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1. Introduction 

The SU(2),5 x U(l)y gauge theory of electroweak interactions has been ex- 
tremely successful in describing various electroweak interaction phenomena that 
have been subject to scrutiny so far. It has been so successful that it is very 
difficult to doubt its validity. However, for the SU(2),5 x U(l)y gauge theory to 
function as a theory of electroweak interactions at all, it is crucial that its symme- 
try is spontaneously broken down to the U(1) y s mmetry of electromagnetism so 
that the W’s and the 2 will become massive through the Higgs mechanism. The 
particles and forces responsible for this breaking are called the “Higgs sector”. 

Many theories have been proposed as to what this Higgs sector is. In the 
so called “Standard Model”, the Higgs sector consists of a single scalar sum 
doublet. The self coupling of the scalar doublet is assumed to give it a vacuum 
expectation value. As a result, three massless Goldstone bosons are generated that 
are absorbed into the W’s and the 2, and one massive scalar, known as the Higgs 
boson, is left over in the observable particle spectrum. 

In technicolor theories, the Higgs sector consists of a set of new massless 
fermions, called technifermions, which interact with each other through a new 
gauge force called technicolor. The technicolor force is assumed to break the chiral 
symmetry of the technifermions dynamically. As a result, three massless Gold- 
stone bosons, which are pion-like technifermion-antitechnifermion bound states 
called technipions, are generated and absorbed into the W’s and the 2. Other 
than the technipions which disappear from the particle spectrum, there will be 
a plethora of meson-like and baryon-like bound states called technimesons and 
technibaryons. 

There are many other theories of the Higgs sector which I will not mention 
but only point out that each theory is characterized by a different spectrum of new 
particles: The Standard Model predicts the existence of the Higgs boson while tech- 
nicolor theories predict the existence of the technimesons and the technibaryons. 
Unfortunately, none of these hypothetical particles have been observed so far, de- 
spite extensive searches at various experiments. We therefore have no direct clue 
to which of the proposed theories, if any, is correct. 

Our situation is somewhat analogous to that of a detective looking for the felon 
who has committed a crime (symmetry breaking). He has indisputable evidence 
that the crime has been committed (the masses of the W’s and the 2) and a long 
list of suspects (the Standard Model, technicolor, etc.). However, he is lacking in 
concrete evidence (new particles) that will enable him to identify the felon, much 
less convict him. The most he can do at the moment is to look for circumstantial 
evidence that may narrow down the list of suspects. 
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In this lecture, I will show that such clues can be found in precision electroweak 
measurements. Though the new Higgs sector particles may not be directly observ- 
able (yet), they nevertheless occur as virtual intermediate states and will affect the 
values of various physical quantities through radiative corrections. Since different 
Higgs sector theories have different particle spectra, the size of these corrections 
will differ from theory to theory. In recent years, the accuracy in which many 
electroweak interaction observables have been measured have reached the level of 
1% or even better. At this level of precision, it is possible to extract the size of 
the radiative corrections due to the actual Higgs sector, and/or any “new” physics 

beyond the Standard Mode1.t By comparing the size of the radiative corrections 
determined from experiment with that predicted by theory, it is possible to tell 
which Higgs sector theories are more viable than others. 

This lecture is organized as follows. In section 2, I will present a list of relevant 
electroweak interaction observables that have been measured to high precision. In 
section 3, I will review the tree level predictions of the sum x U( 1)y gauge theory 
for these observables. In section 4, I will show how the tree level predictions will be 
modified by the radiative corrections from the Higgs sector. I will first argue that 
the radiative corrections due to the Higgs sector will appear dominantly in vacuum 
polarizations (“oblique” corrections) and that vertex corrections and box diagrams 
can be neglected. I will then present the formalism developed by Kennedy and 
Lynn, which will enable us to see how vacuum polarizations affect various physical 
quantities in an extremely clear fashion. In section 5, I will argue that the effect 
of the oblique corrections from the Higgs sector can be summarized into three 
parameters S, T, and U. In section 6, I will list the theoretical values of S, 
T, and U for the Standard Model and technicolor. In section 7, I will use the 
measurements listed in section 1 to constrain S and T, and compare those limits 
with the theoretical values of section 6. In section 8, I will summarize this lecture. 

I have tried to make this lecture as self-contained as possible, and also un- 
derstandable to the average first or second year graduate student. As a result, I 
have had to omit various important details. For a more advanced and complete 
treatment of the material, I refer the reader to refs. 1 and 2. 

is ince (Y z l/137, radiative corrections can be expected to be of the order of 1%. 
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2. The Precision Electroweak Measurements 

Let us first look at how well various electroweak interaction parameters have 
been measured. I have included an explanation of what the parameter is where 
deemed necessary. Unfortunately, I have not been able to include an explanation 
on how the measurements were actually conducted. I encourage the reader to study 
the subject on his or her own. 

2.1 The Fine Structure Constant 

The most accurate determination of the fine structure constant Q is obtained 
from the measurement of the electron (g - 2) factor and also from the measurement 
of the quantum Hall effect. Results from both types of experiments were combined3 

to deduce the value given in the Particle Data Book4: 

6-l = 137.0359895(61). (24 

2.2 The Fermi Constant 

The Fermi constant GF is deduced from the measurement of the muon lifetime. 
According to the Particle Data Book4, its value is 

GF = 1.16637(2) x 10-5(GeV)-2. P-2) 

2.3 Z physics at SLC and LEP 

The experiments at SLC and LEP have measured the various parameters of 
the Z boson to an extraordinary accuracy. The latest numbers reported from LEP 
on the mass mz, the total width I’ z, the hadronic width Ihad, and the leptonic 
width Fete- are5 

mz = 91.174 f 0.021 (GeV), 

rz = 2.487 f 0.009 (GeV), 

rhad = 1.744 f 0.010 (GeV), 

l&- = 83.3 f 0.4 (MeV). 

Rz E rhd/r[tl- = 20.94 f 0.12, 

Quantities known as the forward-backward asymmetries have also been mea- 
sured at LEP. The forward-backward asymmetry of the fermion flavor f is defined 
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-1 
1 

J 
dcos 0 d”(e;ec+os; ff> 

-1 

where 0 is the angle between the incoming electron momentum and the outgoing f 
momentum in the center of mass frame. This is nothing else but the (normalized) 
difference between the number of f’s emitted in the forward direction relative to 
the electron beam (0 < cos 8 < 1) and the number of f’s emitted in the backward 
direction relative to the electron beam (-1 < cos 0 < 0). The latest numbers on 
the forward-backward asymmetry of the b-quark AbFB, and that of leptons AsB 
at the Z pole are: 5 

AkB = 0.135 f 0.031) 

A& = 0.016 f 0.005. 
(24 

2.4 The W  Mass 

The W  boson mass mw has been measured accurately by UA26 and CDF7. 
Combining the values from UA2 and CDF, we get 

mw = 80.15 f 0.31(GeV). (2.5) 

2.5 Deep Inelastic Neutrino Scattering 

The experiments conducted by CDHS8, CHARM’, etc., have measured the 
deep inelastic scattering cross sections of uP and vcl off isoscalar targets to high 
accuracy: 

o(upN + u,X) :Neutral Current, 

a(upN A p--X) : Charged Current, 

a&N ---f QX) :Neutral Current, 
(2.6) 

a&N + p+X) :Charged Current, 

where N represents an isoscalar target (an atomic nucleus with the same number 
of protons and neutrons) and X represents an arbitrary hadron state. These cross 
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sections cannot be predicted theoretically due to our lack of understanding of QCD. 
However, the ratios of these cross sections, namely 

(2.7) 
~(F~N + p+X) 

r = a(u,N + p-x> ’ 

can be shown to satisfy the relations 

R, =g; +r&, 

&=g;+$, 
(2.8) 

where gi and gb are theoretically predictable quantities.* According to ref. 11, 
the values of gi and gi based on the measurements of R,, RF, and r are 

g; = 0.2977 f 0.0042, 

g; = 0.0317 f 0.0034. P-9) 

2.6 Atomic Parity Violation 

Atomic parity violation experiments measure the so called “weak charge” of 
atomic nuclei? which is a measure of their coupling strength to the Z. The weak 

charge of Cesium-133 has been measured to be 12 

Qw(~;$s) = -71.04 f 1.81 (2.10) 

In the following sections, I will denote the weak charge of a nucleus consisting of 
Z protons and N neutrons by Qw(Z, N). 

* See appendix B and ref. 10. 
t See appendix C. 
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3. The Tree Level Predictions 

In this section, let us take a look at what the sum x U(l)y gauge theory of 
electroweak interactions has to say at tree level about the measurements listed in 
the previous section. 

I will denote the SU(2),5 gauge coupling by g, and the U(l)y gauge coupling 
by (g//2). I ‘11 wi assume throughout this lecture that the Higgs sector, whatever it 
is, predicts 

m2,= g2 
4 g2 + g12 (34 

before radiative corrections. This is certainly the case for the Standard Model and 
technicolor, and also for a large class of theories. See ref. 13 for a discussion on 
the condition a theory must satisfy to predict (3.1). When mw and mz satisfy 
(3.1)) they can always be written in terms of a mass scale v in the following way: 

m; = (s2 + d2b2 
4 * (3.2) 

In the Standard Model, v is the vacuum expectation value of the Higgs doublet: 

(4) = O [ 1 v/a ’ (3.3) 

while in technicolor theories, v is the technipion decay constant. The three param- 
eters g, g’, and v completely determine the theory at tree level and all physical 
quantities can be expressed in terms of them! 

Before I start writing down the predictions, let me remind you how the sum 
xU(l)y gauge fields couple to the fermion fields. This will help me introduce the 
notations I will be using. The sum gauge fields W,, (a = 1,2,3) and the U(l)y 
gauge field B, couple to the left-handed isospin currents Jt (a = 1,2,3) and the 
weak hypercharge current JF in the following way: 

In terms of the fields 

wf = WlP T iW2P z = 9W3P - 9’4 s’w3p + 9B, 
P 

1/2 ’ p JW’ 
4 = J&-p ’ P-5) 

$ We can neglect fermion masses. See section 4. 
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. . 

and the currents 

Eq. (3.4) can be written as 

& (W,‘Jc + W,-J!) + ;Zp (53” - ,‘J$) + e&J& 

where e, s and c are shorthand notations for 

(3.7) 

(3.8) 

Note that the definitions of the fields given in Eq. (3.5) are determined by the 

requirement that the photon field A, couple to the electromagnetic current Jck 

The fermion content of the currents are given by 

\ 

J; = -Ey“e + $i-fu - $$ypd, 

+ (-;+;s2)&ypdL+ ($2)&rpdK; 

with similar contributions from the second and third generations. (I have neglected 

$ Recall the Gell-Mann-Nishijima formula Q = 1s + (Y/L?). 
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mixing between generations.) It is often convenient to define 

gi - I3f - s2Qf, gi E -s2Qf, (3.10) 

where 1sf and Qf are the isospin and the electric charge of fermion flavor f. Then, 
we can write 

Note that these couplings between the gauge bosons and the fermions are com- 
pletely determined by the quantum number assignments of the fermions and are 
totally independent of how the W’s and the 2 get their masses. 

Now, for the predictions. We already have expressions for mw and mz in Eq. 
(3.2), and the fine structure constant CY can be easily seen to be given by 

47ra = e2 = g2912 
g2 + g12 

(3.12) 

from Eq. (3.7). 

The Fermi constant GF and the p parameter appear in the low energy effective 
Lagrangian of weak interactions: 

L eff = - * [J+,J! + p(~3, - s”J~,)(J,” - s~J$) . 
1/2 1 (3.13) 

This Lagrangian predicts the following amplitudes for current-current interactions: 

M NC=-- 

~GF . 
(3.14) 

M cc = - -S+pT 7 
Jz 

where j$ and jk” are matrix elements of the current Jg (X = +, -, 3, Q). On 
the other hand, the sum x U(l)y gauge theory predicts 

NC = -&: - s2j$ 
-s.$ 

M [ 1 ‘;; _ ;; <jy - s2jb”), 

e2 
MCC = -j' 

g,UV - K 
29 + [ 1 q2-rn& 

j!. (3.15) 
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Since this must coincide with Eq. (3.14) in the limit q2 + 0, we find 

GF e2 GF e2 

1/2 = 8s2mf+’ Jzp= 8s2c2m2 ’ Z 
(3.16) 

or 

GF = hv2, p= 1. (3.17) 

The p parameter would have been different from one for Higgs theories that do not 
satisfy Eq. (3.1).‘* It will also be shifted away from one by radiative corrections 
as we will see later. 

The predictions for rz, AiB, gi, gi, and Qw(Z, N) are somewhat tedious to 
derive. I will first list the results: 

rz = Crff 
f 

e3v = 487rs3c3 c [(g$2 + Cs$“] Nf 
f 

e3v 
= 48lrs3c3 c [(Iv - s2Qd2 + (s2Qf)2] Nf, 

f 

(13f - s2Qf)2 - (s2Qf)2 1 (hf - s2Qf12 + (s2Q.d2 ’ 
g; = p2 [(SE)2 t (gf,"] = ; - s2 t $4, 

9; = p2 [(9g2 t (s;)"] = $4, 

Qw(Z, N) = -4p [(22 t N)(g; t 9;) t (2 -I- 2N)(d •t &] (9; - 9;) 

= (2 - N) - 4.5~~. 

The factor Nf is the number of colors of fermion flavor f. (Nf = 1 for leptons and 
Nf = 3 for quarks.) As deriving these relations in the main text will take up too 
much space and may distract us from our main objective, I have relegated their 
derivations to the appendices. In appendix A, I derive the expression for A$B. In 
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appendix B, I derive the expressions for gi and gi. In appendix C, I derive the 
expression for &w(Z) N). The d erivation of the expression for rz is left to the 
reader as an exercise. 

[Exercise 3.11 Rewrite Eq. (3.18) in terms of g{ = gi -t- g; and gi E gi - gi 

instead of g{ and gi. 

Actually, all the expressions given in Eqs. (3.2), (3.12), (3.17)) and (3.18) 
do not really predict anything since everything is expressed in terms of the bare 
parameters g, g’, and v whose values we do not know a priori. In order to fix 
these parameters we must use three measured quantities as input. By reexpressing 
everything in terms of the three input quantities, we can predict what the other 
parameters will be. 

Let us choose Q, GF, and mz as input since they are the most accurately 
measured of all the electroweak parameters. It is convenient to define sin2 8, by 

sin20, = (3.19) 

Then, we can write 

&v= 
m; 

cos2 6,) 

rz = amz 

6 sin2 8, cos2 Bu, c K I3f - Qf sin2 0,)2 + (Qf sin2 ,s)~)~] Nf, 
f 

sin2 0,)2 - (sin2 t9,)” I[ (I3f - Qf sin2 0,)2 - (Qf sin2 0,)2 

sin2 6,)2 + (sin2 0,)2 (Isf - Qf sin2 O,):! •l- (Qf sin2 19,)~ 1 ’ 

1 
9: = 2 - sin2 8, + f sin* 0,, 

5 
& = 5 sin* 8,, 

Qw(Z, N) = (2 - N) - 42 sin2 6,. 
(3.20) 

I leave it as an exercise to the reader to actually plug in the numbers given in the 
previous section to see how good, or how bad these predictions are. 
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[Exercise 3.21 What would the predictions be if you used o, mz, and mw as _ 
input instead? 

[Exercise 3.31 Choose another set of three input parameters and work out the 
predictions. 

4. The Formalism of Kennedy and Lynn 

In this section, let us look at how radiative corrections from the Higgs sector 
modify the tree level relations given in Eq. (3.20). 

The best way to see how radiative corrections affect various measurements is 
to see how they correct the amplitudes 

e2 
MNC = e2j$ 7 jb” t G(j! - s”jG) 

9PV -q [ 1 q2 _ zi (ji” - s”jb”), 

e2 
Mcc = -j’ 

9pu - x 

29 + [ 1 

(4.1) 

q2-mb L 

where I have used unitary gauge for the W and 2 propagators. Note that we 
only have to consider weak interaction processes involving fermions much lighter 
than the W’s or the 2 since they are the only processes accessible to present day 
experiments. The heaviest fermion that must be taken into account is the b-quark 
whose mass is only 5 GeV. In this situation, we are allowed to neglect the qpqv 
parts of the gauge boson propagators since contraction with the external fermion 
currents will suppress them by a factor of (m;/m$-) compared to the gPLV parts, 
where mf is the external fermion mass. Therefore, the amplitudes we must correct 
can be simplified to 

MNC = e2jQ L j’ -/- 
q2 Q $(jJ - s2jQ) 

q 
2 

le2 v2 (2 - s”.@, 
-_ 

- iv 4 
e2 

Mcc = &+ 
1 . 
,2 o2 I-* 

q2--&- 

(4.2) 

I have suppressed the Lorentz indices on the currents, and have rewritten the 
masses of the W and the 2 in terms of the bare parameters to emphasize their 
bareness. 
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A further simplification results from the fact that we are only interested in the 
radiative corrections due to the new Higgs sector particles. In general, radiative 
corrections to Eq. (4.2) come in three classes: vacuum polarizations, vertex cor- 
rections, and box diagrams. However, the contribution of the new Higgs sector 
particles to the vertex corrections and box diagrams are suppressed compared to 
their contribution to vacuum polarizations. For instance, in the Standard Model, 
the contribution of the Higgs boson to vacuum polarizations is O(g2) while its con- 
tribution to vertex corrections and box diagrams is 0(X;) = O(g2m;/m”,), where 
Xf is the Yukawa coupling of the fermion f to the Higgs boson. Therefore, we can 
forget about the contributions from the vertex corrections and box diagrams and 
concentrate on how vacuum polarizations correct Eq. (4.2). 

I define the vacuum polarizations IIxy(q2), where (XY) = (11)) (22)) (33), 

(3&L and (Q&h by 

i9pv~xY(q2) t (q- pq” terms) - 
J 

d4xemiqx (J;(X) Jg(0)) , (4.3) 

IIXY (P2) = nxY(o> -I- q2@fY(q2)* (44 

Note that IIky(q2) is equal to dIlxy/dq2 only at q2 = 0. The unbroken U(1) sym- 
metry of electromagnetism implies that IIll(q2) = I122(q2). The QED Ward iden- 
tity implies further that &Q(O) = IIQQ(O) = 0. Therefore, nQQ(q2) = q2nbQ(q2) 

and n3Q(q2) = q2H;Q(q2)* 

I further introduce the following shorthand notations for the combinations of 
II’s that make up the 1PI self energies of the photon, W, and 2, and the 1PI 
photon-Z mixing. 

HAA = e2nQQ, 

e2 
nZA = & (n3Q - S2nQQ), 

II 
e2 

zz = s (II33 - 2s2n39 + S*nQQ) , 

e2 
nww = -$Jll. 

(J-5) 

These vacuum polarizations correct Eq. (4.2) by modifying the gauge boson 
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propagators.* After a Dyson resummation we find: 

M NC = e2 jQ.ib 
!I2 - HAA 

e2 j3 - s2 

t- 
[ ( 

-3Cq2yIAA)jQ] [A - (s2 -scq2?~AA)jb] 

S2C2 
1 

q 
2 e2 v2 

-- - IIZZ - ,;yf, 
- s2c2 4 

M 
e2 j+.i- cc = g e2 v2 

q2-24-nww 
(4.6) 

Unfortunately, these expressions are too complicated to be illuminatingi Fortu- 
nately, a beautiful formalism has been developed by Kennedy and Lynn which 
will let us reexpress Eq. (4.6) in such a way that we can see how various physical 
quantities are corrected in an extremely clear fashion. I will present a simplified 
version of the Kennedy and Lynn formalism in the following. 

First, Kennedy and Lynn define the running coupling constants ez(q’) and 

e!f(q2) - e2 
1 - e211bQ(q2) = e2 [l t e2n’,Q(q2)] , 

$(q2) G s2 - SC nZA(!12) 

q2 - nAA(q2) 

This will let us rewrite Eq. (4.6) as 

M 2 j& 
NC=%- q2 

, e2 

2 
=s -e 2 [H’,Q(q2) 

(j3 - &Q)(ji - S$jb) 

S2HbQ(q2)] * 

(4.7) 

-I- s2c2 

I 

1 
t (n33 - 2s2n3q t S*nQQ) (4.8) .- 

M 
e2 j+.i- 

cc = g ,2 v2 ’ 

q2 - -$L 4 t n11 [ 1 
We have omitted the II$.,/(q2 - IIAA) t erm in the denominator of the 2 propagator 

-k Vacuum polarizations are sometimes called “oblique” (=indirect) corrections because, unlike 
vertex and box corrections, they only modify the gauge boson propagators and do not modify 
the structure of the interaction itself. 
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since it is negligible compared to nzz. 

The physical masses of the W and the 2 are the poles of their respective 
propagators. Therefore, from Eq. (4.8) we see that 

e2 v2 e2 
“i=s2,2p+ q~cz(n33 --2s2n3&ts4n~~)(m~), 

e2 v2 e2 
4~ = 2,-t -$h(m2w). 

(4.9) 

We define the wave function renormalization constants Zz and Zw in the usual 

way bY 

- ,z,~dq2(fl33 -2S2n3Q tS41JQQ)Iq2=m2,, 

2; E 1 
e2 d - 2pnll IqZ=m&, 

and the running masses Mi,(q2) and M&+ ( q2) by 

q2 - M;*(q2) z 

q2 - M$,r*(q2) E 

t (n33 - 2s2n3~tS4nQQ)(q2) , 

. 

With these definitions, Eq. (4.8) can be recast into 

MNC = e:jQlj’ t 
q2 Q 

e2 Zw 
Mcc = 2s2j+ 2 j-- q2 - Mw* 

(iI - &b), 
* 

(4.10) 

(4.11) 

(4.12) 

The final step is to define the running wave-function renormalization constants 
Zz*(q2) and Zw*(q') by*. 

eH e2 -@z* = -zz, 
* * S2C2 

e2 e2 
-p-w* = 2zw, 

* 
(4.13) 

* In ref. 15, Zz*(q’) and Zw*(q2) are written as Zz,(q”) = [l + tczt(q2)]-l and Zw,(q2) = 
[1+ w*(q2)]-1. 
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where cz G 1 - 32. In terms of the II’s, they are expressed as follows: 

zz* = zz 1 - e2nbQ(q2) - 

e2(c2 - s2) 
S2C2 

[l%Q(q2) - s2HiJQ(q2)lJ 

e2 d x1+----- s2c2 dq2 (@3 - 2s2n3Q t s4HQQ) 1q2=m; 

e2s2 
- -+JQ(q2) - 

e2(c2 - s2) , 

S2C2 H3Q(q2), 

zw* = zw {’ - e2H’gQ(q2) - ; [H’,Q(q2) - s2HiJQ(q2)]} 

e2 d 
= 1 t ~@nllIqz=m& 

e2 
- $$!Q(q2)- 

Finally, we obtain 

MNC = e:jQ’j’ + e2 
q2 Q .&j3 - &Qjq2 Y&i <A - &b), 

* * * 
2 Mcc = sj+ zw+ j-. 

* !12 - M&, 

(4.14) 

(4.15) 

2t where all starred quantities are now functions of q . 

Notice that Eq. (4.15) h as exactly the same form as the tree level amplitudes 
given in Eq. (4.2) except that all the coupling constants and gauge boson pa- 
rameters are now starred. What this shows is that the vacuum polarizations only 
affect the weak interaction observables via the starred functions. In other words, 
given a quantity expressed in terms of bare parameters at tree level, we only need 
to replace the bare parameters with their starred counterparts evaluated at the 
appropriate momentum to incorporate the corrections from vacuum polarizations. 
For instance, the radiatively corrected Z width rz, and the forward-backward 
asymmetry AfFB will be given by 

hmz 
rz = zz+- 

6.33 x(Iu - sfQd2NfI 
** * q2=mi’ 

(-3 + k2 - <S:j2 (bf - s:Qf)2 - (s:Qf)2 
c-f t q2 t (s;4)2 I[ 1 &f - sfQfJ2 + (sfQ-d2 ’ (4.16) 

where a*(q2) E e$(q2)/4r. 

t In writing down these formulae, I have assumed that all the II’s are real. For a complete 
treatment including the imaginary parts of the II’s, I refer the reader to the original paper 
of Kennedy and 

15 
Lynn. 
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I would like to emphasize that the formulae given in Eq. (4.16) express only 
the corrections coming from vacuum polarization diagrams. If we were considering 
corrections due to the quarks, the leptons, and the electroweak gauge bosons we 
must add to these expressions the corrections coming from the vertex and box 
diagrams. Furthermore, when the external fermion f is a quark, QCD corrections 
must also be included.16 

While Eq. (4.15) contains all the information necessary to see how various 
measurements are corrected at various energies, it is somewhat cumbersome to 
apply to low energy experiments. Therefore, let us return to Eq. (4.8) and take 
the limit q2 -+ 0. The Z and W exchange parts of Eq. (4.8) in this limit are 

Comparing these amplitudes with the low energy effective Lagrangian of weak 
interactions: 

J!z eff =- F { J+~J! t p[J3, - $(O)JQ~] [J! - SD)JG]} 7 (4.18) 

we can make the following identifications: 

1 ?I2 

4fiG~ 
= 4 t h(O), 

1 

-- 
P- 

; 1 ;;;;;; 

(4.19) 

= 1 - 4d% [I111(0) - n33(0)]. 

Actually, Kennedy and Lynn introduce a running Fermi constant GF+(q2) and a 

running p parameter p* (q2) by 

1 

4&h(q2) 
= ; t [&1(q2) - n3Q(q2)] 7 

--& = 1 - hhh(q2) [h(q2) - H33(!12)] e 
* 

(4.20) 
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Using these functions, we can write 

zz* 1 
q2 - Ali+ = 2 et 1 ’ 

Q- 22 
S,C,4fiG~~p, 

zw* 
q2 - M$,l, = e21 1 ’ q2 - 2 

&~GF, 

(4.21) 

which is the form you will find in ref. 15. 

The predictions for low energy experiments are expressed through the param- 
eters of the low energy effective Lagrangian Eq. (4.18): 

(4.22) 

Qw(Z, N) = p*(O) [(Z - N) - 4zs:(o)]. 

Therefore, Eq. (4.19) and Eq. (4.7) f or s:(O) codify how these predictions are 
corrected by vacuum polarizations. I have written the p parameter as p*(O) in Eq. 
(4.22) to emphasize that it is a radiatively corrected quantity. 

Finally, in order to compare Eqs. (4.9), (4.16), and (4.22) with the tree level 
predictions in Eq. (3.20), we must calculate how sin’ 8, is shifted away from the 
bare value s2. From Eqs. (3.19), (4.7), (4.9), and (4.19), we find 

e2 - 
s2c2m2 Z 

(n33 -2S2n3~$s4"~~) cm;)}. 
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Combining this result with Eqs. (4.7) and (4.9), we obtain 

mFv -- 
“22 

cos2 0, 
e2c2 32 =- 

s2(c2 - s2)mb n33(mi) - 2s2H3Q(mi) - ~nll(O) - 1 
e2s2c2 +- ,2 - s2 [HbQ(mi) - HiJQ(0)]} 1 

sf(q2) - sin2 0, 

e2 
= 

{ [ 

fl33(mi) - 2s2n3Q(mi) - Ih(0) 
c2 - s2 mi 

- (c2 _ 4T13$‘i2)] 

e2s2 
+- 

c2 -32 [ s2@-JQ(mi) - c21&Q(o) + (c2 - s2)Hba(o?)]} * 

(4.24) 
These equations together with 

p*(O) - 1 = g2c:m2 rMo> - n,,(o)], 
Z 

e2 
zz*(q2) - 1 = -J-g d(n33 - 2s2n39 + S4~QQ)1q~,m~ dq2 

1 

(4.25) 

- cc2 - s2)n$Q(q2) - s4nQQ(q2) , 

tell us all we need to know about how vacuum polarizations correct the tree level 
relations given in Eq. (3.20). 

[Exercise 4.11 Derive Eq. (4.6). 

[Exercise 4.21 Check Eqs. (4.7) through (4.25). 

19 



.- 

_ 5. The S, T, U Parameters 

In section 4, we have seen that the effect of the vacuum polarization corrections 
can be summarized into Eqs. (4.24) and (4.25). 

Let us now divide the H’s into two parts: 

The first term is the contribution of Standard Model physics to IIxu(q2), and the 
second term is the contribution of the new Higgs sector particles. The contribution 
of the Standard Model Higgs boson is included in IIyY(q2) and then subtracted 
out of IIYF(q2). 

Here we make the assumption that the masses of the new Higgs sector particles 
are much larger than the masses of the W’s and the 2. This is certainly the case for 
technicolor theories where technimesons and technibaryons typically have masses 
around a TeV, and for many other theories as well. With this assumption, we can 
expand the IIyF(q2)‘s around q 2 = 0 and neglect terms of quadratic and higher 
order in q2. 

rIF$(q2) M q2rI& “““(O), 

II;;w( q2) Fz q21-&Jnew (0)) 

rrgW(q2) M rItgW(0) + q211yew(0), 

rIyyq2) M rII;zl”“(O) + q211yew(0). 

(5*2> 

This approximation should only induce a relative error of (m~/m~,,), where mnew 
is a typical mass of the new Higgs sector particles. We then define 

CITE e” 
s2c2m2 

[II;LfW(0) - II;gw(o)]. 
Z 

aU = 4e2 [II~lnew(0) - II&new(O)] . 

(5.3) 

Note that S, T, and U are all finite since the ultraviolet divergences cancel between 
the H’s. Using these parameters, we can write the contributions of new physics to 
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the right hand sides of Eq. (4.24) and (4.25) in the following compact form: 

mfv ox2 
cos2 0, = - 

2 - 2 -- 
mi- c2 - s2 

-;S+c2T+-&J +..a, 1 
sz(q2) - sin2 0, = -& [;S-s2c2T] +a.., (5.4) 

/I*(O) - 1 = aT + - - -, 

2z*(q2) - 1 = -&s+--. 

The ellipses represent the contribution of the Standard Model physics IIyY. What 
this shows is that when the masses of the new Higgs sector particles are large 
compared to mz, the radiative corrections from them can be summarized into just 
three parameters: S, T, and U. 

[Exercise 5.11 Check Eq. (5.4). 

By plugging Eq. (5.4) into Eqs. (4.16) and (4.22), we can derive the dependence 
of Iz, AiB, etc. on S, T, and U. For instance, we have 

g; = ;p*(o)2 [s:(o)] 2 + * * * 
= i(l+ aT + ...)2 [sin20w + fi (;S-s2c2T) -t . . 

5 502 loos6 =- 
9 sin4 0w + 1qc2 _ s2)s - g(C2 _ s2)T + * * * 

2 . +... 1 (5.5) 
= gi [ 1 5a!s2 

sn + 18(c2 - 9) s- 9( 
loos6 T 
c2-s2) * 

The ellipses represent various Standard Model corrections and [gilsm is the Stan- 
dard Model prediction. The terms that are quadratic and higher order in aS and 
aT have been neglected. 

In general, the dependence of an electroweak interaction observable z on S, T, 
and U can be written in the form 

x = xsm(mH, mt) + azS + bT + czu, w-9 

where x3,,,, (mH,mt) is the prediction of the Standard Model. There are several 
points that must be brought to your attention. First, the Standard Model pre- 
diction xsm (mH, ml) must include not only the vacuum polarization corrections 
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but also the corrections coming from the vertex and box diagrams, and sometimes 
QCD corrections as well. Unfortunately, I cannot go into the details of this cal- 
culation in this lecture and must refer the reader to refs. 1 and 16. Secondly, the 
reference Higgs boson mass rnH must be chosen to be large compared to mz. This 
is because the Higgs boson contribution is included in I’IyY and then subtracted 
out of IIy$‘J so its mass must be large to justify our approximation in Eq. (5.2). A 
third point is that when discussing radiative corrections in terms of S, T and U, 
we must specify the value of mH and rnt so that we know which Standard Model 
we are comparing our predictions to. 

In appendix D, I list the formulae Eq. (5.6) f or various physical quantities. 
The Standard Model predictions have been calculated with mH = 1 TeV and 
ml = 150 GeV. Looking through the list, you will notice that only rnw depends 
on U. This is because all the neutral current and low energy parameters get their 
S, T, U dependence through sz(q2), p* (q2) and 2z,(q2), which in turn depend 
only on S and T. By analyzing the measured values of the neutral current and 
low energy parameters, we can extract the experimental limits placed on S and 
T. Furthermore, in general, U can be expected to be small compared to S and T. 
This is because our approximation Eq. (5.2) implies 

U = 167r [I&(O) -II',,(O)] N l&r nll(o;; ="(') new ] - (2) T* (5.7) 

We can therefore make the further assumption that U x 0 and use the measured 
value of mw to restrict S and T also. Comparing these limits on S and T with 
their theoretical values, we will be able to tell which models are compatible with 
experiment. 

6. Theoretical Values of S, T, and U 

Before we work out the experimental limits on S and T, let us first take a look 
at the theoretical values of S, T, and U for the Standard Model and technicolor. 

For the Standard Model, the only new particle in the Higgs sector is the Higgs 
boson. Though we included the contribution of the Higgs boson in IIyy(q2), the 
corrections induced by a change in the Higgs boson mass mH can be discussed in 
terms of S, T, and U as long as mH is kept large compared to mz. To be more 
precise, we set 

%? = %&(mH) - n%(mH,ref) (64 

where mH,ref is the reference value of the Higgs boson mass, and calculate S, T, 
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and U. Keeping only the leading log terms, we find 

Then, we can write 

Tm(Wz, mt) = X:sm(mH,ref, W) + a,SH + b,TH + ‘%uH (6.3) 

for all the observables x. Note that UH is small compared to SH and TH as 
conjectured. Also note that the SH and TH has opposite sign. 

For technicolor theories, calculating the values of S, T, and U is a difficult 
problem since technicolor is a strong interaction and perturbation theory cannot 
be used. In fact, nobody knows how it can be done. However, let us not admit 
defeat so easily and try at least to estimate what their values will be. 

After chiral symmetry breaking, technifermions have dynamical masses on the 
order of the technicolor scale. Also, at high enough momentum, the technifermions 
behave like free particles due to the asymptotic freedom of the technicolor inter- 
action. Therefore, looking at the contribution of a non-interacting heavy fermion 
doublet to S, T, and U may give us a rough idea of how a technifermion doublet 
would contribute to them. 

If we take a fermion doublet (N, E) with masses mz << mN,m,y, evaluation 
of the l-loop vacuum polarization diagrams gives us 

S=&[l-Ylog($)], 
T= 

1 
16rs2c2m2 

m$+mi- , 
Z 

5m4, - 22m&m& + 5m4, 
3(m$ - m$)2 

+“b- 3m$mg - 3m&m4, + rn& m2N 
(m2, - mg)3 

log - 
( )I “2E 

7 

(6.4) 

where Y is the (conventional) hypercharge of the doublet. The above expression for 
T is positive semidefinite and to keep it small, we must assume Am z IrnN-rn,ql << 
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mN,mE. Then Eq. (6.4) simplifies to 

s l = g1 

TZ 
1 @m>2 

12?rs2c2 [ 1 m; 
7 NW 

x 2 (Ad2 u -. 
157r 1 1 m2N 

Note that U is suppressed compared to T by a factor of (m$/m&). 

If the technicolor group is SU(NTC) and the technifermions are in the funda- 
mental representation, Eq. (6.5) leads us to guess that 

NTC 
STC = - 

61r ’ 

TTC = 
NTC 

12rs2c2 7 
(6.6) 

for a one doublet minimal technicolor model. I have assumed Am N rnt here so 
that the mass difference in the technifermion doublet will generate the mass dif- 
ference between the t-quark and the 

17 
&-quark. For models with more than one 

technifermion doublet, each doublet will give the same contribution to STC as Eq. 
(6.6) so STC will be proportional to the total number of doublets. On the other 
hand, the contribution of each doublet to TTC will depend on what the mass split- 
ting in that doublet is. Of course, Eq. (6.6) is an extremely crude estimate at best, 
especially in view of the fact that the loop integrals that lead to these expressions 
are dominated at low momenta where the technicolor interactions become strong. 
However, the proportionality of STC to the total number of technifermion doublets 
can be expected hold even for a more accurate estimate. 

Actually, we can do a little better for the estimate of S. Ref. 2 shows that 
when the technisector conserves parity and isospin, we can write down a dispersion 
relation for S given by 

cc 

s=& 

J{ 

[Rv(s) - R&q] - ; 1 - 1 - 

0 

[ ( ?)3S(s -m&)] } (6.7) 

where Rv (s) and RA( s) are the analogues of 

R(s) = [$I o(e+e- + hadrons) (6.8) 

with the electromagnetic current replaced by the vector and axial-vector isospin 
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currents. The functions Rv(s) and RA(s) for the QCD case are known. By as- _ 
suming that Rv(s) and RA( s) for technicolor are simply scaled up versions of the 
QCD case, we will be able to estimate S. This method is more reliable than the 
free fermion approximation since the strong interaction nature of technicolor has 
been incorporated. 

I do not have enough space here to go into further details, so I will only quote 
the results from ref. 2. For minimal SU(NTC) technicolor, ref. 2 gives 

STC = 0.22 NTC=% 

M 0.32 NTC= 3, 
M 0.45 NTC = 4, 

(6.9) 

and for one generation SU(NTC) technicolor, it gives 

STC M 0.80 N TC=% 

M 1.20 NTC = 3, (6.10) 

rz 1.62 N TC = 4. 

These numbers are for the reference value ??ZH = 1TeV. Note that S is roughly pro- 
portional to the number of technifermion doublets as expected except comparison 
with Eq. (6.6) h s ows that the coefficient of proportionality is enhanced relative to 
the free fermion case. 

Let me emphasize here that in making these estimates, two major assumptions 
have been made. The first is that the technisector conserves isospin and parity. 
Without this assumption, extra isospin violating terms must be added to the right 
hand side of Eq. (6.7). The second is that Rv(s) and RA(s) for technicolor can 
be obtained by scaling up their QCD counterparts. Without this assumption, we 
would not know what to plug into Eq. (6.7). Th ese assumptions do not apply to 
models with extended technicolor interactions which break isospin and parity, or 
to walking technicolor models whose dynamics are quite different from &CD. For 
these cases, I do not yet know how get a reliable estimate for S or T. 

[Exercise 6.11 Derive Eqs. (6.2), (6.4), and (6.5). (Hint: See ref. 1.) 
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7. Experimental Constraints on S and T 

In this section, let us see how the measured values of the various physical 
quantities that we looked at in section 1 constrain the values of S and T. In 
particular, we will be interested in constraining S independently of T in view of 
the fact that T cannot be estimated in a reliable manner for technicolor theories. 

In our formalism, each observable x depends linearly on S and T: 

x(S, T) = xsm (mH, w) + axS + bxT, (7.1) 

where x,m( mH,mt) is the standard model prediction. (I have assumed U = 0.) 
Due to this linearity, the measurement of x will restrict S and T into a band on 
the S-T plane. In figs. 1 and 2, I plot the lines 

Xexp + fix = Xsm (mH, mt) + axS + bxT, 
Xexp = Xsm(mH, mt) + ad + &T, 

Xexp - ox = Xsm (mH, mt) + axS + bxT, 

: solid line 

: dot ted line 

: solid line 

P-2) 

for the reference values mH = 1TeV and rnt = 150 where xexp and ox are respec- 
tively the measured value of x and its error. The regions between the solid lines 
are the bands into which S and T are restricted to within la errors. 

Just by inspection we can see that the overlap of the bands is greatest in the 
third quadrant of the S-T plane. To perform a maximum likelihood analysis, I 
define the likelihood function of S and T by 

L(Xexp; S, T) = N exp xexp -oh's' T, 

2 )I (74 

where the normalization factor N is such that 

J dS dT L(xexp; 5’7 T) = 1. P-4) 

The point which maximizes L(xezp; S, T) is found to be 

(S, T) = (-1.44, -0.66). (7.5) 

Fig. 3 shows this point and the 68% and 90% confidence level contours around it. 
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In order to obtain the lim its on S independently of T, I integrate L(xexp; S, T) 
over T to obtain a likelihood function of only S: 

ca 

L(Xexp; S) = 
J 

dT L( xexp; S, T)- (7.6) 
--oo 

Then the probability that S < ?? is given by 

s 
p(S < S) = J 055 L(Xexp; S)- (7.7) 

-CQ 

The 90% and the 95Y 0 one-sided upper confidence lim its obtained from (7.7) are 

S < -0.36 (90%/o), 
s < -0.04 (95%). (74 

These lim its are shown with the larger notches on the lower part of fig. 3. 

Note that while the theoretical values of S are generally positive, the experi- 
mentally favored value of S is negative. Not only is the point of maximum likelihood 
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negative, but even the 95% upper confidence limit is negative. Of course the above 
limits were obtained by assuming a uniform prior probability for all values of S. 
If we had assumed a priori that S is positive, then the posterior probability that 
S < $? would have been given by 

Jo’dS L(zexp; S) 

‘(’ < ‘) = Jr dS L(xexp; S)’ (7.9) 

The 90% and 95% one-sided upper confidence limits for this case are 

s < 0.77 (90%‘0>, 
S < 0.96 (95%). 

(7.10) 

These limits are shown with the unmarked smaller notches on fig. 3. 

Let me emphasize that it is meaningless to quote these limits on S and T 
without the values of ?‘TZH and rnt that were used as reference. For different values 
of mH and mt, the position of the likelihood contours on the S-T plane will be 
different. (Their shapes and sizes will be the same.) The effect of a change in 
mH on the contour positions can be deduced from Eqs. (6.2) and (6.3). As for a 
change in ml, its effect on the Standard Model predictions Xsm(mH, ml) cannot be 
absorbed into S and T like Eq. (6.3) b ecause rnt is not large enough compared to 
mz, and because the vertex correction to I’( 2 t bi) is rnt dependent. The values 
Of Xsm (mH, mt) must be calculated separately for all x and the likelihood analysis 
done all over again for each value of mt. Instead of showing where the likelihood 
contours will be shifted to for different values of mt, I show where the origin of 
the S-T plane would be relative to the likelihood contours with asterisks in fig. 3. 
The asterisks are shown for rnt = 75GeV up to 250 GeV at 25 GeV intervals. The 
asterisk on the bottom corresponds to ml = 75 GeV and the asterisk on the top 
corresponds to rnt = 250 GeV. The Higgs boson mass was fixed at ??2H = 1TeV. 

Since the estimates of S quoted in Eqs. (6.9) and (6.10) were calculated for 
mH = lTeV, they can be safely compared with Eqs. (7.8) and (7.10). For both 
the one doublet and the one generation case, STC is always positive. This means 
that these technicolor models are less compatible with experiment than the Stan- 
dard Model. Furthermore, since STC is roughly proportional to the number of 
technifermion doublets, the larger the technisector is, the less viable the model will 
be. In particular, one generation technicolor models with NTC > 3 are ruled out 
even if we make the a priori assumption that S is positive. Comparison with the 
crude estimate given in Eq. (6.6) 1 a so suggest that technicolor models with a large 
number of technifermion doublets are incompatible with experiment. 
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[Exercise 7.11 Assuming that the Standard Model is correct, what limits can you 
put on rnt from Fig. 3? 

8. Summary and Conclusions 

I this lecture, I have shown that the radiative corrections coming from the 
Higgs sector can be summarized into three parameters S, T, and U. The precision 
electroweak measurements constrain the values of S and T. By comparing these 
limits with the estimated values of S for the minimal and the one generation 
unextended technicolor models, I was able to show that they are less viable than 
the Standard Model, and that models with too many technifermion doublets are 
ruled out. A similar program may be carried out for other Higgs sector theories 
also. 

Since the experimentally preferred value of S and T are negative, it would be 
interesting to know if a model which predicts such values can be constructed. Eq. 
(6.2) shows that changing the Higgs boson mass cannot make S and T negative 
at the same time. Eq. (6.4) h s ows that if we try to make the contribution of a 
heavy fermion doublet to S negative by increasing Am, it will give a large and 
positive contribution to T. Recent works by Bertolini and 

18 Sirlin, and Gates 

and Terning 
19 

suggest that including Majorana particles in the model may have 

the effect of making both S and T negative. Dugan and RandalL2’ and Georgi21 
give several examples in which S can be negative while T is zero. Marciano and 

22 
Rosner , and Holdom 23 have shown that the existence of an extra U(1) gauge 
boson Z’, which mixes with the photon and the 2, can sometimes be described by 
a negative contribution to S. Whether these approaches lead to a realistic theory 
which is compatible with experiment remains to be seen. 

Finally, whether we can use the information provided by the precision elec- 
troweak measurements effectively or not rests on our ability to calculate S and 
T reliably from theory. This remains a difficult problem for strongly interacting 
theories. 
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APPENDIX A 

Let us derive the expression for AfFB. The amplitude for the process e+e- + 
2 + f-f is given by 

e2 
M=- 

1 

4S2C2 (pe- + pe+)2 - m2, + imzrz 

’ [v(Pe+ )MYp(l - 75) + Y$fYp(l + Y5)}u(pe-)] 

x [~(Pf){&v - 75) + 9pp + Y5,}+7)]. 

(A-1) 

Neglecting the masses of the electron and the fermion f, we find 

C I”12 c( [(sE)2(s{)2 + (d3)2(!J~)2] (Pe- ‘qj2 
spin 

+ [(Yi)2(sQ)2 + (YL)2(Y{)2] (Pe- * Pfj2* 

In the center of mass frame, 

Pe- = (E, P>, pf = 0% 4, 

Pet = CE, -P), q = PA 47 

we get 

(Pe- '5) = E2(l t COST), (Pe- * pf) = E2(1 - cos O), 

where 0 is the angle between p and q. Therefore, 

da(e-e+ + f7) 
dcos8 cx [(YE)2(Y{)2 + (s22(Y$2] (1 + cm OJ2 

+ [(si)2(Y;)2 + (Y~~2(Y~~2] (1 - 03s 012 

Plugging this expression into Eq. (2.3) gives us 

AfFB = 3 
4 

3 =- 
4 

[ 

w2(992 + (9;)2(9i)2 - (Y;)2(g$2 - (gg2(g$2 

bt)2(Yi)2 + (Y;)2(Y$2 + (9;)2(g$2 + (gp(gp 1 

(A4 

(A-3) 

(A.4 

(A.5) 

(A-6) 
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APPENDIX B 

In this appendix, I will present a somewhat vulgarized version of the derivation 
of Eq. (2.8). S ee ref. 10 for a more thorough discussion. 

The amplitudes for the neutral current processes vLc(k)u(p) --f v,(k’)u(p’) and 
q+(P) + q@)4P’)7 where p, p’, Ic, k’ are the momenta of the particles, are 
given by: 

M 
“u-“u = a 

*I, [W%P - 75W)] [-( ‘)I u P Ywv - 75) + Ypv + Y5))110] 

Miwi~u = sp [@h/J 1 - ys)+‘,] [ ( ){ ii P’ Ywv - 75) + Y$YPL(l + Ys)h(P)] 

W) 
Neglecting the u-quark mass, we find 

IM uu+uu12 = 1% G2,p2 [(s:)2(p - k)2 + (gs”1)2(p - k’)2], P.2) 
IM~T~+EJ~ = 128 G;p2 [(g;)2(p - k’)2 + (g;)2(p e k)2]. 

Similarly, 

IM ud+ud12 = 128 G;p2 [(&‘(p * kj2 + (s$)2(1, 1 k’J2], wo 
IM+~cil~ = 128 G;p2 [(g;)2(p - k’)’ + (g;)2(p. k)2]. 

On the other hand, the amplitudes for the charged current processes v,(k)d(p) 
+ CL-(k’)u(p’) and Fp(k)u(p) -+ p+(k’)d(p’) are given by 

M ud-+p-u = 2 [~(k’hP(l - Y5M4 [~~P’)YV - Y5MP)] 7 

(B-4) 
MyZL+d = - $ [voy,(l - Y5bbq [~(P’wv - Y5bO] 7 

from which we find 

IM u&p-u12 = 128 G$(p. k)2, 
IMi7u-p+d12 = 128 G;(p . k’)2. P-5) 

If we denote the probability of finding a u-quark with momentum p inside the 
target as L(P), and the same for the d-quark as fd(p), then the contributions to the 
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deep inelastic cross sections from the scattering between vP or i7P with momentum 
k and quarks with momentum p would be: 

d+pN + +X) m p2 [(sE)2(p - kj2 + (s;)2(p. k’j2] fu(p)dp 
+ P2 [(Y:)2(P * kj2 + (Y;)2(P * k’,‘] fdd&, 

d&J’ --f 6X) 0~ p2 [(sE)2(p. k’)’ + W2(p. k,“] .fu(p)dp 

+ P2 [b;)2(P - k’J2 + (sfd2(P * kj2] fd(P),dP 
P.6) 

d+pN --f cl-x> m (P - kj2h(p)dp, 

da(FPN + ,v+X) cc (p - k’)2fu(p)dp. 

When the target is an isoscalar, it will contain the same number of u-quarks and 
d-quarks. Therefore, we can expect 

-fu(P) = fd(P) = f(P)- 

Then, 

where 

d+pN --f +X) m g;(p - kJ2f(pPp + &p . k’)2f(~)d~, 

dQ,N + QX) 0~ i&p e k’)2f(p)dp + gi(p - k)2fWdp, 

d+pN ---f cl--X) 0~ (P - k12f(p)dp, 

da&J --+ P+X) m (P . k’J2f(p)dp, 

Eq. (B.8) implies 

9: = P2 [(YEI + c99’] 7 

9; = P2 [(Yij2 + Csi)“] * 

or 

(B.7) 

P.8) 

P.9) 

(B.lO) 

(B.ll) 
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APPENDIX C 

The low energy effective interaction between electrons and quarks induced by 
2 exchange 

L eff = -$E[ e- gLeL-/peL + &eRYpeR I[ &jL’?qL + &Ry%R I W ) Q 
contains the parity violating part 

where 

F-2) 

Cl, = 2P(9i - 9x9; + sg, 

c2q = 2P(9Ii + 9%9; - 9:). 
(C-3) 

The first term of Eq. (C.2) leads to a parity violating interaction between electrons 
and nuclei whose amplitude is given by 

GF 
M = z c Clqj+2 (e-(Pf)l+)Y P7544 le-(Pd) l-T NI QwYPq(4 1-G N) 

P 
(C.4) 

where 12, N) d enotes a nucleus consisting of 2 protons and N neutrons. 

In the non-relativistic or static limit of the nucleus, we can neglect the space 
components of the quark vector current matrix element. Its time component 

V, NI ?(4r”d4 12, N) = (2, NI q+bM4 IT N) = p,(r) (C-5) 
yields the density of quark flavor q inside the nucleus. Since the size of the nucleus 
can be assumed to be small compared to the wavelength of the momentum transfer 
(pf - p;), we can make the approximation 

&i(r) = W3(r) (C.6) 
where Nq is the total number of quarks of flavor q contained in the nucleus. There- 
fore, 

c Cl, (2, N l T(4r”n(4 I&N) = [C1,(2z + N) + Gd(Z + 2N>] S3(r) 
Q 

= -iQw(Z, N)S3(r). - 
F.7) 
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Next, using the relation between Dirac spinors u(p) and Pauli spinors 4, 

(C.8) 

we find that the time component of the electron axial-vector current matrix element 
in the non-relativistic limit becomes 

te-(Pf) I +hoyseb) Iem( = d& d&. U(pf)~oy5~(pi) e-i(Pi-pf)z 1 

Inserting Eq. (C.7) and (C.9) into (C.4), we find 

MC--. 4$me Qw(Z, N) Jd4~ V)(Z) [G * fd3(i) + S3(i.)k * fi] vi(x) (C-10) 

? where 

p(x) = -jf e-ipx$. (C.11) 

From Eq. (C.lO), we conclude that the first term of Eq. (C.2) induces a parity 
violating potential of the form 

A 

VPV = 4;meQw(z’ N) [Se fiS3(f) + S3(+. fi] (C.12) 

where me, k/2, fi, and ? are respectively the mass, spin, momentum, and position 
of the electron. The factor Qw(Z, N) is called the ‘weak charge’ of the nucleus 
and can be large enough for heavy nuclei to make the effects of this potential 
observable. 

The second term of Eq. (C.2) in d uces a potential dependent on the nuclear 
spin 

24 
which is too weak to be observed. 
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APPENDIX D 

The following numbers are evaluated with rnt = 150GeV, ?nH = lTeV, e2 = 
eZ(m‘$) = 47r/129, s2 = 0.23, and os = 0.12. The constant terms on the right hand 
sides are the Standard Model predictions which include corrections from vertex and 
box diagrams as well as vacuum polarizations. QCD corrections have also been 
included for rz, rhad, Rz, and AbFB. 

mw - = 0.8787 - [3.15 x 1O-3]S + [4.86 x 10-3]T + [3.70 x 10-3]U 
mz 

rz = 2.484 - [9.58 x 10W3]S + [2.615 x 10-2]T (GeV) 

ret!- = 0.0835 - [1.91 x 10m4]S+ [7.83 x 10e4]T (GeV) 

rhad = 1.7348 - [9.00 x 103]S+ [1.993 x 10-2]T (GeV) 

Rz = rhad/rltl- = 20.78 - [5.99 X iov2]s i- [4.24 X ioe2]T 

Ab J’B = 0.0848 - [I.97 x lo-2]s+ [1.40 x lo-2]T 

At FB = 0.0126 - [6.72 x 10-3]S + [4.76 x 10-3]T 

g; = 0.3001 - [2.67 x 1O-3]S + [6.53 x 10-3]T 

g; = 0.0302 + [9.17 x 1O-4]S - [1.94 x 10-4]T 

QW(l$h) = -73.31 - 0.790s - O.OllT 
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