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I : 

ABSTRACT OF DISSERTATION 

MEASUREMENT OF 

Z” LEPTON COUPLING ASYMMETRIES 

Polarized 2’ ‘s from e+e- collisions at the SLAC Linear Collider (SLC) have been 

used to determine the asymmetry parameters A, , A, and A, from the leptonic decay 

channels. This is the first direct measurement of A, The data have been gathered by 

the SLC Large Detector (SLD) with the electron polarization averaging 63% during the 

- 1993 data taking period and 77% in 1994-95. A maximum likelihood procedure as well 

as cross section asymmetries was used to measure the asymmetry parameters from the 

differential cross sections for equal luminosities of left- and right-handed electron beams. 

The polarization-dependent muon-pair angular distributions give A, = 0.102 f 0.034 and 

the tau-pairs give A, = 0.195 f 0.034. The initial state electronic couplings in all three 

leptonic channels as well as the final state angular distribution in the e+e- final state 

measure A, to be A, = 0.152f0.012. Assuming lepton universality and defining a global 

leptonic asymmetry parameter A,-/l-T, the measurements yield A,-p-7 = 0.151 f 0.011. 

This global leptonic asymmetry value translates directly into sin2 e$ = 0.2310 f 0.0014 
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Chapter 1 

INTRODUCTION 

The Standard Mode2 successfully predicts a large and diverse number of high- 

energy physics phenomena observed experimentally. However there are still areas in 

which experimental evidence is crucial to the formulation of correct mechanisms. 

The second--neutral-current interaction (mediated by the 2’ boson) is partially 

parity-violating. Therefore, the coupling of the 2’ to a fermion pair is characterized 

by two coupling constants: the strength (analogous to the charge for the electromag- 

netic interaction and therefore referred to as q hereafter) and the amount of parity 

violation, called coupling asymmetry parameter A. Maximum parity violation is im- 

plied by IAl = 1 and no parity violation by A = 0. This dissertation presents a 

measurement of Z” -Lepton coupling asymmetries in 12,063 leptonic 2’ decays at 

SLD. The study looks at left-right cross section asymmetries and polarized forward- 

backward asymmetries (see section 2.3) in the muon and tau sample. The asymmetry 



1. INTRODUCTION 

parameters A,, A, and A, are extracted from the muon and tau data sample with 

an unbinned maximum likelihood fit. For the Bhabha sample A, is also measured by 

fitting the differential cross section with an unbinned maximum likelihood method. 

These asymmetries probe the hypothesis of Zepton universality, meaning, that all lep- 

tons have the same coupling. This universality is required by the standard model. 

The combined asymmetries can be used to measure the “effective mixing angle” that 

defines the standard model couplings of the neutral current. 

The dissertation is organized as follows: The second chapter discusses the Stan- 

dard model and derives the tree-level differential cross section for e+e- --+ Z+l-. The 

next three chapters describe the experimental apparatus and do not represent my 

work; Chapter 3 describes the accelerator, Chapter 4 the polarimeter (to measure 

electron beam polarization) and Chapter 5 the detector. A discussion of the vertex 

. . detector in the upgrade of which I had been involved can be found in Appendix A. 

My work on the lepton asymmetry analysis is described in Chapter 6-11: Chapter 

6 describes the fitting function, Chapter 7 discusses the cvcnt selection, Chapter 8 

treats the background sources, Chapter 9 presents the bias arising from the Lorcntz 

structure of the tau decay, Chapter 10 discusses all other systematic errors considered, 

and Chapter 11 presents the results. 

-- 



! : 

Chapter 2 

The Standard Model 

This chapter gives an overview of the Standard Model of the Electroweak Interac- 

tion and also calculates the polarized differential cross section for lepton production 

from 2’ decay (p+p- and r+r- ) and Bhabha scattering [l]. 

2.1. The Standard Model of the Electroweak Interaction 

The theory of electroweak interactions developed by Glashow, Weinberg and 

Salam (21 successfully unified the electromagnetic with the weak interactions in the 

framework of a sum @3 U(1) gauge invariant theory. In this model, there are the 

following fermions ordered by their hypcrcharge Y: 

(I:), (;), (“), CY=-l) e, p; 7i (Y=-2) (2.1) 

(::), (I), (J, (y=++) a: :: : ;;I:;; 

3 



2. THE STANDARD MODEL 

The left-handed fermions form isospin doublets, while right-handed fermions are 

treated as isospin singlet states. The fermion charges are given by the relation 

where 13 is the third component of the weak isospin (I3 = i for the upper member of 

a doublet, 13 = -i for the lower member and I3 = 0 for a singlet). 

The gauge bosons of the theory arc introduced in a way similar to the Ap fields 

in electromagnetism to insure local gauge invariance of the fermionic expectation 

probabilities. The derivatives 8’” in the Lagrangian describing the fermionic fields are 

replaced by covariant derivatives 

. 
Y 

D;+j~+igWK?+$BL 
2 2 

for the left-handed doublets and 

for the right-handed singlets with g and g’ being the energy dependent coupling 

constants and 
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being the Pauli matrices. The difference in the electroweak model is that there are 4 

such fields Wip (i=l, 2, 3) and BP that are arranged into the W*‘, Zp and A’” fields 

in the following way 

w- = Jz l(Wf f iw;L) 

P = cos ew wl - sin BwBp 

Ap = sin BW Wr + cos Bw BP (2.2) 

where 0~ is the electroweak mixing angle. This generates an interaction Lagrangian 

for the left- and right-handed neutral current interactions 

with the five currents ji,jy~ (i = 1,2,3, YL) being the fermion currents 

and 

yp being the Dirac matrices, C; the left-handed couplings and CR the right- handed 

one (c: = Y = 2(Q - Is), cR = 2Q, ci = 13). Therefore, we split the neutral current 

interactions into an electromagnetic and a weak neutral current part 

(g sin ewj; + 9’ cog ew %)A, + cg cos ewjf - g/sin S,$)2,. 

5 



2. THE STANDARD MODEL 

This must be equal to 

and so 

e = gsinBW = gkosew 

This results in a weak neutral current of 

.P 

gcOsewjc - g’sinBW$ = ~ 
cosgL9 (j 

’ cos2 0~ - sin2 f9w(jgM - jg)) 3 
W 

that is 

and &, = j,” - sin2 eWjEM. 

The electroweak neutral-current interaction is therefore 

. 

-eA,T+‘(Q . 1+ 0 . y5)f - 2 ,,“, B Z,frp((l - ?“)I3 - 2Q sin2 O,)f 
W 

. 

Using g sin 8w = e this is 

-e(A,hYQ . 

(2.4 

1+0~7”)f+& 2,77”((13 - 2Qsin2 0,) . 1 + (13)y5)f) (2.5) 
W 

Therefore, the sizes of the ‘2 charges’ are CL = 2(13 -sin2 ewQ> and CR = -2 sin2 &Q 

and gv = 13 - 2 sin2 &Q and gA = 13. The ‘y charges’ are cL = CR = Q and gv = Q 

6 



2. THE STANDARD MODEL 

and gA = 0. I have used the definitions 

CL E gV + gA and CR E gv - gA 

cL = 2(I3 - sin2 QwQ) gv = I3 - 2 sin2 r3,Q 

CR = 2 Sin2 8,Q .9A = 13 

CL CR sv gA 

+1 0 +b t; 

-1+2sin2Bw 2sin2dw -i + 2sin2Bw -i 

+l- tsin2Bw -?jsin2Bw +i - gsin2Bw ++ 

Table 2.1: The left, right, vector and axial vector couplings for fcrmions to the 2’ __ 
gauge boson. Q is the charge of the fermion, and I3 is the third component of the 

weak isospin for the fcrmion. 

Table 2.1 lists the size of the Z charges. The Lagrangian for the charged current 

interactions can be written as 

where u denotes a fcrmion with isospin 13 = 4 and d has isospin I3 = -$. 

So far the clectrowcak vector bosons arc massless in the theory. To acquire mass 

an extra field is introduced in the theory, the Higgs field. The latter is such that by 

spontaneous breaking of the SU(2),@U(l) y s mmctry it gives masses to the IV*‘, P 

7 
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fields (the W l , 2’ bosons) and leaves the Ap fields (y, the photon) massless. The 

W*, 2’ bosons were discovered by UA-1 [3], and the 2’ has been extensively studied 

in e+e- collisions at LEP and SLD [a]. The Higgs boson has not yet been observed. 

The mass of the massive bosons is related to the vacuum expectation value 21 by 

The W couples with the SU(~)L, that is, with g, so using Fermi’s constant 

I can replace 

Al” - = 
8 COS2 ow MS 

1 9 -= 
sin 2ew 2e cos 19w 

= $&f z 
e 

Figure 2.1: The tree level Feynman diagrams representing e+e- + fJ 

8 
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At SLD we observe e+e- collisions at the center of mass energy of fi M 91.28 GeV 

slightly above the central value of the 2’ resonance [2]. In these collisions the initial 

state annihilates producing the 2’ boson which decays to final state fermions at a 

rate roughly 3 orders of magnitude higher than via the electromagnetic interaction 

at this energy. The process e+e- -+ ff is illustrated to first order in figure 2.1 as the 

sum of the photon and 2’ boson exchange diagrams. The cross section of the process 

is proportional to the modulus square of the sum of the two matrix elements involved, 

giving rise to 3 terms: a small electromagnetic term, a large weak interaction term, 

and an interference term. 

Figure 2.2: The e+e- +hadrons cross-section as a function of E,,. 

9 
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Figure 2.2 shows the total cross section for e+e- --+ hadrons as a function of 

fi. The 2.5 GeV wide 2’ resonance is clearly dominating the process by a factor 

of about 800. At fi M 91 GeV we can neglect the electron and final state fermion 

masses and approximate helicity with spin for these ultra-relativistic particles. In 

these assumptions the Born cross section for ese- + ff can be expressed as follows: 

da 
dS2 = K(gG2 + &“)(yf2 + gi2)[(1 + PA,)(l + cos20) + 2A,(P + A,)cose] (2.6) 

where gv and gA are the vector and axial’vector couplings to the 2’ of the initial and 

final state particles. P is the signed longitudinal polarization of the electron beam 

in the convention that left- handed bunches have positive polarization. The angle 

8 is the angle of the final state fermion momentum with respect to the initial state 

. electron beam. The quantity A, is: 

and the coefficient K: 

A, = 
ci2 - ,f 2 2&i 
c[’ + cf2 = st” + yi2 

K= 
(Y2 S2 

4s sin4 2ew (S - M$)2 + l?2,s2/M~ 

(2.7) 

(2.8) 

where the a! z l/127.9 (at the 2’ energy scale) is the electromagnetic fine struc- 

10 
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ture constant. Mz M 91.19 GeV/c2 is the 2’ mass, and Pz M 2.49 GeV/c2 is the 2’ 

width. More data related to the 2’ boson is listed in table 2.2. The weak mixing 

angle is roughly Bw FZ 28.7”. This corresponds to a leptonic coupling asymmetry 

parameter Al (see equation 2.7 and table 2.1) 

A 2(1 - 4sin2 19,) 
1 = ~0.154 or Jh 

1 
= = 12.9. 

1 + (1 - 4 sin2 ew)2 dl I-4sin2Bw 

The amount A, deviates from zero indicates how much parity violation is in the 2’ 

-ff coupling. Table 2.1 lists the 2’ couplings to various fermions. 

2’ Mass (Mz) 11 91.1863 f 0.0019 GeV/c2 ] 

2’ Decay Width (I’z) 2.4947 f 0.0026 GeV 

Z” decay branching fractions 

e+e- (3.3627 f 0.0065)% 

P+P- (3.3587 f O.OOSS)% 

r+r- (3.3527 f 0.0107)% 

invisible (20.034 A 0.078)% 

hadrons (69.89 f OX)% 

(uu + cc)/2 (9.6 f 1.3)% 

(dd + ss + t&)/3 (16.9 f 0.9)% 

cc (12.035 f 0.371)% 

bb (15.215 f O.OSO)% 

Table 2.2: Properties of the 2’ Boson. [2] 

11 
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2.2. Calculation of e+e- cross section at tree level [l] 

2.2.1. Definitions 

The most general lepton current for exchange of spin 1 bosons is 

with a vector coupling constant gb and an axial vector coupling constant ga. Using 

the definitions 

. 

I get the relations 

2q; E a((gb)” + (9;)“) = (cQ2 + (c’n12 

(sG>” - <d4)” = c~& and (c;)~ - (~1,)~ = 4gtg> 

Finally, I define 

and Al _ (ci)2 - (‘id2 _ 

(4J2 + (ciJ2 - W” + <d>” 

=-----=- 

12 
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or 

Therefore 

2w2 2w2 
A1 = l- (c&)2 + (c&)2 = -l + (cp + (ck)” 

(&,)” = (1 f Al) (ci)2 ; (‘“,)” = (1 f A)$ 

Using the projector operators 

A pY5 1 + y5 
L- 

2 
and AR F ___ 

2 

and the identities 

yPA~ = A& and YPAR = ALyP 

together with 

“L,R = AL,R and AL,RAR,L = 0 

the lepton current is 

in short notation 

13 
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(3) 

b’ L 

3 

I" R 

p L P' L 

(2 

FL F' L 

4 

\\/ 

J 3 
2 R 

c” 

A 
’ L 2 

p L P' L 

(4) 

Figure 2.3: Tree level diagrams for left-handed electrons. 

2.2.2. Tree level diagrams 

I consider now the process e+e- + 2+l-. To consider the most general case, I 

assume that the leptons cannot be distinguished from the electrons, that is, they 

have the same mass as electrons. When finished, I can extract the result of lepton 

pair production by setting the t-channel and s-t interference terms to 0. I can also 

extract Bhabha scattering, by setting the lepton coupling constants equal to the 

14 



I :. 

2. THE STANDARD MODEL 

electron coupling constants. At high energies, any vector interaction and any axial 

vector interaction will preserve the helicity. If I require the electron helicity to be left- 

handed, without regarding the helicity of the other three particles, I get contributions 

from the diagrams shown in figure 2.3. 

The diagrams (1) and (2) can interfere, because they describe the same helicity 

state, but (3) and (4) cannot interfere. Diagrams (2) and (4) really describe electron- 

lepton scattering. If leptons cannot be distinguished from electrons, then this does 

not matter. 

The diagrams for right-handed electrons (figure 2.4) will have the same structure 

as for the left-handed electrons, bccausc they can be obtained by interchanging the 

initial and final state particles and reversing the arrows. Conservation of momentum 

ensures that the important Lorentz invariants s, t and u will not change. 

2.2.3. Propagators 

The photon propagator transferring the four-momentum q@ is 

while the Z propagator is 

15 
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DL 

2 

> 

c" 

I 

p R 

(3 

/ 

3 

r” _------- \ 

P’ L 

4 

I 
___ c 

‘: 

R 

3 

P' R 

$’ R 

P R p' L 

(7) 
. - 

3 4 

v 

c’ 
R 

c” 

A 
’ R 2 

P R P' R 

(6) 

4 
\\J 

J 3 d L. 

c” 
A 

’ R 2 

P R "' R 

(8) 

Figure 2.4: Tree level diagrams for right-handed electrons. 

Because TJPZL,R = rnZL,n the second term ($$) can be neglected. Taking into 

account the finite width I’z of the Z boson the propagator becomes 

9 CL” 

q2 - All; + i&lTz 

For diagrams (I), (3), (5) and (7) q2 = s which is roughly Mi so the imaginary part 

in the denominator is important. For the other diagrams q2 = t which is always 

16 
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smaller than zero, so the real part of the t propagator is always large. I will carry the 

imaginary part, but in the final result, it can safely be set to 0. 

If the amplitude of a polarized QED process is known, I can therefore immediately 

calculate the amplitude of the Z-exchange process by multiplying it with rcic2 where 

r is the ratio of the propagators multiplied with the squared coupling constants. For 

an s-channel process I define 

r(s) = 
1 S &‘Gkf$ s 

sin220ws-~~+i~rz=s-~~+.i~rZ~ 

For a t-channel process I define 

r(t) = 
1 S 

sin2 2& t - IVlg + i&Iz 

which converts the multiplication factor from rclc2 to wIc2t/s. 

2.2.4. QED process 

To derive the QED cross section, it is helpful to use the Mandelstam variables 

S = (~+jj)~ = (P’+$)~ = 2p.jj=4E2 

t =(p-p’)2=(p-$)2= -;+;cose+l-2) 

7J, =(p-p’)L(p-p’)L -;-;cosBF++z) 

17 
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The s channel QED matrix clement is 

Ads) = -%e(lr)7~p(p)i(p~)~~z(-pi) 

The spin-averaged square is 

with 

where I neglected the lepton mass. This results in 

. 

pi+)12 = 2$((2P. p’)(2p. j!q + (2p. p’)(2p. p’)) = 2e4y = e4(l + X2) 

with z = cos 19. Flipping the helicity of the electron beam means flipping the spin 

of the exchange boson which means, that effectively the sign of x gets flipped, which 

interchanges u and t. Flipping the helicity of the outgoing lepton has the same effect. 

The amplitudes of processes (1)) (5) and of processes (3), (7) are therefore 

18 
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The processes (2)) (6) and (4)) (8) are (by s-t crossing) 

2.2.5. Polarized cross section 

At SLC/SLD, the polarized (left- or right-handed) cross section can be measured. 

I can calculate the left-handed averaged squared matrix element 

14 Pa2 _ 2 
e4 (I ( S 

1+ &$,(r(s) + r(t))) + fli + I;(1 + c;c&(s))12 + 1; + c;&&r)12) 

This is spelled out (R(Z) is the real part of Z) 

PfLJ= 
e4 

2 $(I,2 
( 

cgqr(s) + r(t)) + ( c~c”,)“Ir(s) + r(t)12) + 

2; (1 + c~cgR(?-(s) + r(t))) + g + g (1t ac#2(r(s)) $ 

(cgJ”Ir(s)I”) + g + 2c#qr(t))~ + (C;C~)21r(t)12) 

The differential cross section is computed from the matrix element by 

- - 
1ML12 1ML12 7m2 =-= -- 
32~s e4 2s 

19 
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It is useful, to order the differential cross section in 10 terms: 3 y-exchange terms, 

3 Z-exchange terms and 4 interference terms; or 3 s-channel terms, 3 t-channel terms 

and 4 interference terms. 

L = 

Now computing u, s and t 

U2 

jT= 

t2 

s= 

u2 + t2 
~ = 

52 

(x + 1)2 

(x 4 1)2 

4 
1 +x2 

2 

20 



I : 

2. THE STANDARD MODEL 

s2 + u2 
t2 

U2 

ts 

S 

t 

4 + (x + 1)2 

(x’- 1)“’ 
(x + 1j2 

2(x - 1) 
2 

x-l 

and using the identities (valid for all complex numbers e and o) 

4.R = (1 f %)9: 

&de + 4 + Ck,L (e-o) = 2(efalo)gt 

(c”,,,,” = (1 f Ah? 

(&,,)“(e + o) + (c”,,,)“(e - o) = 2(e f Alo)qF 

. and exploiting the symmetry between (da/dx)L and (da/dx)R I get the polarized 

cross sections 

d”7w(s) 

( ), 
+2sR(T(s))(l It a,)g;g;(l +x2 f a&4 

dx Ln = 2s 
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d%)w ( ), %qr(t))(1 ItI a,)(1 f uJg;gG(x + 1)2 
dx LR = 2s 

zt u,)g$g$ 
(1 f Ul)(X + 1)” + (1 =F a$4 

x-l 

A,)q;q;(l +x2 f A12x) 

+%(r(s)r*(t))(l f A,)(1 f Al)q:qf’(x + 1)2 

= $(t)12(1 f A,)q ((1 f 4)(x + lJ2 + (1~ 4 - 4) 
L.R 

For the final result I compute 

3+-(s)) = R( l 
S 

)= . l 
s(s - M;) 

sin2 20~ s - Mi + i&r2 sin2 20W (S - MS)2 + f$r; 

s2(s - M;)(t - MS) + $8; 

R(r(s)r(t)*) = sin4i&, ((s - j@)(t - M2) + Grg)2 + kr2 (t - s)z 
Z z n/r, Mz z 

lr(s)l” = l S2 

sin4 20W (S - M$)” + 6I’; 

SLC doesn’t produce electron beams with polarization 1. A smaller polarization is 

introduced in the cross section by replacing each odd power of ‘fl’ with P and each 

even power with 1 
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da,(s) _ mx2 

dz- 
$+x2) 

do,(4,(t) _ e2 (x + 1)2 

dx - 2s x-l 

dg7w _ - 
dz- 

7ra224 + (x + 1)2 

2s (x - 1)2 

dg7ww _ 7rITQ2 s(s - M;) 

dx - 2s sin2 2&, 2 (S - Mz)2 + f&I’; 
g$gb((l + Pu,)(l +x2) + (P + %)Q2X) 

dg7ww _ lm2 s(s - M;) (x + 1)” 

dx - 2s sin2 26~ 2 (S - M$)” + ‘1 pr2, 
9;9g1+ w-4 + P(% + 4 (x _ 1) 

d”Tw(t) _ 7rQ2 s(t - M;) 

dx - 2ssin2 20W (t - Mi)2 + &II’% 
gg/(l + %a1 + P(ae + Ul))(X + II2 

d~7ww) _ lra2 s(t - M;) 

dx - 2s sin2 20W 2 (t - Mz)2 + $I’; 

9;sP + 
ueul + qu, + ul) jcx + 112 + (1 - seal + P(U, - 44 

x-l 

dQ+) = 7rcY2 S2 

dx 2s sin4 20W (S - Mz);! + &I?; 
q,2q;((l+ PA,)(l +x2) + (P + A,)Al2x) 

d~wPw = 7ic12 S2((S - M;)(t - hf;) + -&r$) 

dn; 2s sin4 2BW ((s - Mg)(t - MS) + -&I’~)2 + &I’i(t - s)' 

q:qf(l + A,Al + J’(A, + AJ)(x + 1>2 

do-m) = 7ra2 S2 

dx 2ssin4 2& (t - Mi)2 + f&r; 

+$(I + A,Al + P(A, + Al))(x + 1)2 + (1 - A,Al + P(A, - Al)) .4) 

(2.9) 

This is the most general tree-level result. From this, both the Bhabha cross section 

and the lepton (or any other fermion) pair production cross section can be derived. 

This is done in the next two subsections. 
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2.2.6. Bhabha scattering at the 2 pole 

I can always neglect the 2 width in the t-channel: 

!F?(r(t)) = l 2 
sin2 2Ow t - M$ 

!R(r(s)r(t)*) = l 
s(s - M;) S 

sin4 2& (t - Mi)2 + $I?; t - Mi 

lr(t)l2 = l s2 
sin4 213w (t - Mi)2 

Furthermore, initial and final state lepton species are the same, so I set @,A E g$,A = 

gk,A. This results in g = Cbl,z=Z,y Ccl,z=s,t doh1’~~b2(c2) with 2 being 

d%) _ 
dz- 

d%h(t) _ . - 
dx - 

dw) 1 
--z-- 

. d”7w(t) _ 
dx - 

d”7wzw _ 
dx - 

doz(4 = 
dx 

dQw@) _ 
dx - 

daz(t) - 1 
dx 

$1 + x2) 
7ra22(x + 1)2 

2s x-l 
7d24 + (x + 1)2 

2s (x- 1)2 
ml2 s(s - M;) 

2ssin’ 20W2(s - Mg)2 + $JY’$ 
g$((l + Pa,)(l +x2> + (P + 4q2”) 

7rcY2 s(s - M;)’ 

2ssin228w2(s - Mg)” + s2 j$2, 
q,2(1+ pA,)(;1”1; 

X 

7m2 
---+(1+P1A,)(3:+1)” 

S 

2s sin2 2Bw t - Mz 
mY2 

2-5-- 
q,2(1+ PA&(x + 1)2 + &(l - a;) .4 

2ssin2 2Qw t - Mz x-l 
7TITQ2 S2 

2ssin4 2& (S - Mi)2 + f&r% 
q,4((1+ PA&(1 +x2) + (P + AJAe2x) 

7ra2 s(s - M;) 
Lq,4(1+ AZ + 2PA,)(x + 1)” 

2ssin4 2& (S - Mz)” + $I’22 t - i@ 

7rcY2 S2 
g((;+ A; + 2PA,)(x + 1)” + (1 - A:) .4) 

2ssin4 28w (t - M$)” 2 

(2.10) 
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2.2.7. Lepton pair production 

Here, only the s channel contributes 

do,(s) _ 7rQ2 
- - &l +x2) 

dx 

d%Pw _ 7m2 s(s - kg 
- 

dx 2s sin2 28~ 2 (s - A&j)2 + $I?; 
gbg$((l + Pa,)(l +x2) + (P + 4&2X) 

daz(s) 7ra2 S2 
- = 

dx 
2 &;((l + PA,)(l +x2) + (P + A,)A12x) 

2s sin4 20~ (s - IVKj)” + &Pz 

(2.11) - 

2.3. Fermion Coupling Asymmetries 

One very important tool to test Standard Model (SM) predictions is from nor- 

malized differences of cross-sections that are sensitive to space and/or spin-space in- 

versions. The quantities are called asymmetries and exist in 3 categories: sensitive to 

space inversion, the “Forward-Backward Asymmetry” (AFB); sensitive to spin-space 

inversion, the “Left-Right Asymmetry” (A,,); and sensitive to both space inversion 

and spin-space inversion, the “Polarized Forward-Backward Asymmetry” (ALB). 

SLD measures the left-right asymmetry ALn [5] by using the unique SLC capability 

of delivering highly polarized electron beams: 

AO 

LR 

= o(e+et -5 2’ + ff) - u(e+e, + 2’ -+ fJ) 

o(e+e, + Z” --+ ff) + g(e+e, -+ 2’ + .fJ) 

25 
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In the measurement both left and right final-state polarizations are accepted. A'& 

relates to the effective weak mixing angle as: 

A;, = A, = 2gbg5 = 2[1 - 4sin2 O$F(Mi)] 

gg2 + Gi2 1 + [l - 4sin2 6$Iff(M$)12 

M o 145 

’ 
(2.13) 

The dependence of sin2 6$$ on energy, indicates the “running” of all constants with 

energy. Since the SLD experiment is based at fi M Mz, then the sin2 O$!? used must 

be the one at that energy. The measured value is corrected to fi = Mz. It is an 

effective value; part of the radiative corrections [4; 71 are absorbed into it. What SLD 

measures with the highly polarized electron beams of SLC is 

A (2.14) 

. 

where NL,R arc the number of 2’ decays produced in left/right handed electron 

~beams. As it can bc observed ALR is independent of the final state couplings to the 

2’ . Therefore, the measurement can include all final states to improve statistical 

power. Since the error is dominated by the statistical error, this directly improves 

the precision of the measurement. 

The SLD measurements of ALR arc based on the 1992, 1993 and 1994-95 physics 

runs. The combined result comprising of the hadronic left-right asymmetry and lepton 
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final state asymmetries measurements (which are discussed here) is: 

AiR = 0.1542 f 0.0037 

sin2 Ogff = 0.23061 f 0.00047 

The Forward-Backward Asymmetries AiB and A$, 

The Forward-Backward Asymmetry is defined as: 

where: 

CT; = ~f(cos~ > 0) = J,‘d(cosO)& 

(2.15) 

(2.16) 

(2.17) 

is the forward integrated cross section, and similarly, OL the backward integrated 

cross section for the respective fermion. 

The APB asymmetry depends on both the initial and the final state couplings to 

the Z” . The final state coupling asymmetry can be extracted only if the initial state 

asymmetry is known and vice versa. 

With the benefit of longitudinally polarized electron beams, a double asymmetry 

may be formed: 
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(2.18) 

In this case aiCR) is the forward cross section for left (right) polarized electron 

beams. It is evident from the expression of A$, that it is dependent only on the 

final state couplings to the 2’ . This is a unique and very interesting feature at SLD 

that the final state couplings may be accessed directly. Measurements of A&, [8; lo] 

and A$, [9; lo] for the heavy quarks b and c have been performed at SLD, using 

the single heavy-hadron decays that occur in jets initiated by heavy quarks. The 

hadron is detected by its weak decay. In light flavor events, “u, d, s”, there is a large 

multiplicity factor of particles containing the same flavor and it is difficult to establish 

the one containing the initiating quark. The measurements of A$,, and kFB are part 

of this analysis. 

If we form Ai, from the differential cross sections, its angular dependence is given 

by 

(2.19) 

This differential A$, can be used to increase the statistical power of the measurement 

of Af. 
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2.3.1. Correction of the asymmetries for photon exchange 

The left-right asymmetry of the photon term is 0 while the one of the interference 

term is a, = $ M 12.9. If the three terms have the weights f7, fz-, and fz then the 

measured asymmetry will be 

A - 
Fps _ a,fz-r + A,.~z 

f-, + fz-7 + fz 

. - 
A similar equation holds for Ai,, so 

4 = fz-,(4??” - 4 + (fr + fz)A?Y” 

Af = fi-,(-b~B 
WI 

4 Af 
- af) + (fr + fi),lpl FB (2.20) 

At tree level, fz-, cx g$gb which is very small for leptons and highly sensitive to the 

electroweak mixing angle sin 2 eff . To remove this sensitivity we replace fzer with 8, 

% DC L&dl: 

Ae = %(AE?’ - a,) + (fr + fz)Apgs 

Af = “-‘( 4 ii;, - af> + (f 
a,al3/PI Y + fi+f 

31PI FB 
(2.21) 
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2. THE STANDARD MODEL 

a, = 
1 - Jl - A; 

4 

Uf = 
1-Ji-F$ 

A f 
(2.22) 

2.3.2. Event-by-Event Asymmetries and statistical uncertainty 

If I measure ALR with equation 2.14, the statistical uncertainty will be 

1 1 
g2 = - ~NLNR 1 1 (NL+NR)~-(NL-NR)~ 

p2N~+N~(N~+Nd2 =pNL+~R (NL +NR)" 

1 1 

c2=p2NL+NR 
(1 - P2(Ayrs)2) 

within 1.4 YO (PAT?” M 0.119) this is equal to 

(with the added index I indicate that I consider now several independent measure- 

ments of ALE). I can now form a weighted average: 

A mem _ 
LR - 
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2. THE STANDARD MODEL 

which has an uncertainty of 

$=-+$x C Pf=Np 
z all events 

For the polarized forward-backward asymmetry things are very similar. Instead of 

the weight IPi/ we have 1 ~,k9,“2”i 1 and the sign in the asymmetry is the sign of Pi cos t9i. 

Therefore, the event-by event asymmetries are 

A meas = 
LR 

all events 

1 
7= c 

pfzNp2 

all events 

I 

APB = 
all &Lnts ’ + Zf 

all znts ($)’ 

= 

(x = COSO) 
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Chapter 3 

The Linear Collider 

The data used in this analysis were collected by the SLD collaboration at the 

Stanford Linear Accelerator Ccntcr (SLAC) in Stanford, California. The SLAC 

Linear Collider [2] (SLC) I is a unique single-pass electron-positron collider that pro- 

duces longitudifially-polarized 2”s. The SLC Large Detector (SLD) is a full coverage 

multipurpose detector placed at the interaction region. This chapter presents an 

overview of the main features of the SLC. 

The SLC is the world’s only linear collider (Fig. 3.1). The 2 mile long linear 

accelerator (linac) was constructed in the 1960’s to study the interior structure of 

the nucleon by scattering 20 GeV electrons on fixed targets [3]. It was upgraded in 

the 1980’s to act as a single pass electron-positron collider with sufficient energy to 

‘A good desc ri p tion of the SLC may be found in T. Junk’s PhD thesis “Measurement of the 
Polarized Forward-Backward Asymmetry of B Quarks Using Momentum-Weighted Track Charge at 
SLD” [2] 
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Compton 
\- Polarimeter Electron Spin 

Polarimeter e+ Source Vertical Source 

Figure 3.1: The SLC layout. 

produce 2’ bosons at resonance. The addition of a polarized electron source gives 

the SLC the unique capability to control the 2’ polarization, which (as described 

in the previous chapter) is a useful tool for studying the electroweak interaction. 

The main components of SLC are the polarized source, the damping rings, the linac, 

the arcs, and the final focus. As time progresses, the SLC continues to be more 

efficient in producing 2”s (see Fig. 3.2). While in 1992 the typical luminosity was 

about 30Z/hour, it is now (1994/95 run and 1996 run) more like 60Z/hour. It is 

projected that another 250k 2”s will be produced in the remaining scheduled run. 

Performance parameters of SLC for the time period relevant to this analysis (1993-95) 

are listed in table 3.1. The higher luminosity in the 1994/95 run was made possible by 

improvements of the damping rings and the final focus optics. The higher polarization 

results from the use of a thin strained GaAs photo cathode in the electron gun. 
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Figure 3.2: The time history for Z” production at SLC/SLD. 

Parameter 1993 1994195 

Number of e-+/bunch 3.0. 1o1O 3.5 . 1o1O 

Number of e-/bunch 3.0 . 1o1O 3.5 * 1o1O 

beam spot size rrz 2.6 ,um 2.3 ,um 

beam spot size CJ~ 0.8 pm 0.5 pm 

center of mass energy E,, 91.26 GeV 91.28 GeV 

Energy spread 0.25 % 0.12 % 

Polarization P, (63.0 f l.l)% (77.22 f 0.51) 

Luminosity 3.8 . 102’ & 6.0 . 102’ -+- cm set 
Z” count 5.0 * lo4 1.0. lo5 

Table 3.1: SLC Parameter during 1993 and 1994/95. 
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3. THE LINEAR COLLIDER 

3.1. The Polarized Source 

The rate at which new pulses of electrons are injected into the SLC is limited to 

120 Hz, because the pulses have to be stored for 8 msec in a damping ring to reduce 

their volume in phase space and packing more pulses in the damping ring introduces 

bunch lengthening instabilities [4]. Also the electrical power needed increases linearly 

with the repetition rate, because new RF pulses are generated for each cycle. At the 

start of each 120 Hz cycle, the polarized electron source produces two longitudinally 

polarized bunches of approximately 6 x 10” electrons. 

3.1.1. Polarized Light Source 

YAG-oumoed 
Sunch Ti:Sappt& Lasers (3ns) 

(preserves circular 

Buncher (20 ps) 
I 

Accelerator Section 

Figure 3.3: The Polarized Light Source. 
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As described below the electron beam is generated by photo-emission of electrons 

from a GaAs cathode. To polarize the beam it is necessary to use circularly polarized 

light. The sign of the polarization of the electron beam can then be controlled by 

the helicity of the photons. The Polarized Light Source (PLS) is shown in figure 3.3. 

Circular polarization of the laser beam is achieved by passing the linearly polarized 

beam through a Pockels cell. The sign of the voltage applied to the Pockels cell 

determines the photon helicity. To minimize any systematic effects due to differences 

in left- and right-handed luminosity caused by periodic behavior of the accelerator, 

the photon helicity is chosen according to a pseudo-random sequence. 

3.1.2. Electron Gun and Photo cathode 

Figure 3.4 : The polarized gun with a strained GaAs cathode used in the 1993 run. 

Polarized Gun II 
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3. THE LINEAR COLLIDER 

The SLC’s unique capability of colliding longitudinally polarized electrons with 

(unpolarized) positrons to produce polarized 2”s is made possible by the use of GaAs 

photo-cathodes [5] in the electron gun shown in figure 3.4. The circularly polarized 

laser-light is used to selectively excite electron transitions into longitudinally-polarized 

states in the conduction band. An energy state diagram is shown in Figure 3.5. 

The strongest transition 3 leads to a CT, = -i state for a photon of spin a7 = +l 

and to a cre = +f state for a photon of spin a7 = -1, so the electron spin is controlled 

by the photon spin which is controlled by the sign of the Pockels cell voltage. The 

transitions 2 and 1 on the other hand produce spin states opposite to the ones of 

transition 3 and thereby reduce the magnitude of polarization. The strength of the 

three transitions can be calculated from the Clebsch-Gordan coefficients. The spin i 

. . of the conduction band electrons and the spin 1 of the photons combines to a spin i 

and a spin 4 system in the valence band. 

I;,+; > = I+1 > I++ > 

I;,+; > = 
J 

;I + 1 > 1-i > + 
J- 

ilO > I++ > 

I;,-$ > = 
J 

fj - 1 > I++ > + iI0 > 1-i > 
$ 

I;,-;> = I-l>\-+> 

I+,+; > = J iI+1 > 1-i > - ilO> 1-t; > 
$ 

I;,-+ > = 
J 

;I- 1 > I++ > - 
J 

iI0 > I-$ > 
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Figure 3.5: The energy state diagram for bulk GaAs (top) and the changes it under- 

goes when the lattice is strained (bottom). The polarization is due to the preference 

of certain excitation modes; the relative sizes of the matrix elements are shown in the 

circles. For the bulk GaAs, the maximum theoretical polarization is 50%. For the 

strained lattice, the maximum theoretical polarization is 100%. 
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3. THE LINEAR COLLIDER 

The 10 > state does not exist for the photons, so the strength of transition 3:transi- 

tion 2:transition 1 is 3:2:1. Transition 2 is suppressed, since it is off-resonance, but 

transition 1 has the same resonance frequency as 3. 

For the 1992 physics run, a bulk GaAs cathode was used. The probability of 

photo-emission with the right spin orientation is Pright = i and the probability for 

the opposite one is Pwrong = 4 r The cathode had therefore a theoretical maximum 

polarization of 

P max = 
Pright - Pwrong 

Pright + PWrOng - 
- 2pright - 1 = 50% 

. - The average polarization was measured [6] to be 22 %. 

80 

n 
I I 

600 700 800 

1 o-92 h W-4 7258M 

- 
l Strained GaAs 

- 0 Thin GaAs 
o AlGaAs 
A Bulk GaAs 

- 

(50% ) 

Figure 3.6: Polarization of photoelectrons as a function of laser wavelength with 

different cathodes. 
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To achieve higher beam polarization, thin strained GaAs cathodes [5] were devel- 

oped. The idea is to suppress the transition 1 which limits the polarization. This 

is done by breaking the crystal symmetry with a mechanical strain parallel to the 

incident photons. The degeneracy of the spin states is lifted due to the strain that 

is induced by growing the GaAs on a GaAsP substrate, which has a slightly smaller 

lattice constant than GaAs. Therefore transition 1 is moved off-resonance by 0.05 

eV. Since this energy splitting is very small, the energy of the photons (that is the 

laser wavelength) has to be tuned for optimal polarization. Optimal polarization is 

achieved if the photons have just enough energy for transition 3 which lowers the 

quantum efficiency and thereby the electron current. The wavelength is tuned to a 

value where the cathode is just about able to supply sufficient current. The thickness 

of the GaAs layer is also important since the strain of the lattice relaxes with growing 

. _ 
distance from the GaAsP [5]. Figure 3.6 compares the achieved polarizations with 

different photo cathodes. 

For the 1993 and 1994/95 runs, a strained-lattice cathode was used. The the- 

oretical maximum polarization is 100%. During the 1993 run the polarization was 

approximately 65% [7]. In the 1994/95 run a thin strained GaAs cathode was used 

to achieve a polarization of N 80%. 
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3.1.3. The damping rings 

The bunches coming from the polarized source, approximately 1 mm in length, 

are accelerated in the linac to 1.19 GeV and stored in the north damping ring of the 

SLC. Damping rings are used to compress the bunches and reduce energy fluctua- 

tions. This is desirable, because as a consequence of Liouville’s theorem, the volume 

of phase space (that is the product of position and momentum uncertainty) occupied 

by a bunch is constant for a non-dissipative accelerator. Introducing synchrotron ra- 

diation as a dissipative element reduces this volume and makes a smaller spot size at 

. - the interaction point possible. The radiative losses are compensated by short accel- 

erator sections. The particles settle in stable orbits determined by the damping ring 

. 

parameters and the angular divergence and bunch length decreases. To prevent depo- 

larization of the electrons in the damping rings, spin rotators convert the longitudinal 

polarization into a transverse one. 

The positrons (discussed in the next section) are also damped in the South Damp- 

ing Ring (SDR) . S ince they are unpolarized, there are no spin rotators. A transverse 

polarization builds up, but since the storage time (16.7 msec) is very small com- 

pared to the Sokolov-Ternov polarization buildup time [8], which is N 960 set, it is 

negligible. Some parameters of the damping rings are listed in table 3.2. 
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Energy 

Circumference 

Revolution Frequency 

RF Frequency 

Bending Radius 

Energy Loss/turn 

Damping Time 7Z 

Damping Time I-~ 

1.19 GeV 

35.270 m 

8500.411 kHz 

714.000 MHz 

2.0372 m 

93 keV 

3.32 f 0.28 msec (e-) 

3.60 & 0.15 msec (e+) 

4.11 f 0.31 msec (e-) 

4.17 f 0.14 msec (e+) 

Table 3.2: Parameters of the SLC damping rings [9; lo] 

3.2. Positron generation 

The polarized source produces a polarized and an unpolarized electron bunch. 

After damping, the two electron bunches are extracted from the damping rings and 

accelerated. The second e- bunch (called the “scavenger bunch”) is accelerated to 31 

GeV and then diverted onto a Tungsten-Rhenium alloy target 1.33 miles down the 

accelerator. The resulting shower is filtered for positrons, which, after being focused 

by a pulsed solenoid and accelerated to 200 MeV by a short booster, are brought back 

to the front-end of the accelerator to be used in the next cycle. In the next cycle they 

are accelerated to 1.19 GcV by the linac and enter the south damping ring. 
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3.3. The Linear Accelerator 

After damping, the two electron bunches and the positron bunch are further ac- 

celerated (the positron bunch leads the other two) by the two miles long linear ac- 

celerator. The e+ bunch together with the first e- bunch is accelerated to 46.7 GeV. 

The required energy is supplied in form of microwave pulses comes from pulsed 38 

MW, 2.856 GHz klystrons which produce 120 of 5 psec long RF pulses every second. 

3.4. The Arcs 

At the end of the linac, positrons and electrons, having acquired 46.6 GeV, reach 

the Beam Switch Yard BSY. The BSY consists of dipole magnets directing electrons 

into the North SLC arc (NARC) and positrons into the South SLC arc (SARC). 

These 1 km long arcs consist of a sequence of dipole and quadrupole magnets to keep 

the beams focused and bend them towards the interaction point (IP) where they 

collide. Unfortunately the arcs are not flat, but rather follow SLAC’s topography 

which rotates the electron spin in a complicated way. Collimators at the end of 

the linac and at different places in the arcs cut out particles with a wrong energy or 

position. During their travel through the arcs, the electrons and positrons lose energy 

through synchrotron radiation (about 1 GeV), and by the time the two bunches collide 

the mean energy per bunch is N 45.6 GeV (half of the 2’ rest mass). 
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3.5. The Final Focus 

The last part of the beam pipe before the IP is almost straight to keep beam- 

related backgrounds under control. These pieces of beam pipe have magnets to focus 

the beam before they hit the IP. The use of superconducting quadrupole magnets for 

the Final Focus triplet allows for a higher field strength (as compared with iron-yoke 

magnets) and makes the operation within the solenoidal field of SLD possible. [ll]. 

SLC focuses the beam very hard; it has a spot size of 0.5 pm by 2.3 pm. On the one 

hand, this increased the luminosity. On the other hand together with SLD’s precise 

vertex detector (especially for the upgrade, “VXDS”, that was installed before the 

1996 run) this allows for very precise measurements of decay lengths. The final focus 

was upgraded before the 1994/95 run to reduce the chromatic effects on the focal 

length [12]. 

3.6. The Energy Spectrometer 

The energy of the two beams is measured by the Wire Synchrotron Radiation 

Detector (WISRD) [13]. It is in the electron (positron) extraction line just before 

the beam dump. The WISRD is sketched out in figure 3.7. First a strong horizontal 

bend causes the beam to emit a horizontal swath of synchrotron radiation. Then a 

soft vertical bend deflects the beam downwards and spreads it out according to the 

energy spread in the beam. A second strong horizontal bend causes another swath of 
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Spectrometer 
Quadrupole ~Magnet 

Doublet Vertical 

2-90 

Figure 3.7: The Wire Synchrotron Radiation Detector (WISRD). 

synchrotron radiation. The separation between the swathes is inversely proportional 

to the energy of the beam, while its energy spread can be deduced from the difference 

-in widths of the two swathes. 

The synchrotron radiation is measured by proportional wire chambers that are 

separated by 15 m from the magnets. The wire spacing is 100 pm which results in 

an energy resolution of 22 MeV. The energy spread is measured less accurately, so it 

is better to estimate it from wire scans in high-dispersion locations in the arcs. The 

energy spread is typically between 50 and 100 MeV. 
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Chapter 4 

The Compton Polarimeter 

: 4.1. Compton Scattering Kinematics 

. - 
The Compton Scattering has two diagrams at tree-level shown in figure 4.1, one 

s-channel and one u-channel. I 

lGood descriptions of the Compton polarimeter may be found in T. Junk’s PhD thesis “Mea- 
surement of the Polarized Forward-Backward Asymmetry of B Quarks Using Momentum-Weighted 
Track Charge at SLD” [2] or in R. Ben-David’s PhD thesis “The First Measurement of the Left-Right 
Cross Section Asymmetry in Z” Boson Production” [2] 

Figure 4.1: Tree-level diagrams for Compton scattering. At high energy, the s-channel 
is highly suppressed (in the totally backscattered case). 
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In the center-of-mass system of the electron, the scattering is described by the 

following four vectors: 

me k 

- 
Ad= 0 

II I: 

Ic= 0 

0 -k 

where cost!9 E & + 1 is the scattering angle, ? is the direction of the transverse 

momentum of the final state and t is the degree of freedom of the scattering process. 

In the lab frame, the four vectors are given by 

. - 

. . 

From the constraints BP2 = z’ 
) 

IX rni and $2 = 0 I get 

k’ = 
k 

1 + $Jl - cos 0) 
=k(l+--&) or t=2m,(k’-k) 

E, +pL = cE:: - E^o(Ee +pd - m: 
e 

me - E, 

so cos 13 = y I I z’,,k + 1. The Mandelstam variables u, s and t are 
t 

(4.1) 

=mz+2m,k = mz+2E,(E,+p,) 

=mz-2m,k’ G m~-2Er(E~+pL) 

t = -2kk’(l - cost9) = 2m,(k’ - k) F 2( mf - (Ee +pe)ES, +pe(EL + PL)) (4.2) 
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So, the energy of the scattered electron is 

E:,=Ee+(Pe-ET)& 
e 

(4.3) 

The cross section in the center-of-mass frame is given by the Klein-Nishina for- 

mula [3]. 

dg ra2 k’ 2 k’ k ----=- - 

O( dcose rnz k 
Ic + F - sin2 8 (4.4 

which is in the lab frame 

. - 

da ~TTCI~ 1 -=- 
dE; m,kp,- E, 

rcr+L+m 
k k’ 

e(i-$) (%(i--$)+2)) (4.5) 

The values of k and Ic’ and can be calculated with 

. . 

(4.6) 

There is a kinematic limit for the energy of the backscattered electron, since 

] case] < 1. This restricts Ei to 

E, > EL > 
& + E-r + Ee Ee 

1+ m,2 1+ 2(EeSPe)Ey = 1 + 4E,Ey 

2(73e+~eP-, m: 64 

(4.7) 
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0 G -+------jf J=3/2 -- 
~-t- 

@@+Q (u channel only) 

s- ------es J=3/2 

k532m-n 

0 G --73- J=1/2 
-- 

8 (s channel only) 

z------- G J=1/2 

Figure 4.2: Polarized Compton scattering schematically: The J = ; cross section can 

only be mediated by the u channel, since a s channel electron exchange would involve 

a spin $ electronThe J = i cross section can only be mediated by the s channel, 

since a u channel electron exchange would involve a spin $ electron. 

. - 
4.2. Polarized Compton scattering 

. _ If both the incoming electrons and photons are polarized, than the two values 

for the total angular momentum J (see figure 4.2) select the channel by which the 

process was mediated (see also figure 4.1). 

Because the spin of the electron propagator has to be i, the J = i case must be 

mediated by the u channel and has a larger cross section than the J = i case which 

must be mediated by the s channel. The differential cross section for the Compton 

scattering of polarized electrons and polarized photons can be written as: 

da da, 
- II - (1 + PyPeAc(EL)) 
dE; dE; 
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0.60 
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0.00 
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I I 

-Pe = 77.5% 

l Cherenkov Detector 

20 30 40 

Compton Electron Energy (GeV) 

Figure 4.3: The measured (points) and theoretical Compton cross section asymmetry 

(line) between the J = p and the J = $ state. The electron polarization is P, = 

77%. The distance on the horizontal axis corresponds to the energy of the scattered 

electrons. 

where crU is the unpolarized Compton scattering cross section, P, is the measured 

photon polarization, P, is the unknown electron polarization, and A, is the Compton 

asymmetry, which depends upon the energy of the scattered electron [4]. A, is given 

(ab3 - u3b) + mz(ab2 + a2b - u3 - b3) 

Ac = (ub3 + a3b) + mz(2ub2 - 2u2b) + m;(u - b)2 

where a = -* and b = $. The Compton cross section asymmetry 

h/a - da/z 
Ac,,pton = daJ12 + daI,2 = PePrAc 
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Compton Polarimeter 

Analyzer and Dump 

I-93 
7266Ai 

Tube Detector 

. - 
Figure 4.4: The Compton Polarimeter. 

is shown in figure 4.3. Because A, (and the analyzing power for each channel from it) 
. _ 

can be precisely calculated (taking into account one loop and bremsstrahlung correc- 

tions [7] that have been implemented in figure 4.3), the precision of the polarization 

P, that is measured this way is limited only by systematics of the detector. 

4.3. The Compton polarimeter 

The polarization of the electron bunch near the IP is measured by a Compton 

scattering polarimeter [4]. This polarimeter has two main components: a laser with 

polarizing optics, and an electron spectrometer (Figure 4.4). 

56 



I : 

4. THE COMPTON POLARIMETER 

4.3.1. The Compton Polarized Light Source 

Since the Compton asymmetry is sensitive to the product of electron beam po- 

larization and photon polarization, it is necessary to produce polarized photons and 

measure the magnitude of the polarization. The photons originate from a frequency 

doubled, pulsed Nd:YAG laser which produces 50 mJ pulses of 7 nsec duration at a 

wavelength of X = 532 nm. The laser fires every llth beam crossing. The other 10 

beam crossings are used to measure the beam background. After passing through a 

linear polarizer, the photons get circularly polarized by two Pockels cells [5]. The 

laser polarization is monitored during the run. It leads to a correction of F’, of 0.37% 

(for the 1994/95 run) and a systematic error of 0.28%. 

4.3.2. Measurement of the backscattered Electrons 

The circularly polarized laser beam is focused onto the electron bunches just af- 

ter they pass through the IP (approximately 30 m downstream). Polarized photons 

undergo Compton scattering with some of the electrons, causing them to lose mo- 

mentum. The electrons pass through a precision dipole magnet, where the scattered 

electrons are bent away from the main bunch. The momentum spectrum of the scat- 

tered electrons is determined by measuring their deflection angle with Cherenkov and 

proportional tube chambers shown in figure. 4.5. The electrons pass through a lead 

preradiator, where they shower. The generated particles produce Cherenkov light 
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Compton Detectors 
Preradiator 
BmmPb 

Window 0.5 cm Al - 7 
Electron (&am Pipe) 

Cherenkov Detector \ 
\ / 

Proportional Tube 
Detector 

Figure 4.5: The Cherenkov and proportional tube chambers of 

larimeter . 

the Compton Po- 

in seven radiators the light of which is guided to seven Hamamatsu R1398 photo 

multiplier tubes. 

The energy of the electrons is E, = 45.64 GeV, a laser wavelength of X = 532 nm 

corresponds to a photon energy of IS-, = 2.331 eV. Therefore Ic is equal to Ic = 416.3 

keV and k’ is in the range of 416.3 keV> Ic’ > 158.3 keV (see equation 4.7). From 

equation 4.7 the kinematic constraint on Ei is 

17.36 GcV < EL -c 45.64 GeV 
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4. THE COMPTON POLARIMETER 

If the electrons have the maximum energy, they are bent by 20 mrad, while the 

ones with minimum energy are bent by 52.59 mrad. Since the Compton detector is 355 

cm downstream from the bend point, the maximum deflection from the unscattered 

electrons is 

dmaa: = 11.57 cm 

At cos 19 = 0 (corresponds to EL = 25.15 GeV and a bend of 36.29 mrad) the Compton 

asymmetry vanishes. The deflection at this point is 

do = 5.78 cm 

. - These two points serve to locate the image of the energy spectrum on the array of 

Cherenkov detectors and to determine its distance scale. The detector is positioned, 

so that the kinematic endpoint lays within the acceptance of channel 7 and the zero 

asymmetry point within the acceptance of channel 2. 

4.3.3. Systematic Errors 

Since the statistical precision of the measurement is high, it is dominated by sys- 

tematics. The largest contribution to the systematic error comes from the uncertainty 

in the linearity of the detector response. This systematic error and others are listed 

in table 4.1 for the 1994/95 run. 
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4. THE COMPTON POLARIMETER 

Item rcl. Correction rel. Uncertainty 

Analyzing Power 

Calibration 0.7086 0.29% 

Laser Polarization +0.37% 0.20% 

Electronics Noise -0.19% 0.20% 

Linearity -0.22% 0.50% 

SLC IP +0.09% 0.17% 

Total 0.67% 

Table 4.1: Systematic Errors for the polarization in the 1994/95 run. [2] 

4.3.4. Chromaticity Effect 

The diameter of the laser beam at the CIP is larger then the electron beam and 

therefore the Compton polarimeter determines the average polarization. However, the . - 

polarization depends on the electron energy. The luminosity depends on the energy 

as well, since chromatic aberration of the final focus optics leads to a defocusing of 

the electrons in the energy tails. Therefore, the luminosity-weighted average will be 

bigger (the polarization is of course optimized for the electrons with the central-value 

energy) than the simple average. This “chromaticity effect” leads to a correction of 

1.7% f 1.1% for the 1993 run and 0.20Y0 f 0.14Yo for the 1994/95 run. The reduction 

in error for the 1994/95 runs was achieved by reducing the energy dependence of 

the polarization (reducing the effective number of turns in the arc) which moves the 

simple average closer to the luminosity-weighted average and thereby reducing a large 

part of the systematic error of the polarization. 
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4. THE COMPTON POLARIMETER 

Beam Polarization 
SLD 1992 - 1995 Data 

Source Laser Wavelength Optimized 

Strained Lattice Cathode 
for 1994 SLD Run 

3 

Strained Lattice Cathode 
for 1993 SLD Run 

0 20,000 40,000 60,000 80,000 100,000 120,000 140,000 160,000 

Z Count 

Figure 4.6: The measured Polarization as a function of Z count. 

Polarization 

For the 1993 physics run, the average longitudinal polarization at the IP was 

(63.0 f l.l)%; d uring the 1994-95 run the average was (77.22 f 0.51)% [a]. The 

polarization history is shown in figure 4.6. The improvements of the polarized source 

(from bulk GaAs cathode to thin GaAs cathode to strained GaAs cathode to strained 

thin GaAs cathode) are clearly visible. 
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Chapter 5 

The Detector 

The SLC Large Detector (SLD) i was proposed in 1984 [3]. It is the only detector 

of SLC, since this accelerator has only one interaction point (IP). It was designed 

as a general purpose detector with nearly complete solid angle coverage around the 

IP. Figures 5.1 and 5.2 show a cut-away (with the end cap portions removed) and a 

quadrant view of SLD. 

Like other detectors in a e+e- collider environment, SLD has two main geometric 

regions: The barrel is a cylinder of 4.5 m radius and 10 m length. The end caps close 

off the two faces of the cylinder, nearly completing the solid angle coverage. The 

e+e- beams enter along the axis of the cylinder, and the various barrel subsystems 

are arranged radially within the cylinder. At small angles to the beam, there is no 

IA good desc ri p tion of the SLD may be found in K. Baird’s PhD thesis “Strange Particle Pro- 
duction in Hadronic Z” Decays” [l] or in T. Junk’s PhD thesis “Measurement of the Polarized 
Forward-Backward Asymmetry of B Quarks Using Momentum-Weighted Track Charge at SLD” [2] 

65 



I : 

5. THE DETECTOR 

SLD 
Support 
Arches 

\ Magnet Coil 

Liquid Argon 
Calorimeter 
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Eerenkov Ring 
Imaging Detector 
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Detector 

Figure 5.1: The SLD detector (isometric view). The end caps have been removed for 

. - clarity. 

Maanet Coil 

Detector Detector Monitor Monitor Beamline Beamline 
10-w 10-w 

7282&z 7282&z 

Figure 5.2: The SLD detector (quadrant view). 
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detector coverage due to the location of the beam-pipe and its support structures. 

Nevertheless, the detector covers 98% of the solid angle. The outer support structure 

of SLD is the Warm-Iron Calorimeter (WIC) providing the flux return for the coil 

(not superconducting) which produces a magnetic field of 0.6 T. Except for the WIC, 

all of SLD’s subsystems are inside the coil. 

5.1. The Luminosity Monitor (LUM) 

The Luminosity Monitor precisely monitors the total luminosity as well as small 

luminosity differences between left- and right-handed polarized beams [4] that may 

be present. In addition, it extends the electromagnetic calorimetry coverage down 

to very small polar angles (the Liquid Argon Calorimeter provides electromagnetic 

shower (EM) coverage for 98% of the solid angle as described in Section 5.5)) 

The LUM, shown in figure 5.3, is divided into two separate modules, both of which 

are inside the Central Drift Chamber (CDC) as shown in figure 5.4. The LMSAT, 

Luminosity-Monitor/Small-Angle Trigger, mounts directly onto the Superconducting 

Final-Focus triplet assembly and covers the polar angle region between 28 and 68 

mrad. The MASiC, Medium Angle Silicon Calorimeter, provides coverage from 68 to 

200 mrad. The end cap LAC, covers the region above 200 mrad. 
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LMSAT I 

MAX LMSAT/MASIC 
ELECTRONICS 

Interaction Point 
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2=1010.0 nn 

Figure 5.3: The SLD LUM, showing the LMSAT and the MASiC. 
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Figure 5.4: The position of LMSAT and MASiC. 
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5.2. The Vertex Detector (VXD) 

The VXD uses Charge-Coupled Devices (CCDs) to measure charged tracks with 

high precision. A CCD (which is also used for compact video cameras) is a semicon- 

ductor consisting of an array of tiny ‘Lpixels” which collect charge carriers produced 

by photons or, as in this case, by charged particles passing through the CCD. The 

accumulated charges is trapped in a small potential well. The potential wells of the 

pixels can be manipulated to transfer the charge content of one pixel to a neighboring 

one. The CCD pixels are read out by shifting simultaneously all the columns of the 

array one pixel.down. The bottom row is copied into an additional row of pixels, 

which is the output register. Then the output register is shifted left by one pixel, and 

the leftmost pixel is read out. Then the output register is shifted again and one by 

one all the pixels it contains are read out. Again, the pixel array is shifted down by 

one pixel and the next row is copied into the output register. In this way, all the CCD 

pixels are read out sequentially. A hit by a charged particle in the CCD active area 

will produce a charge cluster that is collected by a few pixels.(being spread out in 

an extended depletion region to increase the accuracy of its measured position) From 

the pixel address (its row and column), the position of the hit can be deduced. [5] 
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Stripline 

CCD Ladder 

(25 mm rad) 

Figure 5.5: The SLD vertex detector. 

5.2.1. VXD2 
. _ 

The VXD2, shown in figure 5.5, has 60 ladders of 9.2 cm length that are arranged 

into four concentric cylinders held in place by a beryllium shell. Eight CCDs are 

mounted on each ladder, four on each side (to maintain the symmetry of the polar 

angle). Each CCD is a square of about 1 cm length, and contains 240,000 pixels. 

The pixels are squares and have a length of 22 pm. On the average, 2.3 VXD hits 

are obtained for each charged track passing through the detector. The inner layer of 

CCDs is at a distance of 29.5 mm from the IP, and the outer layer is at a distance 
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of 41.5 mm. Each layer’s material is 1.1% of a radiation length (X0)‘. Inside the 

inner-most CCD layer is the VXD cooling jacket (VXD2 is operated at 170 K to 

reduce the effects of radiation damage) and the thin beryllium cylinder which serves 

as the beam pipe. The total radiation thickness of the material between the IP and 

the first CCD layer is 0.71% X0. The vertex detector design parameters are listed in 

table 5.1 

CCD count 

Pixels/CCD 

Pixel size 

Active area per CCD 

Readout time 

Operating temperature 

Layer 1 radius 

Layer 2 radius 

Layer- 3 radius 

Layer 4 radius 

Radiation thickness per layer 

Expected hits/track 

Two-hit coverage 

One-hit coverage 

480 

400 x 600 

22 pmx22 pm 

8.5 mm x12.7 mm 

160 msec (19 beam crossings) 

170 K 

29.5 mm 

33.5 mm 

37.5 mm 

41.5 mm 

0.01064X,, 

2.3 

1 cos81 < 0.75 

1 cosOl < 0.82 

1 Impact parameter resolution N 12pm (~4) and 38 pm (r~) [7] 

Table 5.1: Design parameters for VXD2. 

“1 radiation length (X0) is the mean distance over which a high energy electron loses all but l/e 
of its energy by bremsstrahlung [l]. 
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5.2.2. VXD3 

The VXD detector was upgraded recently. The new detector, “VXDS” (shown in 

figure 5.6 and described in appendix A), has fully-overlapping layers of CCD ladders 

in order to provide at least three spatial points for each charged track. The ladders 

are longer than VXD2’s to cover smaller polar angles. Figures 5.7 and 5.8 compare 

the end and side views of the VXD2 and the new VXDS. VXD3 took data in the 

1996 run. (about 50000 hadronicz’s) 

Figure 5.6: The new vertex detector “VXD3”. It has three layers of overlapping, long 

CCDs which insure at least three spatial points for each charged tracks. 
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VXD-2 GEOMETRY VXD-3 GEOMETRY 
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Figure 5.7: An end view comparison of the current “VXD2” vertex detector and the 

new “VXDS” tracker. The overlapping CCDs insure that at least three spatial points 

are obtained for charged tracks that traverse all three layers. 

VXD3 

“, _cos6J=O.85 (23 Hits) cosB=O.9 (22 Hits) 

\ , \ ____---------- -er-------- -----. \ \ 

I I I I I I I I I I I 
\ 

0 5 10 cosB=O.75 (22 Hits) 
cm 

VXD2 

Figure 5.8: A side view comparison of VXD2 and VXDS. The new tracker will provide 

coverage to higher cos 19. 
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5.3. The Drift Chambers 

There are two separate drift chamber subsystems for the SLD - the Central Drift 

Chamber (CDC) and the Endcap Drift Chambers (EDCs). The CDC covers roughly 

80% of the solid angle (I cos13l < 0.8), and operates in a uniform solenoidal magnetic 

field of 0.6 T. Its shape is that of a cylindrical annulus. It is 2 m long, its inner 

radius is 20 cm and its outer radius is 1 m. The CDC has 10 “superlayers” of drift 

cells, each approximately 6 cm wide by 5 cm high. These superlayers are staggered 

in orientation (figure 5.9). Axial superlayers (with the sense wires oriented along the 

cylinder axis) alternate with stereo superlayers (the sense wires are tilted at an angle 

of 41 mrad). 

I ’ I ’ I ’ I ’ I ’ 1. 

1000 1000 - 

t 

A = Axial Layer A = Axial Layer S = Stereo Layer S = Stereo Layer 

A i. A \. !, ‘,,‘\ ,i,,;, i,“” j ‘;i 
9 9- 

800 

t S 

- Wire 
I I I I I I I I I I_ 

-200 -100 0 100 200 300 
s-85 
7911*2 X (mm) 

Figure 5.9: SLD’s Central Drift Chamber (CDC). 
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Each cell contains a set of field shaping wires, guard wires, and sense wires (fig- 

ure 5.10). A charged track passing through a cell leaves a trail of ions in the drift 

gas (a mixture of CO:! (75%), argon (210/o), Isobutane (4%), and water (0.2%)). The 

field shaping wires generate a roughly homogeneous drift field which directs the ions 

towards the 8 sense wires. The r4 position of the hit is known from the wire address 

and drift time (the time from e+e- collision to the time when the pulse is detected 

on the wire which is related to the separation of the track from the wire). The sense 

wires are instrumented on both ends, so a charge division provides some information 

of the z position (along the wire). The precision of the x position is about 2 cm. 

Since there are 8 sense wires, the 8 measurements can be combined into a vector 

hit (a linear approximation of the track segment). The sense wires in the cell are 

not staggered, so the vector hit is ambiguous (the mirror image of the vector hit 

cannot be distinguished from it). Once vector hits are obtained, a pattern recognition 

program combines vector hits from adjacent cells into track candidates. A detailed 

fit using individual wire hit information (at this stage, the stereo layer information 

gives more precise z information), electric and magnetic field variations, and energy 

loss gives the six track parameters: the three coordinates of the distance of closest 

approach to the origin Z, y and x, the azimuthal angle I$ of the track, its curvature 

K, (related to the transverse momentum pT by IF, = &) and the dip angle tan X 

(related to the polar angle cos 19 by cos2 0 = cos2(t - X) = lF$x). The transverse 
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momentum is the projection of the momentum in the plane perpendicular to the 

beam axis (or B-field direction). The total momentum is then p = p~J1 + tan2 X. 

The momentum resolution function for the CDC has been measured to be (~PT/~T)~ = 

0.00502 + (o.olo/pT)2, where PT is in units of GeV/c. The first term in the resolution 

function is the multiple scattering error, and the second term is the measurement 

error term [8]. 

5.4. The cerenkov Ring-Imaging Detector (CRID) 

The Cerenkov Ring-Imaging Detector (CRID)3 identifies charged particles over a 

large momentum range. As with most subsystems, it is divided into a barrel region 

and two end caps. 

The principle by which the GRID(s) operate is the following: For a charged particle 

traveling with velocity w = PC in a medium of index of refraction n, Cerenkov photons 

are emitted at an angle of cos 0, = & with respect to the particle’s flight direction. 

The relation for case, implies a threshold condition Pthreshold = l/n. If the particle’s 

velocity is below that, no photons are emitted. If it is above threshold, these photons 

can be emitted at any point along the particle’s trajectory, so the Cerenkov radiation 

forms a cone. All the photons are emitted at the same angle, so a spherical mirror 

will focus the cone into a ring that is located in the mirror’s focal plane. 

3A good desc ri p tion of the SLD CRID may be found in K. Baird’s PhD thesis “Strange Particle 
Production in Hadronic 2’ Decays” [I] or in M. Dima’s PhD thesis “Production of Strange Vector 
Mesons at the Z” Resonance” [9] 
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Figure 5.11: Exploded view of the barrel LAC. 

Hadronic showers have in addition an invisible energy resulting from neutrinos, muons, 

nuclear binding energy losses and similar processes. The invisible energy is about 40 % 

of the total energy. The ratio e is therefore not unity. If the hadronic response 

is equalized to the electromagnetic one, the calorimeter is called a compensating one. 

A compensating calorimeter will have better resolution, because the electromagnetic 

component in the hadronic showers will not matter. 

The Liquid Argon Calorimeter (LAC) is a lead-argon sampling calorimeter [3] 

Again, the LAC can be broken into three sections: a barrel and two end caps. The 

barrel, which has an inner radius of 1.8 m and an outer radius of 2.9 m, continuously 

covers the solid angle between 0 = 35” and 0 = 145” (here, 0 is the measured angle 
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Figure 5.12: Exploded view of the end cap LAC. 

with respect to the electron beam direction). An exploded view of the barrel is shown 

. _ in figure 5.11. The two. end cap sections butt against the barrel, and provide coverage 

between 8” and 35” with respect to the beam pipe. An exploded view of an end cap 

LAC is pictured in figure 5.12. Overall, the LAC covers 98% of the solid angle around 

the IP. 

Using a liquid argon system for calorimetry has some advantages: It allows for 

arbitrary transverse segmentation, the dead regions can be minimized, the LAC works 

inside SLD’s magnetic field of 0.6 T, it is radiation hard and it is a sampling medium 

with a gain of unity. The energy resolution is excellent even with thin absorber layers, 

because argon is a dense sampling medium 
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Layer #R d’ t a la ion Lengths #Interaction Lengths Angular Segmentation 

EM1 6.0 0.24 33 mrad x 28 mrad 

EM2 15.0 0.60 33 mrad x 28 mrad 

HAD1 25 1.00 66 mrad x 56 mrad 

HAD2 25 1.00 66 mrad x 56 mrad 

total 71 2.84 

Table 5.2: Geometrical properties of the LAC. All the thicknesses listed are at normal 

incidence. The angular segmentation is listed as A0 x Ad. 

The barrel as well as the end cap LAC are inside one dewar that holds the liquid 

argon. The LAC has an “onion skin” structure. The two innermost layers are rel- 

atively thin, and measure the energy from electromagnetic showers. The two outer 

layers are denser in composition, and measure the energy in hadronic showers due to 

. - the interaction of neutral or charged hadrons. Overall, there are 21 radiation lengths 

of material in the electromagnetic (EM) sections of the LAC, and 2 interaction lengths 

. _ in the hadronic (HAD) sections. In total, there are 2.8X0 of material in the LAC. 

Table 5.2 lists the amount of material in all four sections of the LAC. 

The barrel and end cap portions of the LAC are segmented in polar angle and 

azimuthal angle, thus allowing for spatial determination of the energy shower. The 

segmentation and module thicknesses were chosen to maximize the amount of particle 

energy sampled, and to be able to differentiate between electromagnetic and hadronic 

particles. The energy resolution of the LAC has been shown to be N 150/o/&? GeV 

for EM showers and N GO%/fi GeV for hadronic showers [lo]. 

The LAC is divided into modules, an illustration of which is shown in figure 5.13. 
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Figure 5.14: View of a LAC end cap module, showing the inner EM ( 
HAD sections (bottom). 
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Figure 5.15: A cell from the barrel LAC in detail. 

An end cap module (see figure 5.14) contains both the electromagnetic and hadronic 

. section. Each module consists of alternating layers of lead plates, tiles and argon. 

This structure is shown in figure 5.15. The layers are separated from each other by 

non-conducting spacers and immersed in a liquid argon bath. Negative high voltage 

is applied to the tiles while the plates are grounded. Particles which interact with 

the lead produce a secondary shower of low energy particles which then ionize the 

argon. The high voltage produces a field which sweeps the liberated charges out of the 

argon and onto the lead tiles. The tiles are projective and form the so-called towers. 

(units of constant cross-section when viewed from the IP). Each tower is connected 

to an amplifier to measure the charge deposited. As the argon supplies no charge 
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amplification, the charge observed is proportional to the energy deposited. 

The lead plates and tiles in the EM sections are 2.00 mm thick and are separated 

by 2.75 mm of liquid argon filled gaps. EM1 consists out of the first 16 layers and 

EM2 out of the last 40 layers. Together EM1 and EM2 contain 98-99% of a 50 GeV 

electromagnetic shower. The barrel EM divides the 0 x $ plane into 68 x 192 towers. 

The end cap divides the azimuth into 192 towers at small 1 cos 191 falling to 96 and to 

48 towers near the beam line. The hadronic sections have also 2.75 mm gaps of liquid 

argon, but the lead plate and tiles have an increased thickness of 6.00 mm. 

5.6. The Warm Iron Calorimeter (WIC) 

. - The WIC (Figure 5.16) serves four functions at SLD: as the flux return for the 

solenoid, as a calorimeter to measure residual hadronic energy that has “leaked” 

through the LAC, as a muon-identification system and as support structure for the 

rest of the detector components. The WIC consists of 18 layers of Iarroci streamer 

tubes sandwiched between 5 cm thick steel plates [12]. These tubes are instrumented 

with square readout pads for calorimetric purposes, and with long conducting strips 

in order to perform muon tracking. These strips are laid in two separate arrays at 

90” with respect to each other in order to measure the trajectory of the muon in 2D. 

The amount of material in the WIC is summarized in table 5.3. 
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Figure 5.16: Cut away view of the WIC. 

Layer #R d t a ia ion Lengths #Interaction Lengths Angular Segmentation 

LAC 71 2.8 

WIG 1 50 2.0 66 mrad 

WIG 2 50 2.0 66 mrad 

1 Total ) 171 6.8 

Table 5.3: Geometrical properties of the WIC. All the thicknesses listed are at normal 

incidence. The angular segmentation is listed as &. 
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Chapter 6 

The Likelihood Function 

The leptonic coupling asymmetry parameters A,, A, and A, are extracted from 

the polarized angular distributions of e+e,,, + e+e-, e+e,,, + 2 -+ p”+~- and 

e+e$ + 2 + Q-+F. This is done with an unbinned maximum likelihood fit of the 

theoretical cross section to these distributions with the coupling asymmetries as free 

parameters. 

6.1. Likelihood Function for p and T pair production 

The tree-level cross section is the sum of three terms (see equation 2.11) 

do,(4 - = fy(s)P +x2) 
dx 

d”d4z(4 = 
dx 
daz(s) 
- 

dx 
= fi~s~((l + PA&(1 +x2) + (P + A,)A12x) 
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Figure 6.1: Initial-state radiation. The center-of-mass energy at the boson production 

vertex is reduced by the amount of energy carried away by a photon emitted along 

the beam pipe. 

with x = cos 0 and the tree-level coefficients 

f 
tree _ 7rQ2 
7(s) - 2s 

2 s(s - Ad;) 
~~~~~~~=2s2sin2~iwcos2Hiy2(~ -Mz)2 + "', 

&z, 
did 

f 
tree= 7m2 S2 

Z(s) 2s(2 sin2 0~ cos2 19w)~ (s - Mz)” + &F$ 
(!7G2 + 9:2)(9:2 + d”) (6.2) 

Higher order diagrams describe initial- and final-state (photon) radiation as well 

as fermion loops and vertex corrections. The Z line shape (Z production cross section 

as a function of center-of-mass energy &) is modified considerably by initial-state 

radiation. Above the pole of the resonance, the probability of emitting a photon going 

(roughly) along the beam pipe and producing an on-shell Z boson is quite high (see 

figure 6.1). Therefore, the Z production cross section falls more slowly with increasing 

center-of-mass energy than expected from a tree-level calculation. At and below the 

pole of the resonance, initial state radiation can occur as well, which increases the 
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probability of a virtual photon exchange compared to the probability of exchanging 

a virtual 2 boson. The SLC center-of-mass energy is slightly above the pole, so the 

tree-level calculation predicts positive 2 - y interference terms. Due to initial-state 

radiation, these terms become negative (on the average, the effective center-of-mass 

energy fi at the boson production vertex is below the Z mass). 

Radiative corrections are done to this cross section under the assumption that 

the shapes of each of the three terms remain the same and only the coefficients (6.2) 

get modified. Radiative corrections need to take into account initial- and final-state 

radiation and loops that modify the coupling constant CY. I used the program MIZA [l] 

to calculate the unpolarized cross-section for each of the three terms which are directly 

proportional to the coefficients (6.2). MIZA removes some of the dependence on the 

standard model by replacing (6.2) with 

f 
tree 
r(s)Z(s) 

tree 
fw 

7m2 s(s - Ad;> 
2s2 sin2 BW cos2 19~ 2 (s - AKjJ2 + s~~?~/&J~~‘~’ 
97r S rJ-11 - 
2 (S - hf;y + m$/kf; M; 

(6.3) 

These expressions are now convoluted with the QED initial state radiator times the 

p pair selection efficiency Ed which is determined from SLD Monte Carlo. s’ is 

the center-of-mass squared energy after initial state radiation has taken place. The 

efficiency can be seen in figure 6.2 
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p selection efficiency 
K 90 

c 
$/ndf 1.958 / 6 

Pl 72.98 LJ 
P2 .7712E-01 

80 - P3 72.30 

70 - 

60 - 

50 - 

. - 

0 I I , , I I I I, I I I I, 
55 60 65 70 75 80 85 90 

GeV 
@*pm selection efficiency c versus E 

Figure 6.2: p selection efficiency as a function of the center of mass energy a. The 

. . fit is the parameterization function dr, so pl is the efficiency in the peak 

region, p3 is the cut-off energy and p2 is the slope at the cut-off energy. 

Both the energy spread of the SLC beams and the change of the central value 

of the energy over the course of the run need to be taken into account as well. The 

energy spread of SLC is about 200 McV. To investigate the change of the central 

value of the energy, I plotted the distribution of this central value in the center of 

mass frame in figure 6.3 and fit this distribution with a Gaussian. I integrate all three 

coefficients over a normalized Gaussian of width 200 MeV and vary the central value 

of this normalized Gaussian by fa = f57.76MeV (see figure 6.3) to estimate the 
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Measured SLC ems Energy 
v) I 

1 

91 .I 91.2 91.3 91.4 91.5 

GeV 
Measured ems energy 

Figure 6.3: Measured center of mass energy for events passing the pre-selection cuts. 

The corrected mean value is 91.28 GeV. I use a width of 57.76 MeV (rather than 

53.15 MeV) as measured by the polarimeter group [3], since it is determined from a 

larger (hadronic) sample. 
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7 selection efficiency 

T ,$/ndf 11.53 / 14 

Pl 45.04 

P2 .5007E-01 

P3 68.61 

P4 17.36 

,~~~l~~~~l~~~~l~~~~l~~~~l~~~~I~~~~I~~~~I~~~~l 
10 20 30 40 50 60 70 80 91 

GeV 
T*T- selection efficiency E versus E 

Figure 6.4: r selection efficiency as a function of the center of mass energy fi. The 

fit is the parameterization function M + p4, so pl is the efficiency in the 

peak region, p3 is the cut-off energy and p2 is the slope at the cut-off energy. p4 is 

the residual efficiency at low energies. 

systematic uncertainty due to variation in the central value of the energy. 

For the purpose of measuring the lepton coupling asymmetries Al, the value for 

the total cross section is irrelevant, so the sum of the coefficients (6.3) is normalized 

to 100. The coefficients for p pair production I obtained are listed in table 6.1. 

For r pair production, the same procedure is followed as for the p’s. The 7 

selection efficiency is plotted in figure 6.4. I integrate again over the Gaussian of 

figure 6.3 and obtain the coefficients for r pair production. The coefficients for p and 
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Coefficient tree-level Muon Tau 

f7f4 0.591 1.428 f 0.012 0.913 f 0.010 

frw(4 1.127 -1.568 f 0.674 -1.524 f 0.563 

f-w 98.282 100.140 ZII 0.662 100.611 f 0.555 

Table 6.1: Coefficients for Lepton production cross section. Note the sign change of 

the 2 - y interference term. 

r pairs are summarized in table 6.1. 

6.2. Likelihood Function for e+e- -+ e+e- 

The presence of t-channel diagrams modifies (6.1) to (see equation 2.10) 

. . 

.~ 

-- 

- = fy(s)(l +x2> d?(s) 
dx 

(1+22)+ (P+$!) 222) 

(x + 1)” 
d~+t)z(s) 

dx 
= fy(t)Z(s) (g;2 + g;2) (I+ PA,) 

(x - 1) 

d%)ZW _ 
dx - f~ww & (cgr2 + 9;“) (1 + a?)(x + 1)” 

d”,w(t) _ 2 
- frww 2-D 

(9G2 + 9:‘) ( 1+ PA,)(x + 1)” + (gs2 - gi’> .4 

dx x-l 

dgw = 
dx 

fzcs) (g,2 + g;12)2 ((I+ PA&l +x2) + (p + Ae)Ae2x) 

d”;+z(t) = fi~~(~& (g;2 + g;2)2 (I+ A; + 2PAe)(x + 1)” 

dgw) = 
dx 

g;” + 9;” )” ((I+ A; + 2PA,)(x + 1)” + (1 - A:) .4) 
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with 

Dtree 

f 
tree 
r(s)r(t) 

f 
tree 
r(s)Z(s) 

f 
tree 
-Y(sP(t) 

tree 
fm 

tree 
fZW(4 

tree 
fzw 

IX 

= 

= 

XII 

1+2% 
s 

7ra2 

2s 
7rcv2 
-2 
2s 

710!2 
-2 
2s 

7m2 - 

2~2 sin2 0~ cos2 BW 

2 s(s Iv;) 

(s - &7)2 + +&I; 

?Ta2 s(s - A@) 

2~2 sin2 19~ cos2 19~ 2 (s - A@)2 + $&r$ 

7rQ2 

2~2 sin2 8~ COG 19~ 
7rQ2 

2~2 sin2 BW cos2 ew 2 
7rcY2 S2 

2s(2 sin2 0~ (308~ 8~)~ (s - M2L2 + &Ii 

7xX2 s(s - Adz)- 
2s(2 sin2 8~ cos2 0~)~ (S - &$)2 + &Is 

7rQ2 1 

2s(2 sin2 19~ cos2 BW)2 2 

Radiative corrections again use the assumption that the shapes of each of all the terms 

remain the same and only the coefficients (6.5) get modified. I used the program 

MIBA [2] to calculate the unpolarized cross-section for each of the ten terms which 

are no longer directly proportional to the coefficients (6.2) but can still be calculated. 

For this purpose, I integrated the terms 6.4 over a symmetric range of 1 cos 01 < c 
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with c = 0.7. 

07(s)r(t) = 

o7(t) = 

~-Y(s)Z(s) = 

o-Y(w(s) = 

g,(s)z(t) = 

g-dv(t) = 

OZ(s) = 

. _ Dz(s)z(t) = 

- 
az(t) = 

fy(t)Z(s) 9;” ( l-c 
+ g;2) (1 + PA,)2 (3~ + 2 log -) 

1+c 

&(s)Z(t) 9;” ( 
D-c 

+gi2) (l+PA,)2 ((D+2)2~+(1+D)~log~+c 

fmw) x 

fz(s)z(t) ( 9;” + 92” > ( 2 l+Az+2PA,)x 

D-c 
2 (D + 2)2c + (1 + 0)” log D+c 

fZ@) (a2 + gi2)2 x 

8[(l+A~+2PA,)(e+(1+D)loi~+(l+D)2D2~,2)+ 

(l - ‘:14D2” $1 (6.6) 

MIBA like MIZA removes some of the dependence on the standard model by using 

ree instead of the weak coupling constant for the pure 2 exchange terms. 

Alternatively, I used dMIBA [2] which calculates differential rather than integrated 
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Bhabha differential cross section 
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Figure 6.5: Differential cross section for the various Bhabha terms. The histogram 
. _ for each of the terms is a dMIBA [2] calculation, the smooth function is a tree-level 

fit with the strength of the term as the only parameter. 

cross sections to fit the angular distributions arising from the ten different terms to 

the tree-level formulas. The resulting coefficients are the same as for MIBA. The 

results can be seen in figure 6.5. The coupling constant Q for some terms runs with 

t which in turn is a function of cos 19. Figure 6.5 also shows, that the assumption 

that the radiative corrections do not affect the shapes of the ten terms is a very good 

approximation over the interesting range of cos 8. Finally, the dMIBA fit supplied me 

with a value for D. Like for the ,u’s and 7’s I computed a Bhabha selection efficiency 
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Bhabha selection efficiency 
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20 

10 
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e’e- selection efficiency t versus E 

Figure 6.6: Bhabha selection efficiency as a function of the center of mass energy 

a. The fit is the parameterization function N, so pl is the efficiency in 

the peak region, p3 is the cut-off energy and p2 is the slope at the cut-off energy. 

(plotted in figure 6.6) which was then folded in the initial state radiator function. 

Since the coefficients will depend on the center of mass energy, I computed them for 

the peak energy of fi = 91.28GeV as well as for the la variation of fi = 91.22GeV 

and fi = 91.34GeV. The dMIBA/MIBA coefficients are listed in table 6.2. 

Varying the center of mass energy results in a variation of A, from the e+e- final 

state of 

LIAR = 8. 1O-4 
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Tree Level dMIBA 

3.00 3.07 

3.254 4.384 f 0.005 

6.507 8.911 f 0.012 

6.507 8.893 f 0.021 

24.809 -23.756 f 15 

24.809 -32.311 f 15 

4.567 6.029 f 0.002 

9.133 12.005 f 0.005 

8548.34 8609.96 f 2.4 

17.410 -22.081 f 10 

3.205 4.163 f 0.002 

Table 6.2: Coefficients for the Bhabha cross section. Note the sign change in all the 
Z(s) interference terms. 

. - 
The systematic uncertainty in Al for the Muon and Tau sample due to this variation 

is 

. _ LIAR = 6. 1O-4 LIA; = 12 * 1O-4 

-and 

LIA; = 17. 17-4 AA; = 10. 1O-4 
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Chapter 7 

Event selection 

7.1. Events at SLD 

There are five types of events at SLD relevant to this analysis(see figure 7.1): 

hadronic events, two-photon events, Bhabhas, mu-pairs and tau events. I divide 

each event into two hemispheres (defined by the highest momentum track) and as- 

sign each hemisphere to one of the two “leptons” produced in the “Z decay”. An 

event acollinearity is defined by the angle between the sum of the momenta in each 

hemisphere. 

Hadronic events (2 + q?j) usually show a high number of charged tracks(roughly 

20). Figure 7.2 shows a typical hadronic event at SLD. I use a pre-selection (com- 

bination of angular acceptance cut and a cut on the charged track multiplicity) to 

remove most of the hadronic events out of the leptonic samples. 
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(a) Hadronic event 

(b) Two photon event 

(c) Bhabha event 

(e) Tau pair 

Figure 7.1: Sketch of event types at SLD. (a) Hadronic events have a large num- 

ber of charged tracks (around 20). (b) Two-photon events are highly boosted (large 

acollinearity) and have low momentum tracks. (c) Bhabha events have high momen- 

tum tracks and deposit a large amount of energy in the (electromagnetic) calorimeter. 

(d) Muons have high momentum tracks and deposit little energy in the (electromag- 

netic) calorimeter. (e) Tau events show a small acollinearity and have more tracks 

than the other leptons. 

In two-photon events, a fermion pair is produced by the fusion a photon emitted 

by the beam electron and a photon emitted by the beam positron. The charged track 

multiplicity is low. Most of the energy is carried away by the initial-state particles. 

Usually, the event is highly boosted which leads to a large acollinearity. 
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c Run 12576, 
4-JUL-1992 

source: Run 

7. EVENT SELECTION 

EVENT 2540 

Figure 7.2: Typical hadronic event. Note the large number of charged tracks. 

Bhabha events have a low number of charged tracks. Typically, there are two back- 

to-back high-momentum tracks in the event, which deposit a large amount of energy 

in the electromagnetic calorimeter. A typical Bhabha event is shown in figure 7.3. 

Muon events look similar to Bhabha events, but the high-momentum tracks do not 

deposit a significant amount of energy in the electromagnetic calorimeter. A typical 

mu-pair is shown in figure 7.5. 
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Tau events have a larger charged track multiplicity than the other leptons and 

show a small acollinearity due to the neutrino emissions in the tau decays. The 

invariant mass of the event is reduced for the same reason. Typical tau events are 

shown in figures 7.9 and 7.11. 

7.2. The Pre-Selection 

. - 

The pre-selection selects leptonic events and rejects hadronic events. A typical 

hadronic event is shown in figure 7.2. It cuts on the acceptance of the detector 

(Icos~) < 0.7) and on the charged particle multiplicity of the event (2 5 ntracks 5 8). 

To insure good identification of the hemisphere charges 41 and q2 I want q1 * q2 = -1. 

This leaves me with 14401 events (4550 from the 1993 run and 9851 from 1994/95), the 

purity is 71.48%. The lepton efficiencies within 1 cos 191 < 0.7 are eWnB = 92.720/o, eP = 

95.60% and E, = 86.19%. 

7.3. The Bhabha sample 

The Bhabha sample is selected from the events passing the pre-selection cuts. A 

single additional cut is required to select the e + e - final state (Bhabha event). I add 

the LAC energies associated to the two highest momentum tracks in the event and 

this sum must be greater than 45 GeV. This removes about 8% of the true e+e- final 

state. 
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Run 20578. EVENT 1872 
23-MAR-1 
source : 
Trigger: 
Beam crc 

Figure 7.3: Typical Bhabha event. Note the large amount of energy deposited by the 

two back-to-back high-momentum tracks. 

Figure 7.3 shows a typical Wide-Angle Bhabha (WAB) event. A plot of the cut 

quantity is shown in figure 7.4 The Bhabha selection has an efficiency of 92.45% 

within my angular acceptance. The purity is 99.29%. The Bhabha sample contains 

4527 events. 
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Bhabha cut1 Enerw Cluster Sum 
-J// 

10 

1 

-1 
10 

0 10 20 30 40 50 60 70 80 

GeV 
Bhobha sum of raw cluster emergy 1993 doto 

IO2 

10 

1 

-1 
10 

GeV 
Bhobho sum of raw cluster emergy 1994/95 data 

Figure 7.4: Bhabha selection cut on sum of the two largest energy clusters. This 

cut (indicated with the dashed line) sufficiently suppressed all studied background 

sources. The data is plotted with crosses, the histogram is Monte Carlo. The shaded 

areas correspond to 7 and Bhabha Monte Carlo. For this plot, the cut has not been 

applied. Events are accepted to the right of the dashed line. 

-- 
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Run 11572, 
20-MAY-1992 
Source: Run 
Trigger: CD< 
Beam Crossir 

. . Figure 7.5: Typical mu-pair event. Note the small amount of energy deposited by the 

two back-to-back high-momentum tracks as indicated by small box symbols compared 

to figure 7.3. 

7.4. The Muon sample 

The Muon sample is selected from the events passing the pre-selection cuts by 

imposing only two cuts: 

1. Invariant mass 

I compute from the momenta of all charged tracks in an event its invariant mass 

assigning to each charged particle the pion mass and require this event mass 
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to be more than 70 GeV. The effect of this cut can be seen in figure 7.6. It 

removes most of the Q- background from the sample. 

2. Largest energy cluster 

I cut on the largest LAC energy cluster that is associated with a charged track. 

I require it to be less than 10 GeV but bigger than 0. The effect of this cut 

is shown in figure 7.7. It removes most of the Bhabha background from the 

sample. 

The ,u selection is 95.79% efficient within my angular acceptance The purity is 

99.50%. The p sample contains 3788 events. The efficiency of the acceptance cut 

(I cos 191 < 0.7) is 61.08%. 

_ 7.5. The Tau sample 

The Tau sample is selected from the events passing the pre-selection cuts by 

imposing five requirements: 

1. Invariant mass 

I compute from the momenta of all charged tracks in an event its invariant mass 

assigning to each charged particle the pion mass and require this event mass to 

be less than 70 GeV. The effect of this cut can be seen in figure 7.8. It removes 

most of the /1 background from the sample. 
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p cut1 Event mass (7) 

IO2 

10 

1 

-1 
10 

0 20 40 60 80 100 120 

GeV/c’ 
p Event mass 1993 data 

10 

10 

1 

10 

,u Event mass 1994/95 data 
GeV/c’ 

Figure 7.6: p selection cut 1 on the invariant mass for all charged tracks. This cut 

(indicated with the dashed line) reduces the 7- background. The data is plotted with 

crosses, the histogram is Monte Carlo. The shaded areas correspond to 7 and p Monte 

Carlo. All ,u selection cuts have been applied except the cut on the invariant mass 

(1). Events are accepted to the left of the dashed line. 

111 



I : 

7. EVENT SELECTION 

p cut: max. Energy (WAB) 
b 

15 20 25 30 35 L 

GeV 
,u. Max Raw cluster energy associated to track 1993 data 

. - 

5 10 15 20 25 30 35 

p Max Raw cluster energy associated to track 1994/95 data 

40 

GeV 

-k D to 

Figure 7.7: p selection cut 2 on the largest energy cluster associated with a charged 

track. This cut (indicated with the dashed line) reduces the Bhabha background. 

The data is plotted with crosses, the histogram is Monte Carlo. The shaded areas 

correspond to WAB and 1-1 Monte Carlo. The events in the area between 10 GeV and 

25 GeV that is not shaded come from the 7 Monte Carlo. All p selection cuts have 

been applied except the cut on the largest energy cluster (2). Events are accepted to 

the right of the dashed line. 
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‘T- cut: Event mass (4 
lo* 

10 

1 

-1 
10 

40 60 80 100 120 140 

GeV/c’ 
T Event mass 1993 data 

T Event mass 1994/95 data 
GeV/c’ 

Figure 7.8: 7 selection cut 1 on the invariant mass for all charged tracks. This cut 

(indicated with the dashed line) reduces the p background. The data is plotted with 

crosses, the histogram is Monte Carlo. The shaded areas correspond to p and 7 Monte 

Carlo. All Y- selection cuts have been applied except the cut on the invariant mass 

(1). Events are accepted to the right of the dashed line. 
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Run 30019, 
19-DEC-1994 
source: mm 
Trigger: En8 
Beam crossi: 

,,. 

“r,‘,:>:r ‘..,. ’ 

7. EVENT SELECTION 

Figure 7.9: Typical Tau event in the l-l topology. Note the large amount of energy 

deposited by one of the two back-to-back high-momentum tracks. One Y- probably 

decayed into a /J, the other into an electron. 

2. Largest energy cluster 

I cut on the largest energy cluster that is associated with a charged track. I 

require it to be less than 27.5 GeV but bigger than 0. The effect of this cut 

is shown in figure 7.10. It removes most of the Bhabha background from the 

sample. 
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T- cut: max, Energy (WAB) 

10 

1 

-1 
IO 

0 5 10 15 20 25 30 35 ‘ 

10' 

10 

GeV 
-r Max Raw cluster energy associated to track 1993 data 
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Figure 7.10: 7 selection cut 2 on the largest energy cluster associated with a charged 

track. This cut (indicated with the dashed line) reduces the Bhabha background. 

The data is plotted with crosses, the histogram is Monte Carlo. The shaded areas 

correspond to WAB and r Monte Carlo. All Q- selection cuts have been applied except 

the cut on the largest energy cluster (2). 
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Figure 7.11: Typical Tau event in the l-3 topology. Note the small acollim :arity. 

invariant mass can be formed in one hemisphere to cut against hadronic ev rents. 

An 

3. Largest hemisphere mass 

Dividing the event in two hemispheres I compute invariant masses for each of 

the hemispheres as described in 1. To reject hadronic events passing the pre- 

selection cuts, I want the larger of the two hemisphere invariant masses to be 

less than 1.8 GeV. The effect of this cut can be seen in figure 7.12. It removes 

most of the remaining hadronic background. 
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T cut1 Hemisphere mass (Hadron) ’ 

10 

1 

0 0.5 1 1 .5 2 2.5 3 3.5 4 

GeV/c’ 
T Max Hemisphere mass 1993 data 

. - 

-r Max Hemisphere moss 1994/95 data 
GeV/c’ 

Figure 7.12: 7 selection cut 3 on the larger hemisphere mass formed by charged tracks. 

This cut (indicated with the dashed line) reduces the hadronic background. The data 

is plotted with crosses, the histogram is Monte Carlo. The shaded areas correspond 

to hadron and 7 Monte Carlo. All 7 selection cuts have been applied except the cut 

on the larger hemisphere mass (3). Events are accepted to the right of the dashed 

line. 
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4. Largest momentum 

The largest momentum of the charged tracks is required to be at least 3 GeV. 

This rejects two-photon events as well as events with a badly measured thrust 

axis. The effect of this cut is shown in figure 7.13 (the cut on the acollinearity 

(5) against two-photons has been applied) or in figure 7.14 (no acollinearity 

constraint is imposed). 

5. Acollinearity 

Finally, I determine from each hemisphere the vector sum of the momentum 

based on charged tracks. From these two momenta, I compute the event 

acollinearity and require it to bc greater than 160 degrees. The effect of this cut 

can be seen in figure 7.15) (the cut on the largest momentum (4) against two 

photon events has been applied) or in figure 7.16 (no momentum constrained is 

imposed). 

. - 

The 7 selection efficiency within my angular acceptance is 89.57%. The purity 

is 94.75%. The r sample contains 3748 events. The efficiency of the acceptance cut 

(I cost91 < 0.7) is 61.08%. 
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7- cut: max. momentum (yy) 
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10 

0 10 20 30 40 50 60 

GeV/c 
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-r Max momentum 1994/95 data 
GeV/c 

Figure 7.13: r selection cut 4 on the largest momentum for the charged tracks. This 

cut (indicated with the dashed line) reduces the two photon background. The data 

is plotted with crosses, the histogram is Monte Carlo. The shaded areas correspond 

to yy and r Monte Carlo. All 7 selection cuts have been applied except the cut on 

the maximum momentum (4). Events are accepted to the left of the dashed line. 
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Figure 7.14: r selection cut 4 on the largest momentum for the charged tracks. This 

cut (indicated with the dashed line) reduces the two photon background. The data is 

plotted with crosses, the histogram is Monte Carlo. The shaded areas correspond to 

yy and 7 Monte Carlo. No cut against yy (4 or 5) was applied for this plot. Events 

are accepted to the left of the dashed line. 
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Figure 7.15: 7 selection cut 5 on the acollinearity computed from the charged tracks. 

This cut reduces the two photon background. The data is plotted with crosses, the 

histogram is Monte Carlo. The shaded areas correspond to yy and 7 Monte Carlo. 

All r selection cuts have been applied except the cut on the acollinearity (5). Events 

are accepted to the right of the dashed line. 
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Figure 7.16: 7 selection cut 5 on the acollinearity computed from the charged tracks. 

This cut reduces the two photon background. The data is plotted with crosses, the 

histogram is Monte Carlo. The shaded areas correspond to yy and r Monte Carlo. 

No cut against yy (4 or 5) was applied for this plot. Events are accepted to the right 

of the dashed line. 
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Backgrounds 

Backgrounds in the sample that have different angular distributions will introduce 

a bias to the fitted asymmetry parameters. For example, a flat left-right symmetric 

background will wash out both the initial- and the final-state asymmetry. Therefore, 

I need to correct for the background effects. Since the exact level of background 

contamination (as well as the exact polarized angular distribution) is uncertain, this 

introduces systematic uncertainties in the measurement, which have to be estimated. 

To correct for possible biases in the lepton asymmetries Al due to the presence of 

backgrounds I use the following procedure: 

1. Assessing the backgrounds 

I first compare the data with the detailed Monte Carlo simulations at each step 

in the process of making cuts to arrive at a final sample for each of the final 

states. Then, from each final sample, I relax the cuts one at a time to study the 
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effect of that cut. This is shown in figures 7.4-7.16. I compare the shape and 

number of events for the cut-on quantity above and below the cut value. If I find 

differences between data and Monte-Carlo, I correct the Monte Carlo estimates 

of the background level for these differences and take the difference as systematic 

uncertainty on the background level. If I find no obvious disagreement I use 

the Monte Carlo estimates for the background level and conservatively take all 

of the background to be systematically uncertain. In general, the agreement 

between data and Monte Carlo is good. Exceptions are discussed below. 

2. Measuring the background’s angular distribution 

. - 

. . 

Starting from the events that passed the pre-selection cuts I use modified or 

inverted signal selection cuts to form event samples that are rich in the back- 

ground being studied. (For p’s and r’s faking Bhabhas or Bhabhas faking p’s 

and r’s this is trivial, I just use the corresponding signal sample). I study the 

effects of the selection cuts for the signal suffering from this background on the 

background’s angular distribution by relaxing or dropping cuts against the stud- 

ied background to improve statistics. Being convinced that the selection cuts 

did not alter the background’s angular distribution, I fit them with a suitable 

function. 
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3. Calculating the effect on the lepton asymmetries 

The angular distributions obtained from the data are used as input to a fast 

simulation (“toy Monte Carlo”). The toy Monte Carlo consists of the function 

generating the signal (which is the same function used to fit the data) and, in 

addition, the background angular distribution function. Many “experiments” 

are run with the toy Monte Carlo where first the pure signal is fitted with the 

signal function, and then the signal diluted with different levels of background. 

Each fit is done in the same way as for the data. Since the fit function does 

not take the background into account, the fitted lepton asymmetries shifts from 

the undiluted value. I take this shift averaged over all the toy Monte Carlo 

. - experiments as the effect of the background being studied. I study three shifts 

for three different levels of background (0.25%, 0.5%, and 1%) and plot them 

against the background level. A linear fit provides me with the shift per % of 

background. Using the background estimates of 1, I compute a correction to be 

. . 

applied to the measured asymmetries. 

Data sample/MC species Bhabhas Muons Taus yy Hadrons 

Bhabhas 99.29% 0.07% 0.64% 0.00% 0.00% 

Muons 0.03% 99.50% 0.39% 0.00% 0.08% 

Taus 1.47% 1.89% 94.75% 1.39% 0.50% 

Table 8.1: Monte Carlo estimates of the composition for each sample. The numbers in 

the diagonals are the estimated purities, off diagonal numbers are background levels. 
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Data sample/Background Bhabhas Taus YY Hadrons 

Bhabhas (0.7 f 0.7)% 0% 0% 

Taus (1.5 f 1.5)% - (1.0 f 0.5)% (0.5 f 0.5)% 

Table 8.2: Corrected estimates of the background levels. Leptons faking other lep- 

tons are not considered to be background. The Muon sample has only negligible 

backgrounds. 

8.1. Assessing the backgrounds 

The Monte Carlo estimates for the backgrounds are listed in table 8.1. Data and 

Monte Carlo agree nicely in figure 7.4, so the 7 background level in the Bhabha sample . - 

remains unchanged. All backgrounds in the p sample are negligible since 7’s faking p’s 

- have no effect. There is no significant difference in the world-averaged measurements 

of A, and A,. Since A, is known within 13 . 10e3 (and A, is known more precisely 

than that), the effect of r background in the muons would be smaller than 5 . 10P5. 

For the same reason, the p background in the T sample can be neglected. (Its effect 

is smaller than 2. 10e4. Figure 7.10 and 7.12 show no disagreement between data and 

Monte Carlo, so the Bhabha and hadronic background levels remain unchanged. On 

the other hand, in figure 7.13, 7.14, 7.15 and 7.16 data are consistently below Monte 

Carlo, so I correct the two-photon background level to 1%. This leaves me with the 

background levels printed in table 8.2 
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8.2. Measuring the background’s angular distribution 

To get the shape of the r background in the Bhabha sample and the Bhabha 

background in the 7 sample I used the 7 sample and the Bhabha sample themselves. 

For the two-photon background and the hadronic background on the other hand, I 

needed two new data samples. The cuts for the samples are 

1. The two-photon sample 

The two-photon sample uses three cuts: 

l I invert the r acollinearity cut and require the event acollinearity to be 

smaller than 158 degrees. This cut removes most of the T events. 

l To reduce the amount of hadronic events which is the 

dominating contribution I impose a relaxed hemisphere mass cut 

(max(massl,mass2)< 2 GeV) 

l To reduce the number of 7 events further, we want the maximum momen- 

tum to be less than 8 GeV. 

2. The hadronic sample 

I start from the 7 sample and invert the cut on the larger hemisphere mass. I 

then relax the event mass cut to 79 GeV, the maximum cluster energy cut to 

24 GeV, the maximum momentum cut to 2 GeV, and the acollinearity cut to 

130 degrees. 
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Data sample/MC Species Efficiency Muon Tau Two-photon Hadron 

Pre-selection 19.50%, 1.42% 5.57% 6.31% 31.40% 61.34% 

Two-photon 26.75% 0.00% 0.52% 91.14% 8.33% 

Hadron 23.65% 0.60% 8.35% 0.00% 91.05% 

Table 8.3: Efficiencies, Purities and Backgrounds for the two-photon and hadronic 

background data samples. The first efficiency listed for the pre-selection is the two- 

photon efficiency within Icos0) < 0.7, the second is for hadronic events. All other 

efficiencies arc within prc-selection. The four columns on the right give the fraction 

of events in the sample for the four Monte Carlo cvcnt types. 

The efficiencies and purities of these samples are listed in table 8.3 

I studied the effect of the Bhabha cut on the angular distribution of the Q- back- 

ground. I did not find significant differences (see figure 8.1). 

I also investigated the effect of the Q- cuts on the Bhabha and the hadronic back- 

ground and did not find significant differences as shown in figure 8.2. 

For the two-photon background (see figure 8.9) I saw differences between data 

and Monte Carlo. While Monte Carlo suggested a flat background profile, the data 

showed a fall off at large lcos0l (see figure 8.10 and 8.11). I think that the profile 

of the data is the correct one, but to investigate the possibility of changes in the 

distribution shape due to the 7 cuts, I imposed the 7 cuts on top of the two-photon 

ones. To increase statistics, I applied only one of the two cuts against two-photons, 

and then relaxed it. The observed data fall off for large lcosQ[ is visible in all the 

distributions (see figures 8.10-8.15). 
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Figure 8.1: Shape of the angular distribution of the 7 background in the Bhabha 

sample. The crosses use the background sample without the Bhabha cut, the his- 

tograms have a relaxed cut (sum of two largest energy clusters less than 35 GeV) 

applied. Figures 8.3 and 8.4 show a comparison for both samples between data and 

Monte Carlo. 
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Figure 8.2: Shape of the angular distribution of the Bhabha and the hadronic back- 

ground. The crosses use the background sample without any 7 cut, the histograms 

have 7 cuts applied, but not the one against the Bhabhas (hadrons). Figures 8.5 

and 8.6 show a comparison for both Bhabha samples between data and Monte Carlo. 

Figures 8.7 and 8.8 show that comparison for both hadronic samples. 
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Figure 8.3: Shape of the angular distribution of the 7 background in the Bhabha 

sample for left-handed events. The histograms on the left hand side are without 

Bhabha selection cut, the ones on the right hand side have a relaxed Bhabha cuts 

applied (sum of two largest energy clusters less than 35 GeV) The shape is the same 

in both cases. 
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Figure 8.4: Shape of the angular distribution of the Q- background in the Bhabha 

sample for right-handed events. The histograms on the left hand side are without 

Bhabha selection cut, the ones on the right hand side have a relaxed Bhabha cuts 

applied (sum of two largest energy clusters less than 35 GeV) The shape is the same 

in both cases. 
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Figure 8.5: Shape of the angular distribution of the Bhabha background in the 7 

sample for left-handed events. The histograms on the left hand side are without any 

7 selection cuts, the ones on the right hand side have all 7 cuts applied except for the 

one against Bhabha background (2). The shape is the same in both cases. 
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Figure 8.6: Shape of the angular distribution of the Bhabha background in the 7 
sample for right-handed events. The histograms on the left hand side are without 

any 7 selection cuts, the ones on the right hand side have all 7 cuts applied except 

for the one against Bhabha background (2). The shape is the same in both cases. 
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Figure 8.7: Shape of the angular distribution of the hadronic background in the 7 

sample for left-handed events. The histograms on the left hand side are without any 

7 selection cuts, the ones on the right hand side have all 7 cuts applied except for the 

one against hadronic background. The shape is the same in both cases. 
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for the one against hadronic background. The shape is the same in both cases. 
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Figure 8.9: Shape of the angular distribution of the two-photon background. The 

crosses use the background sample without any 7 cut, the histograms in the top two 

plots have 7 cuts applied, but not the ones against the two-photon background. The 

histograms in the bottom two plots have in addition a relaxed maximum momentum 

cut (4’: max(p) < 2 GeV) applied. Figures 8.10 and 8.11 show Monte Carlo - data 
comparisons for the top two plots, figures 8.12 and 8.13 for the bottom two plots. 

Finally, figures 8.14 and 8.15 show Monte Carlo - data comparisons for the two-photon 

sample with 7 cuts excluding the cut on the maximum momentum and relaxing the 

acollinearity cut (5) to 130 degrees 
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Figure 8.10: Shape of the angular distribution of the two photon background in the Y- 

sample for left-handed events. The histograms on the left hand side are without any 

7 selection cuts, the ones on the right hand side have all 7 cuts applied except for the 

ones against two photon background (4 and 5). The shape is the same in both cases. 
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Figure 8.11: Shape of the angular distribution of the two photon background in the 

7 sample for right-handed events. The histograms on the left hand side are without 

any T selection cuts, the ones on the right hand side have all 7 cuts applied except for 

the ones against two photon background (4 and 5). The shape is the same in both 

cases. 
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Figure 8.12: Shape of the angular distribution of the two photon background in the 7 

sample for left-handed events. The histograms on the left hand side are without any 

7 selection cuts, the ones on the right hand side have all T cuts applied except for 
the acollinearity cut (5). Th e momentum cut has been relaxed to 2 GeV to increase 

statistics. The shape is the same in both cases. 
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Figure 8.13: Shape of the angular distribution of the two photon background in the 

7 sample for right-handed events. The histograms on the left hand side are without 

any 7 selection cuts, the ones on the right hand side have all 7 cuts applied except for 

the acollinearity cut (5). The momentum cut has been relaxed to 2 GeV to increase 

statistics. The shape is the same in both cases. 
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Figure 8.14: Shape of the angular distribution of the two photon background in the 

T sample for left-handed events. The histograms on the left hand side are without 

any r selection cuts, the ones on the right hand side have all 7 cuts applied except 
for the maximum momentum cut (4). The acollinearity cut has been relaxed to 130 

degrees to increase statistics. The shape is the same in both cases. 
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Figure 8.15: Shape of the angular distribution of the two photon background in the 

r sample for right-handed events. The histograms on the left hand side are without 

any r selection cuts, the ones on the right hand side have all 7 cuts applied except 
for the maximum momentum cut (4). The acollinearity cut has been relaxed to 130 

degrees to increase statistics. The shape is the same in both cases. 
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8.3. Calculating the effect on the lepton asymmetries 

I now parameterize the background distributions. The 7 distribution (as back- 

ground in the Bhabha sample) is shown in figure 8.16. The parameterization func- 

tion was chosen to be the one for s-channel single Z-exchange with an asymmetry of 

A, = A, = 0.1551. The Bhabha distribution (as background in the 7 sample) uses the 

Bhabha measurement. (A, = 0.1563) Photon and Z-exchange in both s- and t-channel 

are included. The fit is shown in figure 8.17. Figure 8.18 shows the two-photon dis- 

tribution fit to a set of two second-order polynomials. Finally, Figure 8.19 shows the 

fit of the hadronic background to a set of two first-order polynomials. The hadronic 

background is consistent with being flat and shows a distinct left-right asymmetry. 

Since hadronic Z’s with low multiplicity and a thrust axis within lcos0l < 0.7 are very 

likely to have their real thrust somewhere along the beam pipe, the computed thrust 

axis gets randomized. Therefore, I expected a flat background with an asymmetry of 

. - 

.- -P . A,. The data are consistent with that. 

After that I generated roughly 10000 toy Monte Carlo Bhabha scattering experi- 

ments and 40000 toy Monte Carlo lepton production experiments and contaminated 

them with background at various levels. Figure 8.20 shows the effect of the 7 back- 

ground in the Bhabha sample. I observe a shift on the order of 10e4 which I neglect. 
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Figure 8.16: Fit for the angular distribution of the 7- background in the Bhabha 

sample. The top histogram is for left-handed polarization, the bottom one for right- 

handed polarization. 
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Figure 8.17: Fit for the angular distribution of the Bhabha background in the T 

sample. The top histogram is for left-handed polarization, the bottom one for right- 
handed polarization. 
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Figure 8.18: Fit for the angular distribution of the two-photon background in the 

7 sample. The top histogram is for left-handed polarization, the bottom one for 

right-handed polarization. 
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Figure 8.19: Fit for the angular distribution of the hadronic background in the 7 

sample. The top histogram is for left-handed polarization, the bottom one for right- 

handed polarization. 
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Figure 8.20: Fit for the shifts in A, due to the presence of T and p background as 
a function of the amount of background. I observe a shift of AA, = -1.3 . 10m4 for 

0.7% background. I neglect this correction because of its smallness with respect to 

the statistical error (nAztat = -191 1 10P4) 
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For the backgrounds in the r sample it is possible to estimate the effects of the 

background analytically, if their polarized angular distribution is similar to the 7 

sample polarized angular distribution or if it is flat. The measured asymmetry pa- 

rameter A, with a background level b (0 < b < 1) is the weighted average of the true 

asymmetry At and the asymmetry in the background Ab. 

A, = bAb + (1 - b) At or LIA = A, - At = b(Ab - A,) 

In this simple model, the background-induced shift AA is proportional to the back- 

ground level b and to the asymmetry difference between background and signal. Fig- 

urc 8.21 shows the effect of Bhabha background in the r sample. The input values 

were Al, = 0.16 and A$,, = 0.14. Because the Bhabhas have a left-right asymmetry 

ofAT?= 0.1406 and a polarized forward-backward asymmetry of AFg = 0.1362 I 

expect the shifts AA, and AA, for a Bhabha background level b to be 

AA, = A, - A& = b(Ayr - A;J = X1.94. lo-‘; 
0 

AA, = A, - i& = b(&fg - A&) = -0.38. 10-4;. 

The toy Monte Carlo experiments result in shifts about 22% higher than the analytical 

prediction for A, and 25% lower than the analytical prediction for A,. The difference 

in A, is not significant, it could be a statistical fluctuation. The difference in A, 
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Figure 8.21: , Fit for the shifts in A, (top) and A, (bottom) due to the presence 

of Bhabha background as a function of the amount of background. From the left- 

right and the polarized forward-backward asymmetry of the Bhabha background one 

expects -1.94. 10P4/% for A, and -0.38. 10e4/% for A, which is roughly 25% smaller 

(bigger) than observed. The difference is most likely a statistical fluctuation or due 

to the correlation term A, . A, in the cross section. 
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8. BACKGROUNDS 

is more significant and might be due to the A, . A, term in the cross section, which 

cancels in the left-right asymmetry, but not in the maximum likelihood fit. Correcting 

the latter difference and using ALR = kFB = 0.1542 I calculate for 1.5% f 1.5% of 

Bhabha background: 

Figure 8.22 shows the effect of two-photon background. There I cannot predict 

the shift in A,, because the shape of the polarized distribution is very different than 

the shape of the 7 sample distribution. A, on the other hand does not depend on the 

angular distribution and can therefore be predicted. Since Al; = 0, the analytical 

-prediction is 

AA, = -16. lo-^; - 
0 

which is about 15% too low. Correcting for the difference and using ALR = A;, = 

0.1542 I calculate for 1.0% f 0.5% of two-photon background: 

AA, = -(18&t). 1O-4 

AA, = -(7f4). 1O-4 
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Figure 8.22: Fit for the shifts in A, (top) and A, (bottom) due to the presence of two- 

photon background as a function of the amount of background. From the left-right 

asymmetry of the two-photon background one expects -16 . 10e4/% for A, which is 

roughly 15% smaller than observed. The difference is most likely due to the A, . A, 
term in the cross section which cancels when calculating asymmetries. 
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Figure 8.23 shows the effect of hadronic background, which has the same left-right 

asymmetry as the T sample, but is flat in cos8. In the toy Monte Carlo, A, behaves 

as predicted analytically, but A, shifted while I expected it to be unaffected. I take 

the observed shift as a systematic uncertainty: 

AA, = -(O&3). 1O-4 

AA, = -(8f8). 1O-4 

8.4. Conclusion 

In summary, I apply the corrections 

-AA, = (20 f 9) . 1O-4 

-AA, = (18f9). 1O-4 

to the asymmetry parameters measured in the T sample and no correction to the 

asymmetry parameters measured in the Bhabha and p sample. I have a systematic 

uncertainty of 

AA, = 1.3. 1O-4 

in the Bhabha sample that results from investigating different background shapes for 

the r background. 
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Hadronic backaround shifts 
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Figure 8.23: Fit for the shifts in A, (top) and A, (bottom) due to the presence 

of hadronic background as a function of the amount of background. From the left- 

right and the polarized forward-backward asymmetry of the hadronic background one 

expects 0 . 10m4/% for A, and -14 . 10P4/% for A,. I take the apparent shift of A, 
as systematic uncertainty as well as the 5% difference in the shift of A, even though 

the latter one is not statistically significant. 

155 



Chapter 9 

Systematic effects from the r Lorentz structure 

Since this measurement uses left-right and polarized asymmetries in the polarized 

angular distributions, any selection efficiency difference (either between left- and right- 

handed events or between polarized forward and polarized backward events) will have 

a direct systematic effect on the measurement parameters. Electrons and muons are 

stable particles, so the selection efficiency does not depend on their helicity. The 7, 

however, decay weakly, and the V-A structure of their decay will introduce biases in 

the energy distribution of their decay products. 

Since this effect is due to the polarization of the r’s, I need to calculate this 7 

polarization at SLD/SLC. The cross sections for the four possible spin configurations 

for 7 pair production as a function of z = cos8 are 
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9. SYSTEMATIC EFFECTS FROM THE r LORENTZ STRUCTURE 

e+e- + r+r-. R L R’ g cc c&2c~2(1 + 2)” 

Because there is a fraction of F of left (right) handed events in a polarized electron 

beam of polarization P, (where P, > 0 means a left-handed beam) the production 

cross section for left-handed r- is 

daL 
- 0: cL2((1 + P,A,)(l +x2) + (A, + P,)2x). 
dx 

The production cross section for right-handed r- is 

don 
- cc ck2((1 + P,A,)(l +x2) - (A, + Pe)2x). 
dx 

The r polarization as a function of angle is therefore 

&!-&E 
PT(X) = dz dx - 

& I dua - 1 + A &+I’, 22 
dx dx T1+PeAe 1+x2 

This function is shown in figure 9.1. 
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9. SYSTEMATIC EFFECTS FROM THE r LORENTZ STRUCTURE 

Figure 9.1: 7 polarization in KoralZ as a function of the scattering angle. The crosses 

are from KoralZ Monte Carlo used to investigate systematic effects on Al due to the 

7 polarization. The smooth curves are analytical predictions of the polarization for 
A, = A, = 0.141 
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9. SYSTEMATIC EFFECTS FROM THE 7 LORENTZ STRUCTURE 

Left handed beam 

: / 

Right handed beam 

Figure 9.2: The beam polarization P, influences the energy spectrum of the detected 

7r in the 7 decay channel 7 -+ 7~. The effect is due to the Q- polarization and therefore 

(see figure 9.1) depends on cos0. A left-handed beam (top) products more hard x 

anda right-handed beam (bottom) more soft X. The small pictures in the right lower 

corner show the process in the 7 rest frame 

The reason why the energy distribution of the 7 decay products depends on the 

7 polarization is the following. Since the 7 neutrino that must be emitted in the 7- 

decay is always left-handed, the decay products have preferred directions in the 7 

rest frame. For example, in the 7~ decay mode (see figure 9.2) the probability for 

emitting the K at an angle q5 with rcspcct to the 7 spin vector is c( cos2 $ oc E, where 

E, is the cncrgy of the x measured in the lab frame. An energy dependent cvcnt 

selection can therefore produce a bias in the A, measurement since the 7 polarization 

flips sign under parity and beam polarization sign rcvcrsal. I call this the ‘V-A effect’ 

since it arises from the ‘V-A’ structure of 7 decays. 
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9. SYSTEMATIC EFFECTS FROM THE T LORENTZ STRUCTURE 

My event selection includes cuts on the energy deposited in the calorimeter (2) 

and on ‘tracking quantities’ like event mass (1)) hemisphere mass (3), the maximum 

momentum (4) and acollinearity (5). S ince the detector resolution induced errors of 

the ‘tracking quantities’ are small, they can be studied with generator-level Monte 

Carlo. I produced roughly 1 . lo6 KoralZ [I] Monte Carlo events. To study the effect 

on the cut that involves the calorimeter I use GEANT [2] (a full detector simulation). 

I used about 70000 events from the 1994/95 SLD standard 7 Monte Carlo. 

9.1. The tracking cuts 

I refer to the cuts on the event mass (l), the hemisphere mass (3), the maximum 

momentum (4) and the acollinearity (5) as ‘tracking cuts’. The KoralZ Monte Carlo 

used to study the effect of the tracking cuts shows indeed a different selection efficiency 

for left- and right-handed beam polarization (see figure 9.3). Because of the sign of 

the observed efficiency slopes, I expect an increase in the observed polarized forward- 

backward asymmetry and no effect for the left-right asymmetry. Figure 9.4 shows the 

measured and ‘true’ final state asymmetry Al as a function of the scattering angle. I 

therefore need to apply a correction of 

track AAT = -(122.5 f 3.8) . 1O-4 

to the measured value of A,. 
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. - 

7- selection asymmetry 
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Figure 9.3: 7 selection efficiency in KoralZ as a function of the scattering angle. 

I observe different slopes for left- and right-handed beams. From this I expect an 

increase in the measured polarized forward backward asymmetry. Since the average 

efficiency is equal for left- and for right-handed beams, I expect no effect for the 

left-right asymmetry. The efficiencies are for the tracking cuts (1, 3, 4 and 5) only. 
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Figure 9.4: The final state asymmetry Al as a function of the scatter- 

ing angle. I observe a significant difference in the final state asymmetry of 

(122.5 f 3.8) . 1O-4 while the left-right asymmetry is unchanged within the statis- 

tical error. The shown effect is from the tracking cuts (1, 3, 4 and 5) alone. 
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9. SYSTEMATIC EFFECTS FROM THE T- LORENTZ STRUCTURE 

9.2. The calorimetric cut 

I refer to the cut on the largest cluster associated with a charged track (2), the 

hemisphere mass (2) as the ‘calorimetric cut’. To study the effect of this cut I need to 

use a full detector simulation. I expect a decrease in the observed polarized forward- 

backward asymmetry and no effect for the left-right asymmetry, since I cut out decay 

products of higher energy. Figure 9.5 shows the measured and ‘true’ final state 

asymmetry Al as a function of the scattering angle. I find a shift of 

AA, = +(45&25). 1O-4 

. - to the measured value of A,. 

Since I did not observe a statistical significant shift (the effect could be a statistical 

fluctuation of 1.8 a), I changed the beam polarization to 1 to extract the highest 

-precision from the Monte Carlo. Changing the beam polarization will change the 
.- 

7 polarization by a factor of about 1.25. I expect the effect to be linear in the r 

polarization, so it should increase by a factor of 1.25 as well. I therefore expect a 

shift of about 56 . 10P4. Figure 9.6 shows a shift of 

aA, = +(54f 19).10-4 

To get the correction, I multiply this by 0.8 f 0.2 that is, I treat all of the correction 
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V-A correction 
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Figure 9.5: The final state asymmetry Al as a function of the scattering angle. I 

observe a difference in the final state asymmetry of (45 f 25) . 10m4 while the left-right 

asymmetry is unchanged within the statistical error. The shown effect is from the 

calorimetric cut (2) alone. 
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Figure 9.6: The final state asymmetry Al as a function of the scattering angle for a 

beam polarization of magnitude 1. I observe a difference in the final state asymmetry 

of (54 f 19) . lop4 while the left-right asymmetry is unchanged within the statistical 

error. To translate it to a beam polarization of magnitude 0.77 I multiply by 0.8 f 0.2 

and get (43 f 19) . lop4 The shown effect is from the calorimetric cut (2) alone. 
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9. SYSTEMATIC EFFECTS FROM THE r LORENTZ STRUCTURE 

as uncertainty. I find the V-A correction due to the calorimetric cut to be 

AA?’ = +(43 zt 19) . 1O-4 

The effect is now 2.3 0 

Combining both the shift due to the calorimetric and the tracking cuts, the cor- 

rection necessary due to the V-A effect is 

AA, = -(80 f 19) . 1O-4 

9.3. Specific decay channels 

It is interesting to investigate the effect of the separate decay channels. Figure 9.7 

shows the efficiencies and corrections for 7 -+ 7~ and 7 --+ 1~. Figure 9.8 displays 

the effect for r t pv and r -+ alv. The effect is largest in the ;ry decay mode. There 

the observed asymmetry is increased by roughly a factor of two. The lepton mode on 

the other hand shows no effect at all. (From the energy distribution of this mode I 

would expect a small effect of opposite sign. The Monte Carlo is consistent with that 

expectation but favors no effect at all.) Both p and al show a modest-sized effect 

that is approximately equal to the one averaged over all decay modes. Table 9.1 

summarizes the observed effects. 
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Figure 9.7: The efficiencies and the final state asymmetry Al as a function of the 

scattering angle in the decay channels 7 -+ 7i-u (left) and 7 + ZVU (right). I observe 

a huge effect in the 7r mode and a negligible one in the lepton mode. 
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Figure 9.8: The efficiencies and the final state asymmetry Al as a function of the 

scattering angle in the decay channels 7 -+ pv (left) and Q- + ulv (right). I observe 

an average effect in both the p mode and the aI mode. 
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1 Decay mode 1 all 

AAt? in 10d4 -1.9 f 2.5 -19 f 43 2f7 -12f8 -42 f 21 

LIAR in lop4 -122.5 f 3.8 -1416 f 65 -3 & 10 -128 f 12 -132 f 31 

Table 9.1: V-A effect for various Y- decay modes. The largest effect comes from the 

R- mode. p and al show an average effect and I observe no effect in the lepton decay 

mode. There is no significant bias in A, 

9.4. Cross checks 

I can of course use SLD Monte Carlo to investigate the effect of the tracking cuts. 

As indicated in figure 9.9 I find 

AAt,'""" = -(114 f 25) . 1O-4 

. - 

which is consistent with the KoralZ result. I therefore find the shift due to all five 

cuts to be 

.nA, = -(69&36). 10T4 SLD Monte Carlo only 

I also fed the SLD Monte Carlo into the program with which I fit the data and 

observe a total shift of 

AA, = -(71 f 36) . 1O-4 SLD Monte Carlo only 

for the method using the polarized forward-backward asymmetry which is identical 
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Figure 9.9: The final state asymmetry Al as a function of the scatter- 

True IA,= 0.1397*0.0109 

ing angle. I observe a significant difference in the final state asymmetry of 

(114 f 25) . 1O-4 while the left-right asymmetry is unchanged within the statisti- 

cal error. The shown effect is from the tracking cuts (1, 3, 4 and 5) alone and has 

been investigated with the SLD Monte Carlo set. 
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9. SYSTEMATIC EFFECTS FROM THE r LORENTZ STRUCTURE 

to the finding above. The maximum likelihood method shifts its result by 

AA, = -(72f37). 1O-4 SLD Monte Carlo only 

so I can’t find a difference in the sensitivity to the V-A effect of the two analysis 

methods (polarized asymmetry method and maximum likelihood fit). 

9.5. Conclusion 

I measured the V-A effect due to the tracking cuts to be 

. - 

track AA, = -(122.5 % 3.8) . 1O-4 

and due to the calorimetric cut 
. _ 

LAY' = +(43&19). 10-4. 

Combining both, the correction necessary due to the V-A effect is 

AA, = -@Of 19).10-4 

There is no effect on A, and A,. 
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Chapter 10 

Other systematic studies 

There are a number of effects which I investigated, that can potentially affect the 

measurement. The systematic studies mentioned here have all negligible effects on 

the asymmetry parameter. 

10.1. Thrust Axis Resolution 

Since I look at polarized angular distributions, I need to reconstruct the lepton 

direction. For Bhabhas and mu-pairs this reconstruction is typically quite easy, be- 

cause there are normally just two tracks. Tau events however have frequently more 

than two tracks, and there are at least two neutrinos (leading to a small acollinearity 

of the tau events) among the decay particles of the 7’s. I define a ‘thrust axis’ of 

the event (see figure 10.1) to reconstruct the lepton direction (in the center of mass) 

What I mean with ‘thrust axis resolution’ is the difference between lepton direction 
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10. OTHER SYSTEMATIC STUDIES 

Figure 10.1: Thrust Axis for a lepton event. The momentum vector in each hemi- 

sphere defines an angle 8~. The angle 0 combines both hemispheres and is used as 

the event angle, the difference between 19~ and & measures the resolution. 

and reconstructed thrust axis direction. I define (see figure 10.1) 

. - 
I(; = cos(0) = i where $= pf - p”2 (10.1) 

and p: is the sum of the momenta of all charged tracks in hemisphere i the dividing 

plane of which is determined by the maximum momentum track. I can further define 

x1,2 = COS(BQ) = hp* 
IPd - 

so the two momentum vectors are given by 

(10.2) 

where t^i,2 are the directions of the transverse momenta. 
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I use now zl - x2 as a measure of the uncertainty in z. For equal momenta 

magnitudes 

Pl =p2 =P 

I get 

x1+x2 1 
x=-qiyz 

where Q is the acollinearity angle. The second factor is close to one for 7 events, since 

the acollinearity must exceed 160 degrees. (because this is one of the selection cuts) 

Therefore, the resolution of x is 

a2(x) = 
a2(x1)+a2(x2) = a2(x1 -x2) = < (Xl -x2j2 > 

4 4 4 
oc< (Xl - x2)2 > 

10.1.1. 7 events 

Since any 7 decay contains at least one neutrino (which escapes detection) I ex- 

pect the difference between thrust axis and 7 direction mostly due to stable neutral 

particles which are not taken into account when measuring the momenta pl and p2. 

Therefore, the resolution in 0 should be independent of 19 or 

0; = ((fq”) = ((0 - etrJ2) = a;. 
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Therefore 

0: = ((Ax)“) = (($s)Z) = ((Lw)“) (2)’ 

and (T, becomes a function of x: 

a;(x) = 0;<1 - x2) 

I plotted the 7 thrust angle resolution for data, SLD Monte Carlo and KoralZ Monte 

Carlo in figure 10.2 and found that data and the two types of Monte Carlo agree well 

with each other and the above prediction. I found the ‘conversion factor’ between 

a2(x) and < (xi -x2)2 > (from Monte Carlo) to be i. ‘I assign a systematic error to the 

. - correction equal to its size. I extracted the proportionality constant and generated 

many toy Monte Carlo experiments with the thrust axis smeared by the amount 

mentioned above. I detected no shift in A, and a shift of 0.0005 f 0.0001 in A,. 

-1 conservatively treat the whole correction as systematic uncertainty as mentioned 

i above, that is I apply the correction 

AA, = (5 & 5) . 1O-4 
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Figure 10.2: Thrust Axis Resolution for 7 events. The upper left hand corner shows 

a scatter plot of cos(el) - cos(e 2 versus cos(6J) for the 1993-1995 data. The plot on ) 
the upper right shows the deviation of cos(r3) f rom Monte Carlo truth for 1994/95 

SLD Monte Carlo. The bottom plots show the variance in cos(0) as a function of 

cos(8). The lower left is a comparison between data (solid) and KoralZ Monte Carlo 

(dashed), the lower right compares KoralZ Monte Carlo (solid) with SLD Monte 

Carlo (dashed). All three relations have been fit to a second-order polynomial. Note 

that there is little difference between KoralZ and SLD Monte Carlo, so clearly the 

resolution is determined by the physics of the decay process and not by the SLD 

detector shortcomings. Agreement between data and Monte Carlo is very good, once 

the distribution in cos(t9r) - cos(B 2 is normalized to the true residual in cos(0). Note ) 
also the size of the variance which is very small. 
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10.1.2. p and Bhabha events 

Figure 10.3 shows, that the thrust angle resolution for p’s and Bhabhas is smaller 

than for 7 events and can therefore be neglected. For these lepton species, SLD Monte 

Carlo suggests, that the conversion factor between cr”(x) and < (xi - ~2)~ > is about 

0.29 which was used in figure 10.3. 

10.1.3. Initial/Final State Radiation 

In addition to changing the Z line shape (see chapter 6), initial/final state ra- 

diation introduces a boost between the lab frame and the center of mass frame and 

therefore produces a non zero xl - x2. Any correction due to that is therefore already 

taken care of in the two sections discussed previously. In principle, it could be cor- 

rected for by forming the thrust axis angle in the center of mass frame assuming that 

-the initial state radiation photon is emitted along the beam pipe, that is the z-axis. .- 

Then the boosted four momenta are 

f 

r(Pc + PPCJ r(Pc - PPCA 

-Is 

r(BPc - PCA 

where pc is the magnitude of the momentum in the center of mass frame, p,, the 

longitudinal and p’t the transverse component of this momentum. Therefore, I can 
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Figure 10.3: Thrust Axis Resolution for p (top) and for Bhabha (bottom) events. 

The plots on the left-hand sided are scatter plots of the residual versus cos(fI), the 

ones on the right hand side show the variance. Note, that the resolutions are below 

the one for T events and are therefore negligible. 
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form 

cos(e*)= piz -Paz = ; ;z$ _ 3YPcz 

PI + P2 1 2 2YPC 

which is the correct angle in the center of mass frame. If there is just a longitu- 

dinal boost, then the transverse momenta in equation 10.2 balance, p1 lr--- 1 - x,t^i = 

PzJl- &&, that is t^i = t^i and pl sin 8i = p2 sin $2 and (using sin 0i + sin e2 = 

2sin Mcos 81-82 
2 2 ) 

cos(e*) = p1 cm 81 +p2 cm 82 sin ~92~0s 191 + sin f& cos I!?~ 

Pl +p2 = 

sin(& + e,) 
sin e1 + sin e, = 2 sin(y) cos( v) 

which results in 

. - cos(e*) = cd 1 !h$!h 

co4 1 @L$2 

10.1.4. Charge Confusion 

Since I require that the product of the two charges measured in the two hemi- 

spheres be -1 the only possible source of error is that the charges of both hemispheres 

have the opposite sign as the measured quantities. If I call pconf the probability of 

this ‘charge confusion’ I can define the dilution D 

D = 1 -PC& -Pc*,f 

1 - Pconf + Pcmj 
= 1 - 2Pmf. 
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I measure then the product A,,,, = D . Al rather then Ai and have therefore a shift 

AAl = Al - A,,,, = (1 - D) Al = 2pconf Al 

The probability pconf can be estimated from the number of like-sign events (both 

hemispheres have the same charge sign) and the number of unlike-sign events (the 

hemispheres have the opposite charge sign) 

2 

In figure 10.4 I plotted like-sign events for r Monte Carlo as a function of cos 8. I 

get a charge confusion probability of 

pconf = 6.2 . 1O-5 

and therefore a shift of 

AA, = 2.4. 1O-5 

From this probability I would expect 1.2 events of the 19273 unlike-sign Monte Carlo 

events to have confused charges. I observed one event. 

As seen in figure 10.5 I observe 47 like-sign events in the SLD 7 sample (which 

are of course not used in the analysis). There is no preferred region in cos 0 in the 
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Figure 10.4: Charge confusion for r Monte Carlo. The top plots show events for which 

the charge sign of both hemispheres was measured incorrectly as a function of the 

scattering angle and the maximum momentum for the charged tracks. The bottom 

two plots show events with equal (unequal) charge signs measured. The square of 

the ratio of the number of equal signs over the number of unequal signs should be 
roughly the probability of misidentification in both hemispheres. 
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T Data Charqe Confusion 
d 

7 , 
1 ID 71 

3 - 

2 - 

- 1 

0 IIIII , 

-1 -0.8 - 

I I I I I I I I I 

-0.6 -0.4 -0. 

l-l 

J I I I I I 

Entries 

Mean 

47 

-.2660E-02 

0 0.2 0.4 0.6 0.8 1 

cosd 
Like-sign TS (1993-95 Data) vs. cod 

Figure 10.5: Like-sign events for 7 data. I count only 47 events as opposed to 3748 
unlike-sign events. There is no significant bias in any region of cos(8). The resulting 

effect on A, is negligible. 
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sample. With a total sample size of 3748 events, the confusion probability 

pconf = 1.6 e 1O-4 

results in a shift of 

AA, = 6.3. 1O-5 

Both the Monte Carlo and the data determined shifts are very small and completely 

negligible. In figure 10.6 I see 7 like-sign events in the p data (3788 events) preferring 

no angular region which corresponds to a confusion probability and a shift in A, of 

Pcm f = 3.4.1oP 

AA, = 6.8. lO-7 

Finally, figure 10.7 shows 23 like-sign events in the Bhabha sample (4527 events) 

_ preferring no angular region: 

Pam f = 2.6. 1O-5 - 

AA, < 7.7. 1O-6 

(A, is also measured from the initial state coupling which is not affected by charge 

confusion in the final state.) In Monte Carlo, I don’t observe any double charge 

confused muons or Bhabhas because of lack of statistics. 
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Figure 10.6: Like-sign events for 1-1 data. I count only 7 events as opposed to 3788 

unlike-sign events. There is no significant bias in any region of cos(8). The resulting 

effect on A, is negligible. 
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Figure 10.7: Like-sign events for Bhabha data. I count only 23 events as opposed 

to 4527 unlike-sign events. There is no significant bias in any region of cos(8). The 

resulting effect on A, is negligible. 
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10.1.5. Conclusion 

In summary, I apply a correction of 

AA, = (5 f 5) . 1O-4 

to A, and effects on A, and A, due to thrust axis resolution are negligible. 

10.2. Detector efficiency systematics 

10.2.1. Effect of a non-uniform selection efficiency for Bhabhas 

While the maximum-likelihood fit for muons and taus is insensitive to a depen- 

dence of the selection efficiency on cos t!J as long as it is symmetric in cos 0, the 

maximum-likelihood fit for Bhabhas requires a constant efficiency over the entire 

angular acceptance. The reason for this requirement is the presence of the photon 

. . 

.- 
t-channel term, which is asymmetric in cos 0. I used Monte Carlo to investigate 

possible efficiency differences, especially in the region around 1 cos 01 z 0.5, where 

the calorimeter performance is degraded. I did not see any significant changes in 

efficiency (see figure 10.8). I fit the distribution with a function and forced an effi- 

ciency drop at 1 cos 01 M 0.5 and at the edges of the angular acceptance. To increase 

the statistics, I assumed a symmetric efficiency dependence and fit the distribution 

in I cos t9l. I then used toy Monte Carlo to estimate the effect of such an efficiency 
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Figure 10.8: Bhabha selection cfficicncy versus cos 0. The top plot shows the result 

of a linear fit and compares the chosen fit function with the Monte Carlo histogram. 

Note, that the histogram is consistent with a flat efficiency. I actually did the fit to 

the distribution in 1 cos 01 (lower plot) to increase the statistics. The effect of the 

chosen function on A, is negligible. 
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nAeff = 1.3. 1O-4 e 

which I neglected. 

10.2.2. Effect of a detector-induced asymmetry in selection efficiency 

I already studied a left-right difference in r selection efficiency (see chapter 9) 

which was induced by the V-A structure of the r decays. 

In the study of detector-induced asymmetries in the selection efficiency, I assume 

no difference between left- and right-handed events. (It is hard to imagine how such 
_- 

a difference might arise; it would have to bc a detector clement sensitive to the spin 

of the final state) Therefore, there should not bc any bias in the initial-state coupling 

ALR. 

However, a forward-backward detector efficiency asymmetry K can be defined as 

K = CF-~B 

EF+~B' 
Then eF = ~(1 + K) and cB = ~(1 - K) (Q = ‘“l’” is the symmetric 

efficiency), so 

idAFB = 
(1 ++LF - (l- 6)oLB -(I +f+&ZF +(I - fi)oRB -A,, 

(1 +f+LF+(l- +LB +(I ++%F +(I - +RB 

ELF --OLD -~RF +ORB +K(OLF+DLB - ~RF -ORB) - 
= 

DLF +aLB +aRF+aRB ++LF -gLB +aRF -ORB) 
-AFB 

AFB+KALR 
= 

1 + /cAFB 
-iI FB= l+EA (ALR-AFBAFB) 

PB 
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Figure 10.9: Maximum momentum of events with high maximum momentum (~“p-). 

The distribution is consistent with being flat, but for the 1994/95 data a 1% slope 

can be assumed. 
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Figure 10.10: Maximum momentum of events with low maximum momentum (yy). 

The distribution is consistent with being flat, but for the 1994/95 data a 10% slope 

can be assumed. 
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The search for a detector-induced efficiency asymmetry cannot use Monte Carlo, 

because the Monte Carlo model of the detector is symmetric. I plotted the momenta of 

events with a high maximum momentum (see figure 10.9: muons) and a low maximum 

momentum (see figure 10.10: two photons) versus the scattering angle and could 

not find any difference between the forward and the backward region. For the low 

momentum tracks, the data is consistent with a flat momentum distribution as well as 

a linear distribution with a 10% slope. In the two bins around the tau cut against low 

maximum momentum events, there arc about 60 events in the 1994/95 data sample 

(see figure 7.13) out of about 2000 events. With the conservative assumptions, that 

the 10% slope is real, that there is a 10% difference in momentum between all forward 

. - and backward events (the true difference would be 1 cos 191 x IO%), that this momentum 

difference leads to a 10% difference in accepting these 60 events (and that all of them 

were taus) even though the average momentum (1.6 GeV) is well below the cut (3 

GeV), the bias K cannot exceed 

60 x 10% = o oo3 - 
K< 

2000 . 

and so the shift 

nAFB < 4. 1O-4 

is negligible. 
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10.3. Polarization Corrections 

The event-by-event signed polarization values are of primary importance for this 

measurement as well as for the determination of the left-right cross section asymmetry 

ALn from hadronic events. The polarization measurements and their errors are dis- 

cussed along with SLD’s A LR measurement [l]. The most important correction that is 

not already done directly on SLD’s data tapes is the so-called chromaticity correction. 

The Compton polarimeter [2] uses the asymmetry in polarized Compton scattering 

of circularly polarized photons with the electron beam to measure the electron beam 

polarization. It is effectively a measurement of the average polarization of the entire 

beam. Because of chromatic effects in SLC’s final focus, electrons in the tails of the 

energy spectrum are not as well focused as the ones in the peak and don’t contribute 

as much to the luminosity. Because the spin precession is energy-dependent (it is 

reasonable to optimize the spin rotators for the peak of the energy distribution), the 

tail electrons have a smaller polarization than the peak electrons. For measuring 

the polarized asymmetries I am interested in the luminosity-weighted average beam 

polarization. The Compton polarimeter measures a smaller polarization than that 

because it gives the tail electrons the same weight as the peak electrons. During 

the 1993 run the luminosity-weighted average beam polarization Pl,, was a factor of 
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about 1.017 higher than the one determined from the Compton polarimeter PCompt 

P lum = 1.017. hmpt 

During the 1994-95 run the effective number of spin rotations in the arcs was reduced, 

therefore decreasing the dependence of the polarization on the energy. The resulting 

chromaticity correction is small and applied to SLD’s data tapes directly. 

For the 1993 data I increased each event polarization by 1.7% and observed a 

minor shift in the asymmetry parameters. 

The uncertainty on the polarization leads to a systematic uncertainty of 

. - 

&@ = nAPol - 
e 1 - 

28 . 1O-4 

. . 

for 1993 [3] and 

nAPol = aAPol - 
e 1 - 

10 . 1o-4 

for 1994/95 [a]. 

10.4. Overview over systematic uncertainties 

The systematic uncertainties are listed in table 10.1. Assuming 100% of correlation 

between the polarization errors of 1993 and 1994-95 (that is the 1993 error is split up 

in 7rU, + 7rc = 26 + 10, where 7rU, shows no correlation and x-, shows 100% correlation) 
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I get the systematic uncertainties listed in table 10.2. Combining the results for A, 

(with 100% correlation for the radiative corrections) gives a systematic error for A,. 

Combining all results into A,-p-, results in a systematic error for A,-p-,: 

AA, = 13. 1O-4 

AA,-,-, = 13 + 1O-4 

Systematics AZ AZ A; A, A, 

Pol. 1993 7r%, + xc (see Section 10.3) 28 28 28 28 28 

Pol. 1994-95 7r, (see Section 10.3) 10 10 10 10 10 

Backgrounds (see Section 8.4) 4 - 9 - 9 

Rad. Corr. (see Section 6.2) 8 6 12 17 10 

V-A effect (see Section 9.5) - - - - 19 

Thrust res. (see Section 10.1) _ - - - 5 

Table 10.1: Systematic Uncertainty Summary in units of 10m4 

- 

Table 10.2: Systematic Uncertainty in units of 10v4 

-- 
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Chapter 11 

The Polarized Lepton Asymmetries 

11.1. Extraction of the Asymmetries 

To extract the asymmetry parameters I fit the selected p’s and 7’s with the func- 

tion described in Section 6.1. The function has A, and A, (AT) as free parameters. 

I rely on the unbinned maximum likelihood method for the fitting. In addition, I 

form event-by-event asymmetries as described in Section 2.3.2 corrected as described 

in Section 2.3.1 which also give me A, and A, (AT). The two methods agree in their 

results. A, and A, from the 7 samples are then corrected for backgrounds, the V-A 

effect and the thrust axis resolution. Figure 11.1 shows the two fits. 

The Bhabha events are fit to the function described in Section 6.2. It has A, 

(basically g$/g>) and gF2 + gi2 (proportional to I’,,) as free parameters. Again, I 

rely on the unbinned maximum likelihood method. Figure 11.1 shows the fit. 
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Figure 11.1: Polar angle distribution for Z decays to e, ,LL and T. The 1993 data 

is shown on the right-hand side, the 1994/95 data on the left-hand side. The open 

(filled) circles are for left(right)-handed electron polarization. For the Bhabha events, 

the forward-backward asymmetry has the same sign for both polarizations, for the p 

and 7- events, the forward-backward asymmetry changes sign with polarization. 
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11. THE POLARIZED LEPTON ASYMMETRIES 

1 Sample 1 Events A? 4 AT I 

1993 e- 1434 0.195 zt 0.041 

1993 p- 1185 0.155 III 0.046 0.020 f 0.070 

1993 7 1211 0.110 Z!I 0.046 0.247 f 0.069 

1994/95 e- 3093 0.145 f 0.022 

1994/95 p- 2603 0.173 410.026 0.127 f 0.038 

1994195 r- 2537 0.134 f 0.026 0.178 f 0.039 

Sample 4 4 A 

1993-95 e- 0.156 f 0.019 f 0.001 

1993-95 p- 0.169 6 0.022 & 0.001 0.102 * 0.034 f 0.001 

1993-95 r- 0.128 & 0.022 k 0.002 0.195 f 0.034 f 0.003 

1993-95 I- 1 0.152 f 0.012 & 0.001 I 
1993-95 z- Al = 0.151f 0.011 f 0.001 

Table 11.1: Lepton Asymmetries from 1993-95 SLD data [l]. Systematic errors are 

only shown for the full data set. The last row combines all measurement on A,. 

Combining all three measurement in a single asymmetry parameter Al (assuming 

lepton universality) gives Al = 0.151 & 0.011 f 0.001. 

11.2. The Results 

The corrected results are summarized in table 11.1. I measured the asymmetry 

parameters to be 

A, = 0.152 f 0.012 2 = 0.0764 f 0.0061 

A, = 0.102 f 0.034 or 5 = 0.0511f 0.0171 

A, = 0.195 f. 0.034 g = 0.0959 f 0.0175 

Al = 0.151f 0.011 $ = 0.0759 f 0.0056 

203 

-- 



11. THE POLARIZED LEPTON ASYMMETRIES 

whcrc Al combines all three results with the assumption of lepton universality. The 

data supports the universality assumption with a confidence level of 15%. This as- 

sumption is crucial for the standard model of clectroweak interaction, since Al = Ain 

depends on the effective electrowcak mixing angle only 

sin2 Bcff W = 0.2310 XJZ 0.0014 

and this mixing angle is a property of the neutral gauge bosons in this model. This 

is the first direct measurcmcnt of A,, since the four LEP experiments [2] can only 

measure A, x A,. They can however measure A, and A, independently, using the 

7 polarization as a function of polar angle which is induced by both the initial-state 

and final-state coupling asymmetry. 

The four LEP experiments [2] measure the asymmetry parameters to be A, = 

0.1465 f 0.0059, A, = 0.1496 & 0.0140 and A, = 0.1466 f 0.0062. My results arc 

consistent with that. Since SLD continues taking data at the 2’ resonance and the 

u-ncertainties are dominated by statistics, I cxpcct the uncertainty of the measurement 

(see figure 11.2) to reduce to z 0.007 (for A,) and E 0.015 (for A, and AT). These 

estimates are based on 24,000 additional lcptonic 2 decays. (The 1996 data taking 

period lasting about 3 months produced about 50,000 hadronic 2 decays, so I expect 

to find about 4,000 lcptonic 2 decays in this run. One more run is scheduled to last 

for an entire year.) 
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Future of A,Analysis 
LEP Ae 

LEP Ap 

LEP AT 

SLD Ae 

SLD Ap 

SLD AT 

LEP Ae Proj. 

LEP Ap Proj. 

LEP AT Proj. 

SLD Ae (3OOk.Z) 

SLD A,u (SOOkZ) 

SLD AT (SOOkZ) 

Figure 11.2: Future prospects of this analysis. Presently, the SLD’s uncertainties on 

A, and A, are comparable to a typical single LEP experiment. Since SLD contin- 

ues to take data at the 2’ resonance, its uncertainties will reduce considerably. In 

particular, the uncertainty of A, will be comparable to that of all four LEP experi- 

ments combined, if SLD collects 24,000 additional leptonic 2’ decays. (corresponds 

to 300,000 hadronic 2’ decays) 
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Appendix A 

The VXD3 

Between the 1993 run and the 1994/95 run, SLD’s pixel vertex detector was 

upgraded. While VXD2 achieved excellent tagging efficiencies and purities in heavy 

flavor physics, it had its limitations. VXD2 had 2.3 hits on the average in a region of 

solid angle 1 cos 01 < 0.75. The main motivation for an upgrade was to increase the 

covered solid angle and to increase the number of hits while reducing the amount of 

material. VXD3 has three completely overlapping layers. Its CCDs are longer than 

VXD2’s and cover the solid angle up to 1 cos 01 < 0.85 with at least 3 hits. VXD3’s 

single hit resolution is expected to be even higher than VXD2’s. 

A.l. VXD3 Geometry 

An engineering drawing of VXD3 is shown in figure A.l. Like many other exper- 

iments, SLD relies on the GEANT program for an accurate Monte Carlo simulation. 
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. . 

-- 

Figure A.l: VXD3 design geometry. 

GEANT needs as input the amount of material in every part of the detector. For 

that reason, the detector is divided into regions of space, the ‘GEANT volumes’. 

Each volume is filled homogeneously with a ‘GEANT material’. A material is defined 

by specifying its density p, its effective atomic mass number A, its effective atomic 

charge number 2, its (electromagnetic) radiation length X0 and its (nuclear) inter- 

action length X0. GEANT allows and encourages a hierarchical structure of volumes 

referred to as ‘volume tree’. A ‘daughter volume’ replaces a section of the ‘mother 

volume’ material with its own. Daughter volumes have to be completely contained 

within their respective mother. 
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A.l.l. The GEANT Volume Tree of VXD3 

Obviously, it is not practical to incorporate every detail of the detector into 

GEANT, since GEANT’s computation time increases with the complexity of the 

geometry. Therefore, material averages are computed when necessary. Still, it is nec- 

essary for the GEANT volume structure to resemble the design as closely as possible 

for a good detector simulation. The GEANT volume structure is shown in figures A.2 

and A.3 . All of the vertex detector resides in the logical GEANT domain ‘SVTX’. 

(SLD’s GEANT structure is divided in domains, one volume for each subsystem.) 

The tree is listed in table A.1 and A.2. 

A.1.2. CCDs 

VXD3 has three active, overlapping layers. Each layer contains a number of 

beryllium ladders which carry each 2 CCDs. Layer 1 has 12 ladders, layer 2 has 16 

ladders and layer 3 has 20 ladders. The ladders lie parallel to the beam direction (z 

axis). On each ladder, there is a top (that is, larger radius) CCD covering the northern 

hemisphere of solid angle and a bottom (smaller radius) CCD which measures tracks 

in the southern hemisphere. The CCDs contain 4000 x 800 20 pm x 20 pm pixels each, 

so their active area has the dimension 8 cm x 1.6 cm. The CCD’s active thickness is 

20pm. The active areas of north and south CCD overlap by 1 mm in z. The CCD 

has the dimensions of 8.2400 cm x 1.6530 cm x 150 pm. The two CCDs overlap 
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VAMP 

Figure A.2: VXD3 GEANT geometry in the xz plane. 

. - 

Figure A.3: VXD3 GEANT geometry in the xy plane. The beams move along the z 

axis. 
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A. THE VXD3 

Name Depth Mother Medium name 

SVTX 0 SLD AIR 

VGAS 1 SVTX N2AT180K 

VBAR 2 VGAS N2AT180K 

VXLl 3 VBAR N2AT180K 

(VXD3-LAY 1AVG) 

VLMl 4 VXLl N2AT180K 

VLAD 5 VLMl VXD3-LAD 

VCBO 5 VLMl VXD3-CAR 

VSBO 5 VLMl SILICON 

VCCD 6 VSBO SILICON 

VCTP 5 VLMl VXDS-CAR 

VSTP .5 VLMl SILICON 

VLBK 4 VXLl VXDS-MB-LADBLOCK 

VXL2 3 VBAR N2AT180K 

(VXD3-LAY2AVG) 

VXL3 3 VBAR N2AT180K 

(VXD3mLAY3AVG) 

VARN 3 VBAR VXDSANNULUS 

VISH 2 VGAS BERYLLIUM 

VOSH 2 VGAS VXDS-OUTER-SHELL 

VANN 2 VGAS _ VXDSENDPLATE 

VCPl 2 VGAS LIGHT-URETHANE 

VCTB 3 VCPl ALUMINUM 

VMBC 2 VGAS VXDS-MB-CONNECTOR 

VSTl 2 VGAS VXDS-PIGTAIL 

VST2 2 VGAS VXDS-STRIPLINE 

VSSl 2 VGAS ALUMINUM 

Table A. 1: VXD3 GEANT volume tree 1. 

213 



A. THE VXD3 

Name Depth Mother Medium name 

BVAC 1 SVTX VACUUM 

BPBE 2 BVAC BERYLLIUM 

BPLN 2 BVAC TITANIUM 

BPSS 2 BVAC IRON 

BSSO 1 SVTX IRON 

VCEl 1 SVTX VXD-CRYOFOAM 

VSTA 2 VCEl VXDS-STRIPLINE 

VCR0 1 SVTX FLUFFY-URETHANE 

VCP3 1 SVTX LIGHT-URETHANE 

VCP4 1 SVTX LIGHT-URETHANE 

VCP5 1 SVTX LIGHT-URETHANE 

VCIC 1 SVTX ALUMINUM 

VAMP 1 SVTX VXD3-PREAMP 

VST3 1 SVTX VXDS-STRIPLINE 

VST4 1 SVTX VXDS-STRIPLINE 

Table A.2: VXD3 GEANT volume tree 2. 

by 1.7 mm. The CCDs rest on a flex circuit called the chip carrier which does the 

readout. A CCD is read out at all four corners (each corner reading a quadrant of the 

CCD). Near the northern (southern) end, the pixel size in the rqb direction is reduced 

continuously to 18~~ so the pixels there acquire a trapezoidal shape. 

This geometry is reflected in GEANT in the following way. Each layer is contained 

in a (logical) volume filled with nitrogen gas at 170 K: VXLl, VXL2, VXLS. All three 

layers are contained in the logical volume VBAR (stands for barrel) that is also filled 

with nitrogen gas. VXLl, VXL2 and VXL3 have 12, 16 and 20 of (logical) volumes 
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VLMl, VLM2 and VLM3 (LM stands for ladder mother volume) which are still filled 

with nitrogen gas. Each ladder mother volume contains the ladder VLAD (out of 

Beryllium), the top and bottom chip carriers (VCTP and VCBO) and the top and 

bottom silicon chip (VSTP and VSBO). The active part of the chip (VCCD) is a 

daughter volume to VSTP and VSBO and filled with silicon. The trapezoidal pixels 

are not reflected in the GEANT geometry. 

A.1.3. Support structure 

The ladders are hold on the north and the south end by the so-called ladder blocks, 

small pieces of plastic and A&O3 which are supported by the six beryllium annuli 

(two for each layer). The annuli are screwed to the north and south end plate which 

is made of Beryllium again. The end plates rest on the beam pipe. Two beryllium 

cylinders connect the two end plates. The gas jacket (inner shell) has a radius that 

is smaller than that of layer 1 and the outer shell has a larger radius than layer 3. 

This structure is reflected in the GEANT geometry as shown in figure A.4. The 

volume VGAS is filled with nitrogen gas and contains VBAR as well as the end plates 

(VANN), the inner shell (VISH) and the outer shell (VOSH). The annuli are part of 

VBAR and the ladder blocks (VBLK) are inside VXLl, VXL2 and VXL3, but outside 

of VLMI, VLM2 and VLM3. There are small gaps between the ladder blocks and 

annuli in GEANT, that is not present in the real geometry. 
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Figure A.4: Detailed VXD3 GEANT geometry. 
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A.1.4. Beam pipe 

The beam pipe has three regions. Near the interaction point it is made out of 

beryllium, further away it is made out of stainless steel. To improve the conductivity, 

the beryllium piece is lined with titanium. As shown in figure A.4 the GEANT 

geometry is the following. The beam pipe vacuum volume BVAC contains BPBE, 

the beryllium piece and BPSS, the stainless steel pieces as well as BPLN, the titanium 

liner. Outside the z interval occupied by BVAC, the stainless steel beam pipe is called 

BSSO. 

A.1.5. Cryostat 

The CCDs are cooled to limit the effects of radiation damage. Therefore VXD3 

sits within a cryostat out of URETHANE. A pipe on the north ends supplies fresh 

cold nitrogen gas, a pipe on the south side acts as drain. The cryostat is coated with 

aluminum for electrical shielding. Figures A.5 and A.2 show the GEANT geometry 

of the cryostat. The cryostat pipes are split into 5 volumes VCPl to VCP5 out of 

URETHANE that contain the tube aluminum tube VCTB. The barrel part of the 

cryostat is VCR0 with the aluminum coating VCIC. The end pieces are called VCEl. 
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SVTX 

VCR0 

c 

VGAS VANN 

VOSH 

Figure A.5: VXD3 cryostat GEANT geometry. 
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A.1.6. Cables and Electronics 

The cables and electronics are implemented by means of material averages. VSTl, 

VST2, VST3, VSTA and VST4 describe the cables (strip lines) and VSSl and VMBC 

the support and the connecters. The electronics is implemented with VAMP. The 

geometry is shown in figures A.5 and A.2. 

A.2. VXD3 Material in the GEANT simulation 

SLD’s GEANT description uses three types of materials: Elements are described 

by density, A, 2, X0 and X0. For all other material types these constants have to 

be calculated. Table A.3 lists all materials that are used for VXDS. Compounds 

are chemical bound states of elements and are defined by the molar weights ni for 

their constituents and the density. Table A.5 lists all the compounds used for VXDS. 

Mixtures are used for volume averages when several elements/compounds occupy 

the same volume. They are convenient to simplify the design geometry. They are 

described by the volume percentage for each of the mixed elements or compounds. 

Table A.6 and A.7 lists all the mixtures used for VXDS. 

A.2.1. SLD’s element list 

To calculate radiation and interaction lengths of materials, I look at a microscopic 

description. There the number of scattered particles N,, from a target described by 
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Element Nr. Ain&~ 
VACUUM 16 1oo.10-18 

HYDROGEN 1 1.0100 

BERYLLIUM 5 9.0100 

CARBON 6 12.010 

NITROGEN 7 14.010 

N2AT180K 31 14.0100 

AIR 15 14.610 

OXYGEN 17 16.000 

ALUMINUM 9 26.980 

SILICON 21 28.090 

SI-CCD 32 28.090 

TITANIUM 36 47.880 

IRON 10 55.850 

COPPER 11 63.540 

SILVER 37 107.8682 

GlO 22 9.0000 

A. THE VXD3 

z pin 5 X0 in cm X0 in cm 

1oo~10-'8 100. lo-l8 10. 1oL5 10 * 1o15 

1.0000 0.070800 865.00 790.00 

4.0000 1.8480 35.300 36.700 

6.0000 2.2650 18.800 49.900 

7.0000 0.80800 44.500 99.400 

7.0000 0.0019 19994.0 46211.0 

7.3000 0.0012050 30423.0 67500.0 

8.0000 0.0014300 23944.0 63636.0 

13.000 2.7000 8.9000 37.200 

14.000 2.3300 9.3600 45.490 

14.000 2.3300 9.3600 45.493 

22.000 4.5400 3.5600 27.511 

26.000 7.8700 1.7600 17.100 

29.000 8.9600 1.4300 14.800 

47.000 10.5000 0.8543 15.077 

6.0000 1.7000 19.400 53.100 

Table A.3: List of VXD3’s GEANT elements. 

the cross section 0 is given by 

N,, = IT * 
Incident 

F 

where Incident is the number of incident particles in a beam and F is the beam’s 

cross sectional area. Therefore, if N denotes the number of particles in the beam as 
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a function of distance x then (dN = -N,, and Nincident = N) 

dlogN = -; 

Macroscopically, in the volume Fdx there are Ni * Fdx scattering targets (i.e. Ni is 

the density of targets of type i). Therefore 

d log N = -aNidx 

or 

X is the interaction length of particles. If the targets i have the mass density pi and 

. . the atomic mass Ai then 

where n denotes the number of moles in Fdx. Therefore 

Since I could not find the interaction and radiation length of Silver in the literature 
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I used Tsai’s formula as quoted in the PDB [l] t o calculate the radiation length. To 

use it I calculate 

f(Z) = ~~((1 + a2)-r + 0.20206 - 0.0369a2 + 0.0083~~ - 0.002a6), 

L 

For silver (u” = (cLZ)~ = 0.1176323) 

. - 

4arz$! = 1.2940358 + 10e5*, 
9 

f (47) = 0.128523, I&d = 3.9323681, L;& = 4.5182992, 

From this, the radiation length can be calculated by Tsai’s formula 

1 
xo = 4ar~~ (z2(Lrad - f(z)) + zLiad) 

To get the nuclear interaction length, I approximated the nuclear inelastic cross 

section as 0.04993A2/3burn. This is optimized for heavy elements in the ‘silver’-range. 

The value 0.04993 was obtained with a weighted average of the heavy elements (see 

table A.4. The weight was taken to be proportional to A/AA. From this approxima- 
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Element Ti Fe Cu Ge Sn 

a/burn 0.637 0.703 0.782 0.858 1.21 

appr./barn 0.658 0.729 0.795 0.869 1.206 

deviation/% +3.3 +3.7 +1.7 +1.3 -0.3 

10bed 4.831 4.812 4.911 4.930 5.009 

weight/% 5.213 6.012 7.056 8.870 31.746 

Element Xe W Pt Pb U 

a/burn 1.29 1.65 1.708 1.77 1.98 

appr./barn 1.290 1.614 1.679 1.748 1.918 

deviation/% 0.0 -2.2 -1.7 -1.2 -3.1 

1oo&ed 4.994 5.103 5.078 5.055 5.155 

weight/% 16.252 7.016 6.485 6.048 5.302 

Table A.4: Cross section comparison between the approximation formula and the 

interaction length for some heavy elements listed in PDB [I]. The value for or,d = 
aAm2i3 is about constant. The weight for the weighted average is proportional to 

A/6A. 

tion, I can calculate the interaction length of silver with 

A 
Ai& = - 

NAP 

A.2.2. SLD’s chemical compound list 

If the target is a (chemical) compound of different targets i, then 

C = C a(E, Zi, Ai)Ni 
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Compound Nr p in 3 Composition in mol 

URETHANE 17 0.0500 CARBON 1 HYDROGEN 1 

OXYGEN 2 NITROGEN 1 

FLUFFY- 20 0.0360 CARBON 1 HYDROGEN 1 

URETHANE OXYGEN 2 NITROGEN 1 

LIGHT- 25 0.0320 CARBON 1 HYDROGEN 1 

URETHANE OXYGEN 2 NITROGEN 1 

VXD3-MB- 24 5.1029 ALUMINUM 2 OXYGEN 3 

LADBLOCK 

KAPTON 21 1.4200 CARBON 2 OXYGEN 2 

NITROGEN 1 HYDROGEN 1 

EPOXY 22 1 .oooo CARBON 3 OXYGEN 2 

HYDROGEN 5 

ACRYLIC-GLUE 23 1.0500 CARBON 3 OXYGEN 2 

HYDROGEN 4 

SILVER-INK 26 3.5000 CARBON 3 HYDROGEN 4 

OXYGEN 2 SILVER 1.5588 

. . 

Compound Nr. A in 5 

URETHANE 54 14.459 

FLUFFY-URETHANE 57 14.459 

LIGHT-URETHANE 62 14.459 

VXDS-MB-LADBLOCK 61 21.811 

KAPTON 58 14.045 

EPOXY 59 12.997 

ACRYLIC-GLUE 60 13.165 

SILVERINK 63 79.455 

z X0 in cm X0 in cm 

7.2360 727.53 1815.2 

7.2360 lO10.5 2521.1 

7.2360 1136.8 2836.2 

10.646 5.4781 18.766 

7.0270 26.264 66.116 

6.5302 39.223 96.067 

6.6077 37.168 92.421 

34.881 3.3330 38.028 

Table A.5: List of VXD3’s GEANT compounds. 
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where E is the beam energy and Zi the charge of target i. If ni describes the number 

of targets i per molecule and ni (‘) the number of moles in Fdx 

n!‘) 
~=NAC~(E,Z,,A)& 

i 

For a constant density p of all targets there is the relation 

p=Cni$ =Cni”‘& 
i i 

where V is the molar volume. Also the relations 

ni n!‘) 
-= z 
V Fdx 

hold and therefore 

Defining the weight wi with 

niAi 

results in 
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The substitution 

NA 
a(E, &,A) = 

Ai 

gives 

If the scattering process is dominated by the electromagnetic interaction, I can 

assume CJ to be 

Xi 

Pi 

a(E, Zi, AJ = Z&.3) 

Therefore, I get 

An effective A,ff and Zeff should obey the relation 

. . 

z 
C = NAP--- Aeff a(E) 

eff 

which results in 

For heavy elements, the nuclear interaction dominates and I can assume a to be 

213 
a(Ey Zi,Ai) = 4E) 
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Therefore, I get 

49 
C = NAP 7 $dE) = NAf m 

which results in 

A 
eff = (Ci &)j 

and 

Since GEANT uses only the interaction lengths (and not A and 2) SLD’s GEANT 

simulation uses the more simple relations 

A ,,ff = C WiAi and .Zeff = C WiZi 
i i 

Three of the compounds are URETHANE with different densities. Their com- 

positions are straight forward. I defined the compound VXDS-MB-LADBLOCK to 

describe the so-called ladder block, that connects- each ladder with VXD3’s support 

structure. The ladder block is a box with dimensions 0.303 x 1.0160 x 1.5240 cm’, so 

the volume is 0.469 cm3. Because of GEANT volume overlaps, I had to chip off an 

edge of the box which changes the thickness from 0.303 to 0.1651 on one side. The 

volume is then 0.5(0.303 + 0.1651) x 1.0160 x 1.524 cm3 or 0.362 cm3. Therefore, I 

increased the density of the material by a factor of 1.29. The ladder block consists 
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mostly out of AZ2@ (I neglected screws and springs), which has a density of 3.965 3. 

The compositions of the three glues are again straight forward. A problem arises 

for the compound SILVER-INK. This is the product CB028 Silver Conductor from 

DuPont Electronic Materials. The manufacturer refuses to disclose the chemical 

composition. However, he states, that 70% of the ink’s mass is Silver, the rest solvent. 

. - 
The ink has a density of 3.5 -$. I assume, that the solvent is like ACRYLIC-GLUE, 

that is 3 Carbon, 2 Oxygen and 4 Hydrogen. The molar weight is 

A, = 3Ac+2Ao+4AH = 72.064 --& 

The mass percentage is proportional to the mol percentage times the atomic/molar 

weight: 

and AA,x/(9+x) = 0.7/N. Dividing the equations gives x = 0.7&/0.3A.+, = 1.5588. 

(N turns out to be 0.04396, the mass percentage of Carbon in the ink is 15.00%, the 

one of oxygen 13.32%, the one of hydrogen 1.68%). 
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Average Nr Composition in vol% 

VXD-CRYOFOAM 29 URETHANE 1.0 URETHANE 1.0 

VXDS-LAD 20 BERYLLIUM 1.0 VXDS-CAR 0.0 

VXDS-CAR 19 N2AT180K 10.0 KAPTON 1.5 

EPOXY 1.0 COPPER 0.28 

ACRYLIC-GLUE 1.0 

VXDSANNULUS 35 N2AT180K 1.0 BERYLLIUM 3.0839 

VXD3-ENDPLATE 36 IRON 1.0 BERYLLIUM 23.47 

VXD3_0UTER- 38 BERYLLIUM 2.0 N2AT180K 1.797 

SHELL 

VXD3_MB- 39 KAPTON 8.0 COPPER 0.7 

CONNECTORS G10 16.0 N2AT180K 328.5 

VXDS-PIGTAIL 37 KAPTON 3.0 COPPER 0.7 

N2AT180K 301.75 

VXDS-STRIPLINE 34 KAPTON 3.0 COPPER 0.7 

AIR 221.51 SILVER-INK 2.0 

VXDS-PREAMP 40 SILVER 1.0 GlO 30.6743 

AIR 240.8156 

VXDS-LAYlAVG 21 SI-CCD 0.05757 VXDS-CAR 0.03838 

VXDS-LAD 0.21744 N2AT180K 0.68661 

VXDS-LAY2AVG 22 SILCCD 0.06659 VXDS-CAR 0.04439 

VXDS-LAD 0.25149 N2AT180K 0.63752 

VXD3-LAY3AVG 23 SI-CCD 0.07309 VXDS-CAR 0.04873 

VXDS-LAD 0.27604 N2AT180K 0.60214 

Table A.6: Composition of VXD3’s GEANT mixtures. 
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Element 

VXD-CRYOFOAM 

VXDS-LAD 

VXDSCAR 

VXD3-LAYl-AVG 

VXD3-LAY2-AVG 

VXDS-LAYS-AVG 

VXD3ANNULUS 

VXDSENDPLATE 

VXD3-OUTER- 

SHELL 

VXDS-MB- 

CONNECTORS 

VXDS-PIGTAIL 

VXD3STRIPLINE 

VXDSPREAMP 

Nr. A in -& Z P in &X X0 in cm 

92 14.459 7.2360 0.050000 727.53 

83 9.0100 4.0000 1.8480 35.300 

82 33.814 15.796 0.46745 45.314 

84 14.433 6.8042 0.55521 75.805 

85 14.433 6.8042 0.64188 65.572 

86 14.434 6.8042 0.70434 59.758 

98 9.0117 4.0010 1.3960 46.720 

99 16.204 7.3788 2.0941 19.845 

101 9.0146 4.0028 0.97430 66.911 

102 

100 

97 

103 

17.855 9.4439 0.12870 215.99 740.89 

41.997 19.435 0.036357 493.60 3079.1 

57.219 25.729 0.078337 187.61 1529.6 

25.571 12.872 0.22990 99.026 423.12 

Table A.7: List of VXD3’s GEANT mixtures. 

. _ 

A.2.3. SLD’s material mixture list 

For material mixtures, the weights 

ni Ai 
wi = xi niAi 

are mass fractions, so they can be replaced by 

X0 in cm 

1815.2 

36.700 

229.57 

135.64 

117.32 

106.91 

48.588 

35.058 

69.625 
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where M is the total mass of the mixture. The density p can be calculated by 

Ci KPi 

‘= Ci~ 

the relations mentioned before apply after that. 

The mixtures VXD-CRYOFOAM and VXDSLAD are trivial (they are in the list 

for historic reasons only; in the first design of VXDS, the ladders were out of beryllium 

oxide and no carrier was necessary) VXDSCAR is the average to describe the flex 

circuit on which the CCD chips rest. This flex circuit is called the chip carrier and 

has a width of 1.6530 cm. It consists out of layers which are listed in table A.8. It 

has 0.5 oz/ft2 = 0.01526 g/ cm2 of copper traces, which corresponds to a thickness 

(pcu = 8.95g/cm3) of 0.67 mill. There are 20 traces, which are 10 mills wide, and 

5 traces of 5 mills thickness, so the fill factor is 225 mi11/1.653 cm = 34%. There 

are 1.8498 mills of N2ATlBOK, 1.5 mills of KAPTON, 0.8 mills of EPOXY, 0.5 mill 

ACRYLIC-GLUE and 0.232 mill of copper, so both sides of the chip carrier together 

have a thickness of 9.7638 mill=248 pm, which is the thickness of the GEANT volume. 

VXDSANNULUS is the material average for the unn&, the parts of the support 

structure that holds the ladder blocks. There are six of them, three on the south 

side and three on the north side. The annuli cover the radial spaces from 3.1423 cm 

to 3.5560 cm, 4.1537 cm to 4.5720 cm and 5.2583 cm to 5.5880 cm. I measured 

the length and the masses of the south annuli. Their length is 2.9972 cm. They 
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Layer Nr. Layer Thickness Material 

1 CCD Silicon 

2 gap 1.8498 mill Nitrogen 

3 passivation 0.5 mill Kapton 

4 adhesive 0.4 mill epoxy 

5 traces 0.6712 mill copper (fill factor 34%: 0.2320milZ) 

6 adhesive 0.4 mill epoxy 

7 isolation 1.0 mill Kapton 

8 adhesive 0.5 mill acrylic glue 

9 ladder Beryllium 

Table A.8: Layers of the chip carrier. 

have the masses 36.4 g, 48.0 g and 57.8 g. The densities of the first two are close 

together, I decided to calculate the average density of the first two (1.396 3) and 

. - adjust the third outer radius to 5.5682 cm. (The volumes are n(rf - ri)1, that is 

26.093 cm3, 34.368 cm3 and 41.400 cm3 ). This results in masses of 36.424 g, 47.976 g 

and 57.793 g. The density of Be is 1.848 --&, the density of N2AT180K is 0.0019 5. 

-The density of a mixture can be calculated by 
- 

ml+m2 K vz 

p = vl + v, = p1 v, + v, 
-+ppz-= 

v, + v, 
Plul+ P2V2 

where ~1 and ‘~2 are the volume percentages of the mixture: q + v2 = 1. Therefore I 

can calculate ‘uI = (p - p2)/(pI - ~2) = 75.5% (Be) and u2 = 24.5% (N2ATlBOK) or 

3.0839 volume parts Be and 1 part N2ATlBOK. 

The annuli are supported by the two end plates. The material they consist of is 
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called VXDS-ENDPLATE. An end plate has 88.4 g of Be and 16.04 g of steel. There 

is therefore 84.64 mass % of Be and 15.36 mass % of steel. The density of the mixture 

obeys the relation 

1 EL+?142 
-- 
P- 

K + vz = Pl PZ- ml - L+ m2 1 

ml+m2 ml +m2 ml+m2Pl ml+m2P2 

The density of the mixture is then (pl = 1.848 3, p2 = 7.87 3) p = 2.094 5 and 

the total volume 49.874 cm3. This gives a volume percentage of yl = 95.9% (Be) and 

2r2 = 4.1% (Iron) or 23.47 : 1 as the ratio of volumes. An end plate has a thickness 

of 0.3048 cm, an inner radius of 2.5908 cm and an outer radius of 7.4676 cm giving a 

volume of only 46.97 cm 3, I therefore needed to increase the outer radius. An outer 

radius of 7.6679 cm gives the correct volume. 

VXDS-OUTER-SHELL is the material of the outer cylinder that connects the two 

end plates. It is out of Beryllium and has hexagonal holes that cover 47.3% of the 

area. A hole is 0.312” high and varies in width from 0.18” to 0.36”. It has therefore 

an arca of 0.08424 square inch or 0.543 cm 2. There are 11 + 11 rings of 36 holes each, 

so the total area is 430.438 cm2. Using the average radius of 6.128 cm and cylinder 

length of 23.622 cm, the cylinder area is 909.489 cm2. 

The connectors that connect the chip carrier with the ‘pig tails’ is made out of 

VXD3-MB-CONNECTOR. These connectors have a Kapton backing of additional 5 

mill, so there is 3 mill +5 mill=8 mill of Kapton. In addition there is 16 mill of GlO. 
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The amount of copper is assumed to be the same as for the strip lines (0.7 mill). 

With the densities of Kapton (1.42 $), GlO (1.7 5) and Copper (7.87 A), the 

density of the mixture is 1.78417 --&. In GEANT there is a cross sectional area of 

59.730 cm2 reserved for it (ri = 5.1583cm, r2 = 2.756 cm). One connector has the 

cross sectional area of 0.0254.2.54 x 0.531 . 2.54cm2 = 0.087 cm2 and there are 48 of 

them, covering in total of 4.177 cm2 or 7.0% of the total area. A proportion of 328.5 

mills of N2AT180K will cover 93.0% of the total arca. 

VXDS-PIGTAIL is the material of the flex circuit that connects the chip carrier 

with the strip lines. The Kapton is 3 mill thick, there is 1.4 mill of Copper covering 

around 50% of the area. GEANT has a cross sectional area of 59.730 cm2 for it 

(rl = 5.1583 cm, r2 = 2.7560 cm). One connector has a cross sectional area of 

0.0044. 2.54 x 0.531 . 2.54 cm2 = 0.0151 cm2 and there are 48 of them, covering in 
. _ 

total 0.724 cm2 or 1.2% of the total area. A proportion of 301.75 mills of N2AT180K 

-will cover 98.8% of the total area. - 

The strip lines, that go out to the pre-amplifiers are made out of VXDS-STRIPLINE. 

The composition is like the one of the ‘pigtail’, only there is a 2 mill thick coating of 

silver ink to shield them. The GEANT volume is a bit difficult to calculate, because 

it involves conic pieces. The volume of a hollow cone is 

V = 7rk(ri + w-4 + ri - rf - rlr3 - 4 
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VST2 5.1583 9.0338 2.7560 8.7163 4.2658 210.96094 

VSTA 9.0338 12.1035 8.7163 11.7860 6.3500 131.86935 

VST3 12.1035 13.0175 11.7860 12.0000 1.8907 97.34463 

VST4 13.0175 12.0000 23.5093 1880.0435 

total volume 2320.21843 

Table A.9: Pieces of strip line implemented in GEANT. 

r2lcm r4lcm n/cm rg /cm length/cm Volume/cm3 

where r2, r4 describe the outer cone and rl, r3 the inner one. GEANT has four pieces 

of strip lines listed in table A.9. There arc 48 strip lines of dimensions 18.5.2.54.5/B x 

2.54 x 0.0064. 2.54 cm3 with a total volume of 58.207 cm3 or 2.5% of the GEANT 

. - volume. An air layer of 221.51 mill will cover 97.5% of the GEANT volume. 

. _ VXDS-PREAMP is used to describe the material of the electronics. The GEANT 

volume (rl = 11.7475 cm, r2 = 13.0175 cm, length=25.4000 cm) is 2509.722 cm3. In 

reality, there are 8 boards of dimensions 9.161 x 0.154 x 25.4cm = 35.834 cm3 with a 

measured mass of 2.5 oz = 70.87 g giving a density of p = 1.978 5. I assume, that 

it consists out of Silver and GlO with densities (pl = 10.5 3 and p2 = 1.7 5), 

therefore it contains 3.157&% Silver or 30.67 parts GlO per Silver. There are also 8 

trapezoidal shaped pieces with a volume of 0.136 x 0.4967 x (11.22 + 7.497)/2 cm3 = 

0.632 cm3. The volume of all pieces together is therefore 291.73 cm3 or 11.6% of the 

GEANT volume. Adding 240.82 parts of air will cover 88.4% of the volume. 
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Figure A.6: Drift chamber vector hit in the q plane. It is formed from a linear 

approximation of the track segment. It is assigned a position error Ag roughly per- 

pendicular to its direction and a direction error A$. 

A.3. Pattern Recognition 

The reconstruction of tracks with VXD3 is done differently than with VXD2. 

. _ With VXD2 the reconstruction code began by forming vector hits from each (axial) 

drift cell. A vector hit (see figure A.6) is described by a position and direction. Then 

- 
the pattern recognition code links the vector hits into reconstructed tracks. A Billoir 

fit to the hits of each wire is extrapolated into VXD2. Then we try to link the VXD2 

hits to the track and do a combined fit which results in the reconstructed track. 

While it was necessary to link VXD2 hits only after tracks are reconstructed by 

the drift chamber, the larger number of hits in VXD3 allows the formation of a vector 

hit of its own. The pattern recognition links all the vector hits (including the ones 

coming from VXDS) into tracks. Finally, the Billoir fit to all hits is done. Since 
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Figure A.7: VXD vector hit in different coordinate systems. If we describe the vector 

hit by y=a+bx, then the error in a will correspond to Ag and the error in b to Ad 

only if the vector hit is described in a centered coordinate system. 

VXD3 gives x, y and z information for each hit with equal precision, it would be 

possible to form a three dimensional vector hit. However, for compatibility with the 

old pattern recognition code, we form vector hits in the zy plane and include the z 

information later. Figure A.7 shows that the vector hit is best described in a local 

coordinate system centered around the vector hit. Figure A.8 shows the coordinate 

system chosen to describe the vector hit: SLD’s coordinate system is rotated and its 

origin shifted. 
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1 SLD X 
w 

Figure A.8: Coordinate system for VXD vector hit. SLD’s coordinate system is 

rotated by the average 4 angle of the hits and its origin is shifted to the average r 
distance. 

In addition to the line Iit in the r(r4) plane, we fit for another line in the rz plane. 

This gives the dip angle of the vector hit (and therefore the track) and supplies it 

. - with a z position. For the drift chamber vector hits, the z information is obtained 

from charge division and stereo layer hits. 

. . 

A.4. Reconstruction Efficiency 

To investigate effects like radiation damage, it is interesting to look at the recon- 

struction efficiency for each layer (CCD). To measure this efficiency, reconstructed 

tracks with at least two VXD hits are used. A CCD that should be intersected by 

that track and did not produce a hit is recorded as inefficiency. Figure A.9 shows the 

efficiency as a function of polar angle for each layer in the north and the south part 

of the detector. 
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Figure A.9: Reconstruction efficiency for VXD3 as a function of polar angle. The 

southern part shows a reduced efficiency especially in the inner layers. This is prob- 

ably due to radiation damage. 
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