to b quark  fragm entation  
w as assessed by vary ing  (.;■/.;)i, from the central value o f  0.72 to the ex trem es o f  
0.68 and 0.76. Within this range of {.V[. ; ) \>  values, the derived value o f  T z o - ^ h h / P h a d



changed by 0.010, which is added to the systematic error to account for b quark 
fragm entation.

(x e )c was varied betw een 0.48 and 0.50 from the central value o f  0.5:5 to assess 
the sensitivity o f  the PZo _*iJb/ F | mti determ ination to charm quark  fragm entation. A 
change or U.007 was observed and is added to the systematic e n o r o n  r Zo_>Uh/ Pi,m|.

T he uncertainty in the num ber o f  hadrons m isidentified as prom pt electrons 
am ounts  to (± 3 .2 )  in N pr„mi,i- This results in an uncertainty o f  0.001 in IV-u.i./1'im.i 
which is added to the systematic error.

T he  uncertainties in the efficiency and purity o f  the photon conversion finder 
algorithm  results in a systematic error of 0.001 in IV -n.h/T im d. T h e  uncertainty 
in the nu m b er  of p rom pt electrons wrongly  flagged as electrons from photon 
conversions (3 ±  1)% contributes 0.002 to the systematic e rro r on Vyo

T he erro r on the p rom pt electron selection efficiency results in an uncertainty of 
(± 1 1 9 .9 )  in N inowpt. This  corresponds to an uncertainty o f  0.002 on I V - m n / l ’imd 
which is added to the system atic error. This e m v  is dom inated  by the uncertainty 
on the efficiency o f  the A^mnc/.ix requirement.

T h e  0 .1%  each o f  c +c _ t + t ~ and i,+e~ -4 events  es tim ated to co n tam i­
nate the m ultihadron  selection produce a negligible u n ce n  unty  in the I'Vmi .>Ul/ l ' | m,i 
determ ination . T he  inefficiency o f  the jetfinding requirem t nt of live “ good” tracks 
also contribu tes  neglig ib ly  to the error on IV-mi./Tim.i.

Table 7.4 show s the various contributions to the system atic  error on I ’/0 +ll| ,/1 ’|m,i

A s  a check on the stability o f  this result with increasing p r  requirements, 
Tzo_>bb/ ThaU was calculated  using the electron identification efficiencies the misiden 
tification rates and the num bers  of  observed prom pt electron candidates for 
p T > 1.0 G eV /c ,  g iven in C hapter 6. A value of

‘ =  0 .22(i ±  0 .0 2 2 ,
1 h a d

w here  the e rro r is statistical only, was obta ined '1. This  is in good agreem ent with 
the value obtained for p T > 0.8 G eV /c  (Equation 7.30).

7.4 Summary
From the num ber o f  p rom pt electrons observed in 484  367 multihadronic events, 
the ratio o f  the partial width of the Z° boson to b quarks to the hadronic width is

2The number of  prompt electron candidates removed as consistent with arising from pho­
ton conversions was 12(2-4) GeV/r, 6(4-6) GeV/r, 9(6-10) GeV/r  and KKahove 10) GcV/r. 
The kinematic and geometric efficiencies, calculated as in Section 6.3, for pr  > 10  GeV/r 
a rc  f(b_+e-} — 0.038, =  0.0010, <n , j  =  0.0058, = 0.0088 and
f(c_,p+) =  0.0040. The value of f j has been corrected to agree with the ACM model.
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E rror Source Contribution

b decay  m odelling 0.006
13[h -> (*") error 0.012
13 { 1) - »  c —> e) error 0.G02
13 {h -•» c —» e + ) correction 0.001
I3{\> —> t  -¥  c~)  uncertainty 0.001
b - 4 0.003
radiative corrections 0.002
13(c. - >  e + ) error 0.003
M onte  C arlo  statistics 0.016
b fragm entation 0.010
c fragm entation 0.007
misidentified hadrons 0.001
conversion efficiency 0.001
conversion purity 0.002
selection efficiency 0.022

Total 0.033

Table 7.4: T he sources o f  system a tic  error in the determ ination  o f  Hmd
and their con tribu tions to the total error.

determ ined  to be

=  (0.2:10 ±  0.020 ±  0.033). (7.30)
I had

U sing  r hw| =  (1.740 ± 0 .0 1 2 )  GeV [25 |,  then

r Uh =  (400 ±  35 ±  57 ±  3) M eV  (7.31)

w here  the errors  are statistical, systematic and due to the erro r in r | mfi respec­
tively. This value is in good agreem ent with the S tandard M odel predic tion o f  
376  M eV [17] and with the previous determ inations cited in Section 2.1.

It should be stressed that in obtaining this value of Pz°—► i » b / F f r om t'ie  
observed  n u m b er  of prom pt electrons it has been assum ed that the sem ilep tonic  
branch ing  ratios for B°s and A|, are the sam e as for B °(| and B *. This assum ption  
has, in part, been m ade  to be able  to take advantage o f  the reported  C L E O  lepton 
spectra  to reduce the uncertainty due to b hadron decay m odelling. W hen  fully 
reconstructed events are used to determ ine the lepton spectrum from  direct B 
decays, reliance on theoretical models should be reduced.



Chapter 8

The b Quark Forward-Backward 
Asymmetry

O n ly  data collected betw een centre o f  mass energies o f  90.7 and 91.fi GeV were 
used  for the fo rw ard -backw ard  asym m etry  m easurem ent This corresponds roughly 
to the peak in the cross section for <'+ (>-  -4  / 0 —> X  (see Section 2 .1). T he choice 
o f  the centre o f  m ass  energy  was m ad e  to avoid com plications associated with 
the energy  d ep en d en ce  of A FB and A FB (see Figure 2.3). A fter requiring that the 
de tec to r  w as func tion ing  properly, 320 706 m ultihadronic  events were available. 
T h is  num ber of hadronic Z° decays corresponds to an integrated luminosity  of 
app rox im a te ly  11 p b _ l . In these events, 5167 prom pt electron candidates were 
selected, o f  which 4697 were within the barrel selection and 470 within the endcap 
selection. T h e  m ethod  used to m easure  the b quark  fo rw ard-backw ard  asym m etry  
u s in g  this sam ple  is described below.

8.1 The Asymmetry Measurement

T h e  angu lar  d istribution o f  p rom pt electrons, before any  detec to r effects is:

fl^nioinpt __ f  1 (  /• f I I t 'l I K a l> 1
=  (  J m kb7i
+  J ( l . - > r - > < -  +  ) [ l  +  •> ' 1  ~

+./(|j-»r-»f-)[l T x l +  f|A|'B.r] (8,1)
+  ./ ( Iw r -+<•-) [1 +  X1 +  |(A | 'B.)']

+  ./(r-i<.+ ) [ l  +  x 2  -  3 A f. 'B *rJ^ .

x  =  - Q c o s  Othmst, with cos fluirusL defined as in Section 2.3 and Q  is the charge 
o f  the observed electron. A FH is the b quark fo rw ard-backw ard  asym m etry  and 
A p B is the corresponding  charm  asymmetry. T he sign of the linear term reflects 
the product o f  the observed lepton charge and the quark  charge. T he J\ are the
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fractions o f  the prom pt electron signal from each source that satisfy the kinem atic  
requirem ents.

T he angu lar  distribution in Equation 8.1 is modified by detec tor acceptance 
and the presence of non prom pt background. The angular distribution of p rom pt 
electrons candidates ( ( ! { x) )  can be written as:

(7(.;■) =  ( "  (<(!,_>,.-)(.r)[I +  x 2 +  |A j ’B.r]

+ r  (i,—>,•_>, .+ )( .r)[l  +  x 2 — § A BB.r]

+ r  (./•)[• +  -i'2 +  | A p B.rj

+  ((i)_>T-H:-)('r )[l +  J:'2 +  | A BB.r] (8.2)
+  ((,•—H.+ )(. r)[l  +  x 2 -  f  A BB.r]

+ f (ri i i*l l )) ( ' , ' ) [ l  +  •; ' 2 ]

+  < ( r . . i i v ) ( - ' ' ) [ l  +  •r '2 ] )  •

The <\(x)  are the acceptances for each source o f  prom pt electron candidates. 
“ m isID ” refers to hadrons misidentified as electrons and “co n v ” to electrons from  
photon conversions. F igure 8.1 show s the observed - Q r o s  fAiuusi distribution 
for all p rom pt electron candidates with m om en tum  greater than 2 G e V /r  and 
transverse m om entum  greater than 0.8 GeV/c.

Equation 8.2 assum es that the conversion and misidentification backgrounds 
have no asym m etry. This a safe assum ption barring any detec tor induced a sy m ­
metries. T he main source o f  photons is the decay  o f  short lived neutral particles 
(7T°,7/) and therefore do not have a charge asymmetry. T here  is the possib ility  of  
an asym m etry  o f  the misidentification background. Leading  particles in je ts  m ay  
carry  the flavour (charge), and hence the asym m etry  of the prim ary  quark. T he 
inherent asym m etry  o f  leading tracks in m ultihadronic events (selected to have 
high m om entum  and low transverse m om entum ) has been m easured  in O PA L  to 
be (0.040 ± 0 .0 0 7 )  [65]. S ince the electron selection criteria select tracks with high 
transverse m om enta ,  it is unlikely that leading particles are selected preferentially.

The observed asym m etry  ( ( N ( x  >  0) -  N { x  < 0 ) ) / ( N { x  >  0) +  N { x  <  0)))  
o f  e lectrons from photon conversions, selected to satisfy the m om en tum  and 
transverse m om en tum  requirem ents, was m easured to be ( —0.000 ±  0.018). This  
asym m etry  is consisten t with the zero expected. S ince no electron selection 
criteria, besides the / ;  and p r  requirem ents, were applied to this conversion sam ple, 
this is an indication o f  the actual parent distribution asymmetry.

T he asym m etry  of the misidentified hadron background was m easured with 
the same techniques used to m easure the num ber o f  hadrons in the final sample. 
T h e  forw ard-backw ard  asym m etry  o f  particles that satisfied all o f  the electron 
selection criteria, except the E /p  (or .//>) requirem ent,  which was placed 
at 0.2 <  E /p  < 0.6, was ( - 0 .0 1 4  ±  0.084). This is again consis ten t with the 
zero asym m etry  expected. N a iK/ iiy. was not used to select this test sample, as a
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w ith  p T >  0.8 G e V /c  and  p > 2 G eV /c . The ef f ect  o f  the com plica ted  detector  
acceptance and the a sym m e try  o f  the d istribu tion  is ev ident,
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selection that biases against electrons using the <rriE/cix d istribution w ould bias 
aga inst  high m om entum  particles (high m om entum  particles have d E /dx  values 
approaching  that o f  electrons). It is these high m om entum  partic les that are 
expected to carry any  possible asymmetry. T he E /p  selection does not have a 
significant m om en tum  bias. T he  lower E /p  requ irem ent was not zero, so as to 
avoid  selecting p rom pt muons that would have a m easurable  asym m etry. T hese  
m uons  definitely do no t satisfy the E /p  criteria and are not present in the p rom pt 
e lectron sample.

Equation 8.2 assum es that electrons from photon conversions are produced  as 
(1 +  x 2). W hile  photons are produced as (1 +  x 2), the probability  that a photon 
will convert into an o + o" pair is not constant in |.r|, d u e  to the variation in the 
material in the detec tor with ros  0. T he d istribution o f  conversion  electrons as 
a function o f  |.r| was m easured using the sample o f  tagged conversions used to 
m easure  the conversion  asymmetry. F igure 8.2 shows the distribution and the best 
fit line ( I -M .7 x 2). T h e  sensitivity of  the asym m etry  m easu rem en t to the assum ed 
conversion angular distribution is discussed in Section 8.2.

If  the acceptances, <j(.r). for each source o f  p rom pt electron candida te  have 
the same x dependence , i.e.

with <(,r) =  .4"l,s is the observed asym m etry  in the p rom pt electron
sample. In deriv ing  this expression use was m ade of the condition

w hich  states that ali sources o f  prom pt electron candidates have been considered. 
T h e  F\ are the fraction o f  prom pt electron candidates from each source that satisfies 
the k inem atic and geom etric  and electron identification criteria. A{?b is then related 
to ,4ol,H through

(8.3)

then Equation 8.2 m ay  be rewritten as

(8.4)

(8.5)

( 8 .6)
l ' \ h ~ > < ■ - )  “  l ' \  1, - + , • - > ! • + )  +  / ' ( ! ) - > (‘ - M i - ) +  A ’( i , _ > r —> ( • - )

In Equation 8.4 it has been assum ed that the variations with x  o f  the accep ­
tances for all sources o f  prom pt electrons are the same, for electrons from photon 
conversions and misidentified hadrons this assum ption m ay  be tested directly. T he
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fraction o f  the p rom pt electron sam ple that was expected to be electrons from  pho­
ton conversion was determ ined in three regions o f  |.r|. Table 8.1 shows that the 
fraction o f  the prom pt electron sam ple  that is expected to be conversion electrons 
is constan t in |.r|, after correcting for the ( 1 +  1 .7 /2) angular distribution o f  the 
conversion electrons. This  shows directly that the acceptance for conversions has 
the same |.r| dependence as the p rom pt electrons.

|c ()S 0UiriiHt| uncorrected fraction corrected fraction

0 -0 .2 5 (0.019 ±  0.005) (0.019 ± 0 .0 0 5 )
0 .25-0 .7 (0.022 ±  0.006) (0.019 ± 0 .0 0 5 )
0 .7 -0 .9 (0.02/1 ±  0.006) (0.019 ± 0 .0 0 5 )

Table 8 . 1: The Iruction o f  the p ro m p t electron sam ple  that is exp ec ted  to be 
electrons from  pho ton  conversions in three regions o f  |co s  0 t i,msi|.  T h e uncorrected  
fraction is the fraction ca .culated  from  the n u m b er o f  p ro m p t electron  candidates  
rejec ted  as pho ton  conversions. T he corrected fraction is the uncorrected fraction  
m u ltip lied  b y  (1 -|- c o s 2 0t|m,Ht) / (  I ±  1.7 c o s 2 0ti,n,sl) to account fo r  the original \
angular d istribu tion  o f  the conversion  electrons.

In Section 6.2 the variation with |.r| o f  the fraction o f  hadrons m isidentified as 
electrons was determ ined. This fraction varies from 5.4%  at |.r| «  0.0 to I . e .  
at |.r| ss 0.1). The sensitivity o f  the asym m etry  m easurem ent to this variation is 
assessed in Section 8.2.

Since it is not possible to separate the tagged prom pt electrons into the d ifferent 
sources, there is no direct m eans to establish the relative acceptance variations. A 
first indication that the \.r\ variation of the acceptances fo r  p rom pt sources is the 
sam e, com es from the conversion  sample. O f  all the sources o f  prom pt electron 
candidates, conversion electrons are expected  to be the least isolated, since the 
paren t particle is created in the fragm entation  process and has a high probability  
to be in the je t  core and there is on ly  a small chance that the resulting  electron will 
be separated from the o ther particles in the jet. T he acceptance for the conversion 
electrons was m easured to be the sam e function o f  |.r | as the other prom pt sources.
T h is  provides an indication that the acceptance for all p rom pt sources should have 
the same \.r \ variation.

S im ulated  data  may also be used to determ ine the re lative acceptance variations 
o f  the p rom pt sources. Figure 8.3 shows the ratio of  the n u m b er  of electrons 
from  the d ifferent sources to the num ber from b —> c selected with the electron 
identification criteria in the sim ulated data. These ratios are consistent with being 
constant.

It should  be noted that it has not been assum ed that the absolute  selection
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efficiency for each source o f  prom pt electron candidates is the same. W ha t has 
been assum ed is that the variation o f  the relative efficiencies with ./■ is the sam e for 
all sources o f  prom pt electrons. A ny differences in the overall selection efficiency 
between the different physics channels  m ay be absorbed in the F\.

In obtaining the asym m etry  ( A ohl<) o f  the distribution o f  the p rom pt electron 
candidates, it will be assum ed that r( .r) =  r ( —.r). This  is equivalen t to stating that 
the acceptance is the sam e for positive and negative charges at the sam e cos 0. This 
is the case for large enough track m om enta. At low  (<  1 G eV /c) m om enta , there 
is a tendency tor negative charges to satisfy criteria on the num ber o f  CJ m easured 
space points more often  than positive charges. This arises prim arily  because o f  the 
Lorentz  angle in CJ. Tracks which cross anode planes parallel to the drift d irection 
(positive charges) will have a sm aller m axim um  num ber o f  CJ track sam ples 
than oppositely charged tracks at the sam e m om entum . F igure 8.4(a) show s the 
distribution o f  CJ m easured space points for negative and positive charged tracks, 
with no m om entum  requirem ent. F igure 8.4(b) shows the sam e d istributions with 
a m in im um  m om entum  c r i te r iao f  2 G eV /c applied to the tracks. T he  d ifferences in 
the num ber o f  CJ sam ples in the region o f  20 disappears ;'t these h igher m om enta. 
(T he sagitta for a 2 G eV /c  track at | r o s 0 |  =  0 is approx im ate ly  2 cm.) O f  the 
5167  candidate electrons, 2563 had positive charge and 2604 had negative charge. 
No overall charge asym m etiy  in the selection is thus expected.

If  the acceptance, r( .r) ,  is even in ./•, then the norm alisation  C1' in Equation 8.4 
is independent o f  / l " l)S and the /T ,l,s.r term contains all o f  the asym m etry  o f  the 
distribution. The right hand side o f  Equation ’..4 can then be used as a likelihood 
function and / l " lm can be obtained by m axim ising

+  (8.7)

The product over j  implies a product over all e lectron candidates. S ince c(.r) and 
C '  are unknow n, the m ax im um  o f  the log o f  Equation 8.7

E l"K,''(-r,)] + E l"(l + b  + 7-'|,,'”ol (8.8)
./ J

m ay be obtained instead. For a given set o f  events the sum Ylj  ln [C / f (<rj)] *s a
constan t and therefore the m axim um  of Equation 8.8 occurs when

E M ' + ' J + I ' 1 .'('I (8.9)

is m axim um . In Equation 8.9, .T ,l,s is the only free parameter.
For the prom pt electron data, taken at centre o f  m ass energies between

90.7 G eV /e  and 91.6 G eV /c  the m axim um  o f  Equation 8.9 occurred  at

.•ll,l,s =  0.0-173 ±  0 .0 147. (8.10)
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Figure 8.4: (a)The d istribu tion  o f  the nu m b er o f  CJ sam ples u sed  in the track lit, 
fo r  all m om en ta , fo r  nega tive (so lid  line) and p o s itiv e  (dashed line) charges. The  
d iffe ren ces  in the d istribu tions arise from  L oren tz  angle e ffec ts  in CJ. (b) sim v/s  
the sam e d istribu tion , excep t w ith  a m in im u m  m o m e n tu m  requirem ent o f  2 G eV /c  
on the tracks. The d istribution ', are nr, excep t at large num bers o f  sam ples47
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T he erro r  is the statistical error on the m axim um . Figure 8.5 shows the distribution

M | i | )  -  / V ( - k l )  8
w ( k l )  +  / v ( - | . i i )  i n + i 1

with the curve corresponding  to / l ol,R =  0.0478 and the I a  contours from  the 
likelihood lit. C learly  the data  are inconsistent with zero asym m etry  (the x  V d o f  =
1.9 for no asym m etry , excluding zero asym m etry  at the 95% confidence level), 
which would im ply a line at 0. The \ 2/ d o f  o f  the central line in F igure 8.5 is 
0.7. This show s that the data  are not inconsistent with the [1 +  x 2 +  8 / 3 / l obs.r] 
description.

It is necessary to know  the fraction o f  each source o f  p rom pt eiectron candida te  
in the sam ple to obtain the b asym m etry  from In Section 6.2 the fraction 
o f  hadrons misidentified as electrons was calculated to be (3.78 £  0 .21)%  for the 
barrel selection and (2.(i2 ±  0 .2 (i)% for the endcap  selection. T here w ere  4697 
p rom pt electron candidates tagged at | r o s f l |  <  0.7 and 470 tagged at 0.816 <
| co s  0\ < 0.91, resulting in a track weighted /'pn isiii) o f  (3.7 ±  0.2)%. T he  errors 
in the misidentification rates were taken as correlated in deriv ing  the erro r in

^  ( mi «  111 )•

581 tracks that w ould  have o therw ise been accepted as p rom pt electron cand i­
dates were identified as orig inating  from photon conversions. U sing  the ( 8  4 ± 4 ) %  
conversion tagging efficiency from Section 5.5 and the ( 6 5 ±  10)% estim ated purity  
o f  the conversion  electron sample, (72.8 £  21.4) prom pt electron candidates were 
estim ated to be electrons orig inating from photon conversions. A nother 0 .5%  o f  
the p rom pt electron sam ple was estim ated to be electrons orig inating from Dalitz 
decays. Thus

=  0.019 ±  0.006. (8 . 1 2 )

T he  fraction o f  the sam ple that is p rom pt electrons is then

p.. -  1 -  / ’( m i s i D )  n v )  =  0.944 ±  0 .0 0 6 (ro n v )  ±  0 .002(n iis iD ) .  (8.13)

The /'i are given by

l ' \  l . - M - -><•+)
(8.14)

/’( ) H[ !>-*<•")

' ( l i - K - 4 1  -) H{\
(8.15)

/ ’’(!»—>(■-) * (1, — ►c  “  )

/'(l>->7 -+«•“) ' (1* —► — J H ( h —> t ~ m*“ ) (8.16)
/ ’’(!>-+.•-) r ( b - > p - )

/'(<—><.+) 1>-KC . - •  ) H(o-+..+ )

(8.17)
I' 1 h a i l  V  I  h a d  J ' ( i , W(l>—> < • - ) '
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F igure  8.5: The observed  nu m b er o f  even ts  in a forw ard (x  | ./• j J bin m inus the
n u m b er  o f  even ts  in the corresponding  backw ard  (x  bin d iv id ed  b y  the
su m  ( x  =  — Q c u s O t U m m ) .  T he so lid  line corresponds to the a sym m etry  from  the 
m a x im u m  like lih o o d  fit and the sm all dashed lines to the I n  statistical errors. The  
\  2 / d o f  o f  the so lid  line is 0.7. The large dashed line at 0  corresponds to /.era 
a sym m e try  and has a \ 2/ d o f  o f  1.0.
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/ ' ( i , i s  fixed by the constraint

/ ' p r o m p t  =  /'(!,-+<: ~) +  / ' ( )  +  / ’(!,->,-+,•-) +  /*’(|j—*-t—»-«“ ) +  /'(<-_„»+)• (8.18)

T he  kinem atic and geom etric  efficiencies (t;) w ere  calculated as in Section 6.3. 
As used in the m easu rem en t of B (h  —» r  -> o~) is taken to be* li.i.l

/ / ( . 0 r  -> r ~ )  =  (0.044 ±  0 .01H )/i(b  -> p" ) .  (8.19)

Follow ing  Equation 2 27,

/y(l; - 4  r  ->  <>+) =  0.87/7(1) -> c -> e) (8.20)

/ * ( 1 > - + < • - »  <>-)  =  0 . i : i / ? ( l ) - > c - > p ) .  ( 8 . 2 1 )

In calculating /q ,■_»,.+ , / / 'p , 1 f  * 1' was taken to be the S tandard  M odel 

value of 0.171 117|. w as taken to be the OPA L m easured value o f  0.226 ±
‘ h a d

0.020 122). This value is used as opposed to the value determ ined  in C hapter  7 
s ince it is m ore precise. This  value o f  contains the assum ption that the
sem ileptonic branching  ratios o f  Ai, and Bs are the same as the light B mesons.

Table 8.2 shows the p rom pt fractions normalised to l ' \ T h e  sources of
e rro r  in these fractions are often  correlated and therefore each error source  will be
considered separately.

P rom pt source I'M f} \ )->.•-)
! ) —>»•-> c + 0 .1 2

1) —V r  e 0.013
1) —7 T —» V~ 0.014
r -4  c + 0.080

Table 8.2: The ratio l ' \ j l ' \ i, f o r  each p ro m p t source. These fractions w ere  
d eterm ined  in the co n tex t o f  the A C M  m odel 13 1 j. There are m a n y  sources o f  
uncerta in ty  in these num bers (branching ratios, m odelling , fragm entation, etc.), 
m a n y  o f  w hich are correlated betw een  the sources and are assessed in Sec tion  8.2.

The Standard M odel value o f  (17]

A'fh =  0.05-12, (8.22)

w as used in ca lculating  aJ.’h . This value corresponds to a centre o f  m ass energy 
o f  91.2 GeV, a top quark  mass o f  132 G e V /c 2 and 300 G e V / r 2 for the mass o f  the 
1 l iggs boson.
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Using Equation 8 .6  then gives the b quark  forw ard-backw ard  asym m etry  as 

All 0.0-173 +  O.Ofi’J  ■ 0.05+2

A™ = 0.7C9 -  0.092 + o.oTtr l̂TnTT = ,u l' - 1 1 "■n m  l8'B )

T h e  error is the statistical error from the fit to It should be noted that this 
value  o f  the asym m etry  contains no correction for 11° Iiu mixing.

8.2 Systematic Errors
T h e  sensitivity o f  the above A BB value to various systematic effects will now be 
d iscussed. Each independent source of error is considered separately  and the error 
will be added in quadratu re  to obtain the final systematic error.

T he paren t distribution o f  e lec trons from photon conversions has been assumed 
to be described by a (1 + .r2) distribution, while Figure 8.2 show s that the observed 
d is tribution varies as (1 +  1.7.r2). This variation was determ ined from a sample 
o f  tagged conversion  electrons with none o f  the prom pt electron selection criteria 
applied, excep t  the m om en tum  and transverse m om entum  requirem ents. Since 
the tagging  efficiency for conversion electrons is independent o f  | cosfl] in the 
angu lar  range considered  [541, this distribution reflects the parent distribution. 
T his  parent angu lar  distribution for the conversion electrons can be incorporated 
in Equation 8.2, thus m odify ing  Equation 8.4 to

=  f " r( .r)[n  +  + r 2 +  ~ (8.24)

A p B is still related to / I 1’1’* through Equation 8 .6 . a  and /i are 0.007 and 1.0 (H) 
respectively  for — 0.01  f) and a ( I -f 1.7r 2) distribution.

In ob tain ing  Equation 8.24 it has been assum ed that the acceptance (<■(,„„v)(-r)) 
is a constan t in . r .  S ince is fixed we must then have a norm alisation factor 
k  such that

_ / '  (1 +  =  * • / ' (  I +  I -7 (8.25)’’ (1 + . v 2 ) , i r  =  k  r  
• 1 . / - I

T h e  norm alisation  factor k  is to keep the constant ( "  in Equation 8.4 the same as 
that in Equation  8.24. From  Figure 8 .1 it is seen that approxim ating  the acceptance 
as a constan t overestim ates the effect the (1 +  1.7 . r 2 ) d istribution will have on the 
result.

Using the right hand side o f  Equation 8.24 as the likelihood to obtain /V'l,s 
resulted  in a neglig ible  d ifference from that obtained using Equation 8.4.

The uncertain ty  o f  (±0.00.5) in / '( ,„MV) induces an uncertainty o f  ( I f).000-1) in 
A p B which is assigned to the systematic error.
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In contrast to electrons from photon conversions, the angular distribution of 
hadrons misidentified as electrons cannot be separated from  the detec tor accep­
tance. T he  sensitivity o f  the measured A pB to the variation of F(,„j8iD) with |x |, 
given in Table 6.20, was assessed by perform ing  the likelihood fit in the three bins 
o f  | |  used in that table. W ithin these three bins the ratio  f(misiD)(a, ) / f (b-+e-)(®) 
was taken to be constant. Table 8.3 show s the fitted / l obs fo r each o f  the three |.r| 
ranges. T he  w eighted average of these values reproduces the 0.0473 from the fit 
to the entire d istribution when /i"1(,ni„iD) is taken to be 0.037 for all |.r|. Table 8.4 
show s the resulting values o f  A p B in each of the three |;r| bins when A p B was 
calculated using the values o f  ['\in\siD) given in Table 6 .20  for that range o f  |a;|. 
T he  w eighted average o f  these three A p B values is 0 .0003 low er than the value 
obtained assum ing  that r(illisin)Cr ) / f (i)- ^ - ) ( ' r ) w as constant. Thus 0.0003 is as­
signed to the system atic e rro r on A pB due to the variation of the acceptance for 
hadrons misidentified as electrons.

|c()S fitted asym m etry

0-0 .25 (-0 .0 5 5  ± 0 .0 7 1 )
0.25-0.7 (0.055 ± 0 .0 1 8 )
0 .7-0 .9 (0.045 ±  0.026)

Table 8.3: The a sym m etry  obtained b y  p erfo rm in g  the like lih o o d  fit in three bins 
O f  |c()S ^ i l in is l  (•

C OS (){It rust | A lja fb

0-0 .25 (-0 .0 7 5  ± 0 .1 0 3 )
0.25-0.7 (0.083 ±  0.026)
0 .7-0 .9 (0.069 ±  0.037)

Table 8.4: A pB obta ined  from  the observed  a sym m etry  in three b ins  o f  |c o s  6\ | IIIlsl|, 
w hen  /'(misiD) is taken from  Table 6.20.

Besides the variation o f  /*’(misin) with |.r|, the average value o f  F(mj.siD) is 
uncertain. In Section 6.2 the fraction o f  the p rom pt electron sam ple  estim ated 
to be hadrons w as determ ined  to be (3.8 ±  0 .2 )%  for the barrel selection and 
(2 .6  ±  0 .3)%  for the endcap  selection. O f  the 5167 candida te  p ro m p t  electrons, 
4697  w ere  tagged with the barrel selection and 470 with the endcap  selection. 
W eighting the two misidentification errors by the num ber o f  candidates selected
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gives an uncertain ty  of ± 0 .0 0 2  in /"(„,isin). In obtaining this uncertainty the 
uncertain ties in the barrel and endcap  selections were tak< n to be 1 0 0 % correlated. 
T h is  uncertainty in /^(misini induces an uncertainty of 0.0001 in A b H, which is 
assigned to the systematic error.

The k inem atic  and geom etric  efficiencies for  the various sources o f  prom pt 
elec trons vary  with the average fraction o f  the beam energy carried by the hadron 
con ta in ing  the p rim ary  quark  (first rank hadron). For bb events, this average was 
chosen  to be ( . v ) i>  =  0.72 (Section 6.3). T he  value o f  the average fractional energy 
carried  by the first ran k  b-flavoured hadron  was varied between 0.68 and 0.76 and 
the k inem atic  and geom etr ic  efficiencies for b —> v~,  b -4  c —> o + , b  —> r  v~ 
and  b 4  r  4  e "  w ere  recalculated. C hang ing  the b quark  fragm entation in this 
ran g e  resulted  in a change  o f  0 .0 0 1 2  in A bH which is assigned to the systematic 
error.

S imilarly , the average energy  o f  the first rank charm ed hadron ((.r), ) was 
varied  betw een  0.48 and 0.59 from the central value of 0 .6 :}. T he kinematic and 
geom etr ic  efficiency for the process <• - 4  c + w as recalculated at these values and a 
varia tion  o f  0.0024 in A BB w as observed. T hus 0.0024 is added to the systematic 
e r ro r  on A BB to accoun t for the uncertainty in c quark fragm entation.

The statistical e r ro r  on the k inem atic and geom etric  efficiencies, due to the 
l im ited  M onte  C arlo  statistics, m ake the l'\ uncertain. T he <■, were varied to the 
ex trem es  o f  the 1 cr statistical errors in such a m an n er  to induce the largest possible 
ch an g e  in A bB (e.g. low er C(i,-M;-), > and r {|J_>T_>, .-) and raise
etc.). A m ax im u m  change of 0 .00 )0  in A|,’b could  be induced in this m anner and 
is added to the systematic error.

T he  fractions f< \ /*’( and /■'(| , _ + , a r e  uncertain due to the 
m easu rem en t  errors in the branch ing  ratios obtained at the T (4 .s'). As for the 
m easu rem en t  of the b ranching  ratio errors are considered in two
parts, intrinsic and m odelling . T he intrinsic error of  ± 0 .0 0 4 5  in / / ( b -4  <• ) 
contribu tes  an error o f  0.0010 to A BB. T he intrinsic error of  ± 0 .0 0 1 0  in li{\> -> 
c - 4  e) contribu tes  and erro r o f  ± 0 .0 0 1 0  to A |’b . It should be noted that these 
e rrors  are assessed in the context o f  the A CM  model 13 1 1.

T he uncerta in ty  in the F\ due to the electron m om entum  m odelling m ust 
be assessed using the branching ratios obtained by the C L E O  collaboration in 
the con tex t o f  a par ticu lar decay model. T h e  procedure used to establish the 
uncerta in ty  in A BB due  to the electron m om entum  m odelling  was identical with 
that  used fo r  the m easu rem en t of  IV - n . i . / l  im.i. Unlike the case o f  r /0  ->i,i,/rim.b 
th e  constra in t on the sum (/'([,_>,.-) ±  from the total observed rate at
the  Y(4.S') does  not help to lessen the sensitivity to the decay  modelling. A','H is 
ob tained from  A obK using Equation 8 .6 , which has as a denom inato r

7‘ ( b —>e —) / ’ (I)—> r —M-+) ±  7'  ( l i —>r—>i‘~  ) ±  I '  (b —> r -+'■“ )• ( 8 .26 )
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T he  fact that  the C L E O  branching ratio m easurem ents  coupled with the m odel 
d ependence  constrain the sum ( / ' ) +  l '\b_»r_m+)) to be alm ost constant, does 
no t preclude large variations in the difference. W hen the IS G W  m odel was used 
to obtain A BB from A " bl< the result was 0.0703, while 0.0705 was obtained w hen 
the ISG W ** model was used. T he largest d ifference o f  these two with the central 
value of 0.0724 using the A C M  model is 0.0039, which is added to the system atic  
er ro r  to account for the semileptonic decay modelling.

As for r^o.^,,!,/Thari, the possibility o f  b -> u c_77; transitions change  f(iW c-). 
Taking  these corrections into account, as described fo r Fzo-M^/Timd (Section 7.3), 
changed A}'h by 0.0003 and this am ount is assigned to the system atic  error.

Radiative corrections in b sem ileptonic decay  also m odify  A ccounting
for these, as was d one  for T7,0_>!,(,/ r i mr|, contributes 0.0003 to the system atic  e r ro r  
in A |jH.

T he uncertainty in the correction to B {h  —> r  —» o+ ) to account for  the d iffe ren t 
m ix o f  b-flavoured hadrons at LEP (0 .9 2 6 ± 0 .0 7 3 )  induces an uncertainty o f  0.0013 
in A p H which is assigned to the systematic error.

In calculating f <\|J_+r_t ,.+) and l ' } \ , i t  was assum ed that b quark  decays 
to a c quark  and a virtual W~ 100% o f  the time. T he  resulting virtual W "  was 
estim ated to produce an anti-c quark  15% o f  the time (Equation 2.27). S ince this 
value  relies on phase space calculations involving quark  masses, it is uncertain. 
T h e  branching ratio for the virtual W~ to c was varied from 10% to 20% . A 
change  o f  0.0008 in A [ 'h was observed and is added to the system atic  error.

As in Section 7 B (h  ~> r  -> e~ )  was taken to be (0.044 ±  0 .0 1S ) /? (b -*  e~ ) .  
T he  uncertainty in this branching ratio contributes 0.0001 to the system atic  e r ro r  
in A|:-h .

) was determ ined  from Equation 8.17. T hree  quantities contribute  to the

uncertainty in ^  7$ ^  and T he  system atic

errors arising from /^ (1> -> c>~) and the kinem atic  and geom etr ic  efficiencies have 
been discussed above. B (c  —> c,+ ) was taken to be (7.9 ±  1.1)% [28]. T he erro r  
on this b ranching ratio  contributes 0.0013 to the systematic e r ro r  on A[?b .

In the Standard M odel,  varies slightly with m t and ruiiiggs- T he  S tandard

M odel value of =  0.171 and the O PA L m easured value =  (0.226 ±
I I1.11I ■ had V

0.020) [22] were taken to determ ine the ratio . S ince the e r ro r  in
1 Z ° - t l i [ ,  h a d

induces a larger e r ro r  in the ratio than any allowed top mass varia tion  w ould  in 
the S tandard Model ( varies by 0.1% when m t is varied betw een 82 G e V /c ’2

1 Z ° - » h h

and 177 G e V /c2), it was used to assess the systematic error on A BB arising from  
x i le error | n r Zo _ t,b/ r i , n(| induces an uncertainty o f  0 .0009 in A BB, w hich  

is added to the systematic error.
Aj)B w as taken to be the S tandard M odel value o f  0.0542 [17]. Two m e a ­
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surem ents  of this quantity  have been reported at LEP Aj'.-H =  (0.06*1 ±  0.039 ±  
0 .030) f l 9 |  and A BB =  (0.06*1 ±  0.0*19 ±  0.02*1) [6 6 ]. T hese  m easurem ents  are 
consisten t with the S tandard  Model prediction, although within the errors they do 
not exc lude  a zero asym m etry  either. Since the aim o f  this m easurem ent o f  A BH 
is to test the S tandard  M odel, the S tandard M odel prediction for Aj'.*B and its un­
certainty is used. I f  m,, is varied betw een 82 and 177 G e V /H ,  which corresponds 
to the lcr errors ob tained by com bin ing  the Zu lineshape results o f  the four LEP 
experim ents  125], the Standard  M odel prediction for A[,*H varies between 0.0*19*1 
and 0.0602 [17]. This  variation in A BB induces a change o f  0.0()l)*r> in A[?h , which 
is added to the system atic  e rro r on A BB. Equation 8.23 can be used to assess the 
e ffec t a larger varia tion  o f  A BB w ould  have on A |’h ,

A m ism easu rem en t o f  the sign o f  the charge of the prom pt electron cand i­
date  w ould  change the sign of - Q r o s  0 u)niH, and therefore affect the. asym m etry  
m easurem ent.  Radiative  m uon pair events (o+ (*~ —> /<+ / 0 )  were studied to 
de term ine  how  often the incorrect sign was attributed to a track. For events in 
which one  m uon had a m om en tum  o f  less than 30 OeV/c, the sum o f  the charges o f  
the two m uons  in the even t was taken. 0 .2 % o f  events selected in this m anner had 
a total charge  that w as not zero. S ince it is m ore  likely that the higher m om entum  
m uon track had a m ism easured  charge, due to the sm aller sagitta, 0 .2 % could 
be considered an upper limit on the charge confusion rate. In the dense  track 
en v iro n m en t o f  a m ultihadron ic  event, the charge of a track may be confused due 
to effects not present in m uon pair events. A study o f  simulated multihadroniv: 
events  suggested  that 0.1 % o f  all tracks with m om entum  greater than 2 G eV /c  and 
p T > 0.8 G eV /c  are charged confused. This agrees with the expectation  that the 
0.2%  m ig h t  be an overestim ate . S ince  the 0 ,2%  is determ ined from the data, it 
was used to assess the systematic e r ro r  due to charge confusion.

The effect o f  a charge confusion  rate o f  0.2% per track on the observed 
asym m etry  was assessed by random ly  changing  the sign o f  the charge o f  0 .2 % o f 
the p ro m p t  electron candida tes and fitting the resulting distribution
to obtain A ol,s. A fter  m any  trials a gaussian distribution of /V,l,s values, centred at 
zero with a sigm a o f  0.0013, was obtained. This  corresponds to a sigma o f  0 .0019 
in A bb , w hich  is added to the systematic error to account for charge confusion.

The resolution  in cos 0timist also contributes to the e rro r  on A|,'h . T he  effect 
o f  the reso lu tion  on the thrust direction was assessed using simulated events. The 
quark  d irec tions in sim ulated  even ts  were sm eared by a gaussian resolution o f  
0.05 rad. This resolution was observed to contribute  an error o f  0,0012 in A{'h 
and is added  to the system atic  error.

In ob ta in ing  the F-„ for the p rom pt sources, it was assum ed that the absolute 
electron selection efficiency for each source was the same. Because o f  different 
isolation properties  o f  e lectrons from direct b, cascade and direct charm  decays, 
one m igh t expect the efficiencies to differ. D ifferences in surrounding  activity
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w ould lead to different efficiencies for an isolation requ irem ent {E raml  E cami, 
0-match). A t present the only way to assess such an effect is with sim ulated data. 
For the barrel selection the M onte  Carlo predicts that

■ J I W - m, = 0 > 8 ± 0 i ,
V A \ \ ^ ~

I'j 11 —H!~
lCII)i,_+n-  

I*) I

.0 ± 0.1

=  0.7 ± 0 .1
ICII)b_c-

W here !*)! I); is the efficiency for an electron, with p  >  2 G eV /c  and p T > 
0.8 G e V /r ,  from source i to be identified as a prom pt electron. For the endcap  
selection the corresponding  predic tions are:

= 0 7 ± 0 i l
I S I I W

'A  l)|j_>T_^,.-
F 1I W -

m i U t

=  0.9 ± 0.1 

o . r ,  ± o . i .
I C I I W

T he  errors in the ratios are due  to the limited M onte C arlo  statistics.
The requirem ent which leads to the largest d ifference in efficiency betw een the 

p rom pt sources is predicted to be that o f  E cawJ  E cont,:i fo r  the barrel selection. For 
the endcap  selection, the differences are predicted to arise m ostly  in the 0 -m atch 
and E /p  requirem ents. N earby  particles are predicted to be the cause o f  the 
differences in efficiency for selecting p rom pt electrons from differen t sources, for 
both the barrel and endcap  selections. For the M onte C arlo  to be trusted to predic t 
the source dependence  o f  the prom pt electron selection correctly, the simulation  
o f  energy deposition in the e lec trom agnetic  ca lor im eter and the partic le flow near 
p rom pt leptons m ust be correct.

T he efficiency for prom pt electrons to satisfy the E cnwJ  2 requ irem ent 
m:>y be written as

=  c f e  • (1 - I r f W ) ,  (8-27)

where  dl'.vs is the efficiency that arises from the e lec trom agnetic  show er spread 
and loll'ov' is the inefficiency induced by overlapping ac tiv i ty 1. S ince offs*? will

* The same arguments hold for the efficiency for a prompt electron to satisfy the 0-match or 
E/p requirements. Emw/E?ont.2 is used as an illustrative example.
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b e  the sam e for all e lectrons with  the sam e incident m om entum , only differences 
in IefFov' betw een sources can change t’f f / . ; , a n d  affect the ratio -, 

Energy that is deposited  in ,2 (or the outer ring o f  “ nex t- to - touchm g” 
blocks) by a nearby pion will contribute  to It’dov’. In the simulated data , the energy 
deposited  by a pion as it traverses the e lectrom agnetic  ca lorim eter is overestim ated. 
F igure  8 .6  shows a com parison  o f  the raw cluster energy associated to a track with 
m o m en tu m  betw een 2 and 5 G eV /c  and dZs/cLr less than 9 keV/cm in the data  and 
M o n te  Carlo. T he  clusters  were required to have only one track associated to 
them . Too m uch energy  is predicted to be deposited by low energy pions in the 
M onte  Carlo. S ince it is expected  that there are more hadrons close to prom pt 
e lec trons from  sources other than direct b decay, this will lead to an overestim ate 
o f  the e ffec t  o f  this over lapp ing  activity on IefTm'-

F igure  8.7 [67] com pares  the data and the JETSET M onte C arlo  prediction 
fo r  the partic le  flow in three je t  events, where one je t  had an identified prom pt 
lepton (m uon  or e lec tron ) 2. T here  is an indication that JE T S E T  does not model 
the  partic le flow correctly  for je ts  with a prom pt lepton.

Thus, it is not c lea r  that the M onte Carlo  prediction for the d ifferences in the 
e lec tron  identification efficiencies for the different sources of p rom pt electrons 
is valid. N onethe less ,  som e differences in efficiency m ight be expected. Since 
the  pred ic ted  energy  deposit for pions is too large, it leads to an overestim ate of 
the differences, and the particle flow is not m odelled too poorly, the M onte Carlo 
m ay  be thought o f  as provid ing  an upper bound on the possible effect. If  the 
F\ are ca lculated  using  the M onte C arlo  predictions for the calculated

value  o f  A p B changes  by 0.0052. The entire  am ount of this change is added to the 
system atic  e rro r on A BB to account for any  possible source bias in the efficiency.

Two photon even ts  (e+o~ —>• v +r ~ X )  w ith hadrons in the final state are 
po ten tia lly  a serious source o f  bias in the asym m etry  m easurem ent.  In these 
even ts  the  e~ is a lm os t  alw ays scattered forward, and therefore a hadronic two 
pho ton  event,  in which  the initial state electron was scattered into the acceptance, 
could  bias the asym m etry  m easurem ent.  20 p b -1 o f M onte  Carlo two photon 
events ,  p roduced  with  the Vermaseren generator J691, w ere  studied and only  one 
ev e n t  satisfied the even t selection criteria and had an electron in the geom etric  
accep tance  o f  the elec tron  selection. T h e  electron in this event did not satisfy the 
p T  >  0.8 G eV /c  requirem ent.  Thus for the approxim ately  11 p b ~ 1 o f  data used in 
the  determ ination  o f  A BB, this is not a serious source of background

Table 8.5 show s the various contributions to the systematic erro r on A | 'h . 
B efore  co rrec ting  fo r  B°B° m ixing

A}?b =  0.072 ±  0.021 ±  0.008. (8.28)

2Version 7.2 of the JETSET M onte Carlo [32| was used for this com parison, however the 
results arc expcctco to hold for version 7.3 as well.
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Figure 8 .6 : The raw  cluster energy fo r  isolated  particles in nu iltihadron ic events. 
T h e p o in ts  are fro m  the data and the h istogram  is the M o n te  C arlo prediction . 
T h e particles w ere selec ted  to have a dE/cLx value less than 9 k e V /c m , m o m e n tu m  
betw een  2 and  5 G eV /c  and the cluster was required  to be m a tch ed  to o n ly  one  
track, (a) is for  | cos 0\ <  0.7 and (b) is fo r  0.815 < | cos ()\ < 0.91. T he M o n te  
C arlo h istogram s are norm alised  to the sam e n u m b er  o f  tracks. T he M o n te  Carlo 
pred icts too m uch  energy to be deposited  in the elec trom agnetic  ca lorim eter fo r  
lo w  energy hadrons.
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F igure  8.7: The particle (lo w  in three je t  even ts  [67!. The data (po in ts) are 
fro m  [68], the M o n te  Carlo (histogram ) is J E T S E T  7.2 1321. The angle  i/> is 
m easured  fro m  the core o f  the h ighest energy je t  in the event. T he  je t  at ‘210° was 
requ ired  to  contain  a p ro m p t lepton candidate. There is an indication that J E T S E T  
d o es  no t reproduce the particle flow  in je ts  w ith  a p ro m p t lepton.



134

Error Source Contribution

Photon conversion fraction 0.0004
Misidentification acceptance variation 0.0003
M isidentification fraction 0 .0 0 0 1

b fragm entation 0 . 0 0 1 2

c fragm entation 0.0024
M onte Carlo statistics 0.0013
B (h  c>~) 0 . 0 0 1 0

I3( 1) > c —>■ c) 0.0016
b decay  m odelling 0.0039
1) —>■ uc~Ta . 0.0003
Radiative corrections 0.0003
B{ 1) —> c (,+ ) correction 0.0013
1) -> cc.V/1) -+ <-.V 0.0008
B ( 1) —» T -*  (’" ) 0 .0 0 0 1

0.0009
B {r  ->  p+) 0.0013

A r™ 0.0005
Charge confusion 0.0019
Thrust axis resolution 0 . 0 0 1 2

Electron identification flavour dependence 0.0052

total 0.0081

Table 8.5: The con tribu tions to the system a tic  error on  A|?h before correcting  fo r  
B°M° m ixin g .

T he  first error is statistical and the second systematic.

8.3 13° B° mixing correction
B° m esons (IV’.i and B°s) m ay  transform  to B° mesons through processes sim ilar 
to that show n in F igure 8 .8 . The presence o f  these transitions can cause b quarks 
to decay as 1> quarks and potentially  produce a lepton of the opposite  sign. This  
affects the asym m etry  m easurem ent by creating a m isassignm ent o f  forward and 
backw ard  events.

T he param eter \  is used to characterise B°B° mixing. \  is the probability  that 
a produced  b quark  will decay  as a b quark. An average o f  \  m easurem ents  from
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Figure  8 .8 : A  process that g iv e s  B"BU m ixing . The virtual t quark m a y  also be an 
u or c quark.

p rom pt Ieptons at L E P  is [70 |

S ince the am o u n t o f  m ixing in the B°s system is potentially m uch d ifferent from 
the Ba,i sys tem 3, it is im portan t that this \  is for the (unknow n) mix o f  I)",! and 
B °s produced at LEP.

The fo rw ard-backw ard  asym m etry  is

w ith  N p  ( N b ) the num ber o f  b quarks produced in the for "ttrd (backw ard) d i­
rection. In the presence o f  B °B ° m ixing, a fraction \  o f  the forward (backw ard) 
produced  b quarks will decay  as b quarks and appear to be backw ard  (forward) 
produced . This modifies /V/,- and N h to

w here  /Vy"bfi and /V#ljs are the observed num ber of forward and backw ard quark  
decays. T h u s  the true A|!>h is related to tin observed A ’,?h ( (A j.’h )„i,«) by

\  =  0.144 ±  0.020, (8.29)

N $ M =  N , 4  I -  \ )  +  N h \ 

N ' t  =  N H( l ~ x ) +  A / , v ,
(8.31)

(8.32)

(8.33)

3 \  has been measured at the T ( ' IS )  to be 0 . 1 fi ± U.O'I |2K) for H°,i mesons only.
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Only (Aj!-H)„|.JH is to be corrected and not the observed asym m etry  ( / l ,,bs), since 
there is no observed m ixing  in the charm system [28].

U sing the value o f  \  given in Equation 8.29 and the A |’h value given in 
Equation 8.28, A b-H corrected for HDH° mixing, is then

AjjH = 0 .1 0 1  db 0.029 ±  0.011 ±  0.006. (8.34)

T he errors are statistical and systematic on the determ ination o f  the observed A BB 
and in addition an error due to the error in \ .  No error is assessed to accoun t for 
the fluctuations in the actual num ber o f  b quarks that decayed as b quarks in the 
sam ple used.

This  value o f  A b-B is in agreem ent with the S tandard M odel prediction o f  0.085, 
for a top mass o f  132 G e V / r 2 and a Higgs mass of 300 G eV /c 2 [17].
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Chapter 9 

Conclusion

M easurem ents  o f  A|,’b , the fo rw ard-backw ard  asym m etry  in 1)1) production, at 
x /s  ss 91.2 G eV  and Cy/* the partial width o f  the X" boson into b quarks 
have been reported. F igure 9.1 show s these two values a long with the Standard 
M odel [171 predic ted allow ed region. W ithin the m easurem ent errors, there is 
ag reem en t with the S tandard M odel prediction. T he  dom inan t  e r ro r  on A|,'1( is 
statistical, while the dom inant e rro r on 1V ’-+i.i> is systematic, arising mainly from 
the p ro m p t  electron selection efficiency.

Fzo-mu/n.mi has been determ ined  to be (0.2:10 ±  0.020 1 O.OTl), the errors 
are statistical and systematic. This m easurem ent is consistent with the Standard 
M odel predic tion o f  F/o^i.i, =  Tffi MeV 1171, when I'|m,| is taken to be the LHP 
value  o f  1.740 ±  0.012 G eV  [2 5 1. This value is also consistent with previous 
m easurem ents  o f  T-/o ,i,i,/I'lm.G

y
=  0.220 ±  0.00«S ±  0 .0 IS

I Iwul

r
- =  O.HKl ±  0.000 ±  0 .0 1 1 ±  0.021

1 Imct
r Zo_M)l) =  :i.S5 ±  7 ±  11 M eV

r
=  0 ,2 .5  ± 0 .0 1 7  ± 0 .0 2 4

1 11 a.  I

T h is  m easu rem en t uses, as in [22], C L E O  m easurem ents  of the p rom pt electron 
spectrum  from B decays to reduce the sensitivity to h-flavoured hadron decay  
m odelling . The C L E O  sem ileptonic branching ra»‘ \ ere used in conjunction 
with the predic ted  m om en tum  spectra to take advantuL o f  the correlation betw een 
the d irec t b and cascade branching  ratios and the kinem atic  efficiency. Therefore  
it has been assum ed that the semileptonic b ranching  ratios o f  the A|, and ll()H are 
the sam e as the B°,t and B *  mesons. The m easurem ent o f  the L3 collaboration of 
B ( b -> /)  =  0,113 ±  0 .0 1 0  ±  0.000 123), supports this assumption.

O P A L  12 2 1

O P A L  118| 

L3 [?: . |  

A L H P I I  124] .



Figure 9.1: r /0  vs. AjjH at \ A  -  1)1.2 G e V  and m z o =  91.175 G e V /c 2. 
T h e  triangles correspond to the Standard M odel pred iction  [17] w ith a H iggs  
m ass o f  3 0 0  G e V /c2 and various values o f  the top  quark m ass from  80  G e V /c2 to 
2 0 0  G eV /c2. The upper curve is fo r  a H iggs m ass o f  60  G eV /c2 and the lo w er  
cu rve  is fo r  a H iggs m ass o f  1000 G e V /c2. T he square is this m ea su rem en t o f  
these tw o quantities and the do tted  ellipse denotes the 60%  con fidence region o f  
the  tw o m easurem en ts com bined.
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A p B has been determ ined  to be A b-H =  0.101 ±  0.020 ±  0.011 i  0.000. The 
errors are statistical, systematic and the error on B °B l) m ix ing  param eter \ .  This 
is again consisten t with the Standard Mode! prediction o f  0.085 117 ] and with 
the previous m easurem ents  given in C hapter  2.1. S ince d ifferent experim ents 
use d iffe ren t values o f  \ ,  it is less am biguous to com pare  the values o f  A b„ 
obtained before correc ting  for B°B° mixing. Before correc ting  for BUB° mixing 
the m easurem ents  are:

A ba fb =  0.072 ± 0 .0 2 1  ± 0 .0 0 8 T his  m easurem ent

A b
a f b =  0.072 ±  0.042 ± 0 .0 1 0 O PA L  |18]

A 1’A FB =  0.093 ± 0.021  ± 0 .0 0 5 A L E P H  119J

A bA FB =  0.1 17, ± 0 .0 4 3  ± 0 .0 1 3 D ELH I (20 |

A ba FB =  0.084 ±  0.025 L3 {211.

This m easu rem en t o f  A},’h includes an assessm ent o f  the b hadron decay m odelling 
uncertain ties  that are absent in the previous m easurem ents  118, 19, 2 0 , 2 1 1. These 
uncertain ties are significant in this m easurem ent and cannot be ignored.
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