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1. Introduction 

In the past few years, the accuracy in which various electroweak observables 
have been measured have reached the level which enables us to put limits on the 
sizes of the oblique electroweak correction parameters S, T, and U. These three 
parameters are measures of the size of radiative corrections coming from new 
physics beyond the Standard Model. Therefore, putting experimental limits on 
them provides us with valuable information on the yet inaccessible high energy 
sectors. 

;.+_. On the other hand, whether we will be able to make use of this information 
effectively or not rests on our ability to calculate these parameters reliably from 
theory. For technicolor and other strongly interacting theories, this is a difficult 
task since perturbation theory cannot be used. In this talk, I would like to focus 
on how one may estimate the size of the parameter S for technicolor theories by 
making use of dispersion relations. 

This talk is organized as follows. In section 2, I review the definitions of 
S, T, and U, emphasizing the assumptions that are necessary to describe the 
corrections from new physics with just these three parameters. In section 3, I 
review the current experimental limits on S and T, and discuss the dependence 
of these limits on the choice of mt and mH in the reference Standard Model. In 
section 4, I discuss how the value of S may be estimated for running technicolor 
theories by expressing S in terms of a dispersion integral. In sections 5, I discuss 
how the estimates given in section 4 may be modified for walking technicolor 
theories. In section 6, I compare the estimates of S with the experimental limits 
and state some conclusions. 

2. The S, T, U Parameters 

The validity of expressing the effect of radiative corrections coming from new 
physics beyond the Standard Model with just three parameters S, T, and U, 
hinges on three basic assumptions. They are: 

[l] The gauge group of the electroweak interactions is sum x U(l)y. There 
are no electroweak gauge bosons other than the photon, the W’s, and the 
2. 

[2] The couplings of new physics to light fermions are suppressed compared to 
their couplings to the electroweak gauge bosons. 

[3] The intrinsic scale of the new physics is large compared to the masses of 
the W’s and the 2. 

-,‘A11 precision electroweak measurements probe processes that are described at 
tree level by an electroweak gauge boson exchange between light fermions. Cor- 
rections to these processes come in three classes: vacuum polarization, vertex, 
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and box corrections. The second assumption implies that the contribution of new 
physics to vertex and box corrections are suppressed compared to their contri- 
bution to vacuum polarization corrections. Therefore, as long as we restrict our 
attention to corrections from new physics, we can neglect vertices and boxes and 
concentrate on the vacuum polarizations, i.e. the so called ‘oblique’ corrections. 

The first assumption tells us that there are four vacuum polarizations that 
must be taken into account. Namely, the gauge boson self-energies IIAA(~~), 

nzz(42), nww(Q2), and the Z-photon mixing nz~(q~). Let me introduce some 
notation. Let J$, J!, and Jz = Jr f iJ.f d enote the currents coupling to the 

’ “electroweak gauge bosons via 

where s = sin 8, and c = cos 0,. I define the vacuum polarization amplitudes 
~XY, where (XY) = (ll), (2% (33), (Q&L (3Qh by 

i9""nxu(q2) + (Q P Q ” terms) f 
J 

&.,-+x 
(Jib, Jiw) 7 (2.2) 

and II’,, by 

Hxu(q2) = nxY(o> + 42GY(!72). (2.3) 

The unbroken U(1) symmetry of electromagnetism implies Illl(q2) = l122(q2), 
and &Q(O) = IIQQ(O) = 0. Th en, the self energies of the electroweak gauge 
bosons and the Z-photon mixing can be written down as follows: 

HAA = e2nQQ, 

e2 
HZA = & (&Q - 

n 
e2 

2-z = S2C2 -@I33 

e2 
Ilww = --IIll. 

s2 

(2.4) 

--These relations show that we can either discuss oblique corrections in terms of 
the four functions IIAA, ~ZA, nzz, and Ilww, or equivalently, in terms of the 
four functions ~QQ, ~SQ, n33, and nil. 
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Let us divide the IIxy’s into two parts: The contribution of the Standard 
Model IIyy, and the contribution of new physics beyond the Standard Model 
lqy 

Hxu(q2) = qiq+J2) + v%Y92)* (2.5) . 

The contribution of the three generations of quarks and leptons, the gauge bosons, 
and the Standard Model Higgs sector are included in IIyy. A slight complication 
arises here when considering the possibility that the true Higgs sector is not that 

l-sf the Standard Model. In that case, the contribution of the true Higgs sector 
is included in IIYY, but at the same time the contribution of the Standard 
Model Higgs sector must be subtracted out of IlyF so that it cancels in the sum 
IIxy = IIyy + IIYF. This makes Ilyy depend on the value of mH chosen for the 
reference Standard Model in calculating lIyy. (At the one loop level, however, 
there is no mH dependence in lI$$ or II:; because the Standard Model Higgs 
boson is chargeless and does not couple directly to the photon. Therefore, there 
is no K?H dependence in lIr$ or IITGW either.) 

The third assumption lets us expand the Il y;‘s around q2 = 0 and neglect 
terms of order q4 and above while making only a relative error of (m~/m~,,), 
where mnew is the intrinsic scale of the new physics: 

IIgy(q2) E q2r$y(0), 
qw(q2) M q2rl’g;w(o), 
n;;w(*2) = rl;gw(o) + q211’;gw(o), 
IqfW(q2) z rig;” + q2n’y;w(o). 

(2.6) 

Please note that when IIyy includes the (negative) contribution of the Standard 
Model Higgs sector, we must take the Higgs boson mass mH in the reference 
Standard Model to be large compared to mz for this approximation to be valid. 
This will inevitably take mH out of the region permitted by triviality arguments’ 
but there is no need for concern since the Higgs boson contribution will cancel 
out in the end. Of course, if we are assuming that the true Higgs sector is that 
of the Standard Model, there is no need for these considerations. 

The above expansion lets us reduce the number of parameters that describe 
the-corrections from new physics to six: II’F$‘(O), lI’~~w(0), IIFj~w(0), II’!jgw(0), 
@F”(O); and Il’yfw 0 ( ). Three linear combinations of these parameters are ab- 
sorbed into renormalizations of g, g’, and 21. This leaves us with only three 
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observable parameters which can be taken be 

aS G 4e2 [II'~~"(O) - II'~~w(0)] , 

aT E e2 
s2c2m2 

[Iq,e”(O) - lxgW(0)], (2.7) - 
Z 

00 E 4e2 [II’;f”(O) - II’~$“(O)] . 

The ultraviolet divergences cancel exactly between the II’s on the right hand 
“*sides of these definitions so that S, T, and U are finite and well defined without 

any regularization. 

Using S, T, and U, the value of a general observable II: after radiative correc- 
tions can be written as 

x = xSm(mt, mH) + axS + b,T + cz:U, (2.8) 

where xsm (mt, mH) is the prediction of the Standard Model including radiative 
corrections from  the Standard Model itself. If the true Higgs sector is not that of 
the-Standard Model, the mH dependence of the IIyF’s will make S, T, U depend 
on-ma, and the mH dependence will cancel between xsm(mt,mH) and S, T, U 
to make the prediction x independent of mH. The coefficients a,, b,, and cz. are 
independent of rnt or ??ZH, and can be derived for each observable x using the 
star-function formalism of Kennedy and Lynn 2,3,4 . 

It should be noted, however, that both xsm(mt,mH) and the coefficients a,, 
b X7 cZ depend on the so called ‘renormalization scheme’; namely, which three 
observables are used as input to fix g, g’, and 2). A particularly convenient choice 
is to use o, GF, and mz as input. In this case, it can be shown that cx = 0 
for all the neutral current and low energy observables.3’4 This means that the 
number of parameters that describe radiative corrections from  new physics can be 
further reduced to two for the neutral current and low energy observables which 
comprise the bulk of precision electroweak measurement data. In the appendix, I 
list the expressions corresponding to Eq. (2.8) for the observables listed in table 1 
for this choice of input parameters, and the reference values m t = 150GeV and 
?‘TZH = 1TeV. 

..- :. 
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Table 1. The precision measurements used in the S-T maximum likelihood analysis. 

Observable 

9: 
d-l 
mwlmz 

rz [GeVl 
RZ = rhad/b+ f- 

. AeFB 

ALI 
PT 

Qw (‘;;Cs) L 

Measured Value 

0.2977 f 0.0042 
0.0317 f 0.0034 
0.8790 f 0.0030 

2.487 f 0.010 
20.89 f 0.13 

0.0138 f 0.0049 

0.126 f 0.022 
-0.134 f 0.035 
-71.04 f 1.81 

Reference Standard Model 

0.3001 
0.0302 
0.8787 
2.484 
20.78 

0.0126 
0.0848 

-0.1297 
-73.31 

3. The Experimental Limits on S and T 

Since the neutral current and low energy observables depend only on S and 
T (for the right choice of renormalization scheme), by comparing their measured 
values with the expressions given in the appendix, we can put constraints on 
the possible values of S and T permitted by experiment. Furthermore, we can 
expect U to be small compared to T in general, since our approximation Eq. (2.6) 
implies 

Therefore, we can make the additional assumption that U M 0, and use the only 
accurately measured charged current observable, namely mw, to restrict S and 
T also. 

A precise measurement of an observable x will restrict S and T onto the line 

Xexp = Xsm (mt, mH) + axS + bxT, (3.2) 

where xexp is the measured value of x. In practice, all measurements have asso- 
ciated errors so the line will become blurred into a band on the S-T plane. In 
-&ures 1 and 2, I show the bands corresponding to the measurements listed in 
table 1, where the widths of the bands correspond to la errors. The origin of 
the S-T plane corresponds to the reference Standard Model with mt = 150GeV 
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Figtire 1. la bands in the S-T plane for the first four measurements listed in Table 1. 

.: 

2 

0 

-2 

-A I I I I I l I 
.s 

-6 -4 -2 0 2 4 6 
S 

Figure 2. la bands in the S-T plane for the last five measurements listed in Table 1. 

7 



E 
L -- 

2 

0 

I 
-2 - 

I I 
90% 95% 

-4 " " " " " " " " " " " " I"" 
-6 -4 -2 0 2 4 6 

S 

Figiwe 3. Coutours of the likelihood function of 5’ and T corresponding to 68% and 90% 
prdbabilities, computed from the measurements listed in Table 1. The notches at the bottom of 
the figure correspond to the 90% and 95% confidence upper limits on S. 

and 7?ZH = 1TeV. Just by inspection, we can see that the overlap of the bands is 
greatest in the third quadrant of the S-T plane. A maximum likelihood analysis 
yields 

S = -1.06 f 0.73, 

T = -0.50 f 0.49, (3.3) 
cov(S, T) = 0.30, 

where cov( S, T) is the covariance between S and T. Figure 3 shows the point of 
maximum likelihood with the 68% and 90% confidence level contours around it. 

As is evident from Eq. (3.2), th e experimental limits on S and T differ de- 
pending on the values of rnt and mH chosen for the reference Standard Model. 
Actually, for a given set of observables, it can be shown that only the central 
values of S and T depend on rnt and mH, and that their errors and covariance do 

-r&t. Graphically, this means that the shapes and sizes of the likelihood contours 
will stay the same, and only their positions on the S-T plane will shift with rnt 
and ?72H. 
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Table 2. The values of rnt and mH used for the reference Standard Model in various references. 
(In ref. 13, no Standard Model subtraction is made.) 

1 Reference mt 

150 GeV 
140 GeV 

mz 

150 GeV 
140 GeV 
140 GeV 

mH 

1 TeV 
100 GeV 

mz 
- 

100 GeV 
100 GeV 
300 GeV 

Instead of displaying the position of the likelihood contours relative to the 
origin of the S-T plane for different values of mt and mH, I choose to keep 
the likelihood contours fixed and plot the position of origin of the S-T plane 
relative to the likelihood contours. The asterisks in figure 3 show where the 
origin would be relative to the likelihood contours for the choices mH = 1TeV and 
??ZH ‘= 1OOGeV f or the Higgs boson mass, and mt = 75GeV up to mt = 250GeV 
at 25GeV intervals for the t-quark mass. The asterisks corresponding to the same 
choice of ??ZH are connected with lines, with the r?ZH = 1TeV case on the right 
and the mH = 1OOGeV case on the left. The mt = 75GeV case is at the bottom 
of these lines, and the mt = 250GeV case is at the top. 

Many authors have analysed precision electroweak measurements to put lim- 
its on S and T. Since the choice of the reference values for mt and ?‘nH differ 
from author to author, care must be taken when quoting or comparing results. 
Table 2 lists the values of mt and mH used in various references. For some reason, 
a popular choice for the reference value of mH seems to be 100GeV. However, as 
I stated in the previous section, if we are considering modifications to the Higgs 
sector, such as technicolor, the value of r?ZH for the reference Standard Model 
should be taken to be large compared to mz to justify our approximation in Eq. 
(2.6). 

..- - :. .__ 
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4. Estimation of S for Technicolor 

4.1 The Assumptions 

Let us now turn to the main topic of this talk. Namely, the estimation of the 
oblique correction parameters for technicolor. 

In the following, I will assume for simplicity that isospin and parity are con- 
served in the technisector. This assumption prevents us from introducing ex- 

‘fended technicolor (ETC) t in eractions that give different masses to quarks and 
leptons belonging to the same sum doublet since such interactions necessarily 
break both isospin and parity. I will also assume that the technicolor dynamics 
is &CD-like, i.e. that we can infer much about technicolor by looking at &CD. 
Such &CD-l k t h i e ec nicolor theories are known to be plagued by excessive flavor 
changing neutral currents (FCNC’s) f rom ETC interactions. Therefore, it should 
be noted that the technicolor theories I will consider here are unrealistic. How- 
ever, they do provide a good starting point in our attempt to estimate S and 7’ 
for strongly interacting theories. 

The conservation of isospin in the technisector automatically means T = 
0, so. we can concentrate on estimating S. The strategy that I will pursue to 
estimate S is as follows. First, I represent S as a dispersion integral over the 
difference between the vector and axial-vector isospin-one spectral functions. 
Then, I model the spectral functions using three different methods: vector meson 
dominance, leading log approximation in chiral perturbation theory, and the 
resealing of QCD data. The value of S will be calculated for each case and the 
reliability of the estimate discussed. 

4.2 Dispersive Representation of S 

I start by writing the electromagnetic and the left-handed isospin currents in 
terms of the conventional hypercharge current and the isospin vector and axial- 
vector currents: 

J[ = f [J; - J;] , 

JG = J; + ;J;-,. 
(4.1) 

B&e that J{ and Jz belong to isospin triplets while JgAL is an isospin singlet. 
Since we assume isospin and parity conservation in the technisector, vacuum 
polarizations between currents of opposite parity or of different isospin vanish. 

10 



Therefore, the technisector contribution to H33 and n3Q can be written as 

where the H’s on the right hand side are defined as in Eq. (2.2). Note that since 
the technicolor interaction is assumed to spontaneously break the axial isospin 
symmetry, we have 

; -- 
Gw12) = 42Gv(42), 

n&(q2) = H&(O) t q2H’zA(q2) = F,” t q2H’&(q2), 
(4.3) 

where Fx = 250GeV is the technipion decay constant. In terms of Ht, and H:A, 
we find 

S = -47~ [H’Ev(O) - II’?A(~)] - (SM Higgs sector). (4.4) 

The contribution of the Standard Model Higgs sector, which the technisector 
replaces, must be subtracted out as I commented earlier. 

-1 define the spectral functions RF(s) and R:(s) by 

RF(s) = -12wImH’&(S), 

R:(s) = -127rImII’&(s). 
(4.5) 

These functions are analogs of 

R(s) = -l‘hIm~‘~$(s) = $ a(e+e- -+ y + ha&ons), [ 1 W-9 
with the electromagnetic quark current replaced by the vector and axial-vector 
isospin-one technifermion currents. RF and R% are related to H’F, and II’2A 
through the dispersion relation 

cx, 
H’&,(q2) - H’zA(q2) = -& 

J 
ds 

RF(s) - R:(s) 
s-q2 * 

0 

(4.7) 

Taking the q2 --+ 0 limit, we find 

J”$ { [R:(s) - R?(s)] - ; [I - (1 - $)30(s - &)I}. (4.8) 

0 

The terms in the second set of brackets are the Standard Model Higgs sector 
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contributions. 

4.3 General Behavior of RF(s) and R:(s) 

In order to use Eq. (4.8) to calculate S, we must know the spectral functions 
RF(s) and R?(s). Though it is impossible to obtain these spectral functions 
for a general value of s, they can be calculated in the two limits s + 00 and 
s + 0. In the ultraviolet limit s t 00, the asymptotic freedom of technicolor 
implies that the spectral functions will approach the free technifermion result, 

L namely, they will both be given by the sum of the squares of the technifermion 
isospins. Conversely, in the infrared limit s + 0, the spectral functions can 
be calculated from a chiral Lagrangian constructed from the technipion and the 
pseudo-Goldstone boson (PGB) d g e rees of freedom. In particular, below any 
of the PGB masses only the technipions will contribute, and we will find that 
R:(s) + l/4 and R%( ) s -+ 0 as s + 0. Note that because of this two technipion 
contribution to R:(s), the contribution of the technisector alone would make 
S infrared divergent. This is due to the masslessness of the technipions. By 
subtracting the Standard Model Higgs sector contribution from the technisector 
contribution, the contribution of the exact Goldstone bosons in both sectors will 
cancel and we are left with a finite result. 

Further information on the behavior of R:(s) and R?(s) can be obtained as 
follows. From Eqs. (4.3) and (4.7), we find 

G&2) - Gk4(92) = -& I 
OOds ‘tvckd - R:(s) _ $72 

s - q2 
7f’ (4.9) 

0 

It can be shown that for asymptotically free theories, the left hand side falls 
l7 asymptotically as l/q4 in the limit q2 -+ 00. This means that if we expand the 

right hand side in inverse powers of q 2, the constant term and the l/q2 term must 
vanish: 

00 

I ds [RF(s) - R44”(s)] = 12r2F,2, 
0 

co 

I ds s [RF(s) - R:(s)] = o. 
..- 0 -.. b 

These relations are known as the first and second Weinberg sum rules.” 
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The functional form of R:(s) and Rz( s in between the ultraviolet and in- ) 
frared limits must be modeled using the Weinberg sum rules and our knowledge 
of QCD to guide us. It should be noted that the integral expression for S given 
in Eq. (4.8) is dominated in the infrared due to the factor l/s multiplying the 
spectral functions. Therefore, it would be sufficient for our model to capture the 
low momentum behavior of the spectral functions accurately. 

4.4 Vector Meson Dominance 

Ic_ Let me first model RF( ) s and R?(s) using vector meson dominance in which 
both spectral functions are saturated by the pole of the lowest lying resonances: 

R?(s) = 12.rr2F,2S(s - M;), 

R%(s) = 127r2F,2$(s - M,21). 
(4.11) 

Though this is an extremely crude approximation, it models a prominent feature 
of the spectral functions and is known to work fairly well for &CD. Imposing the 
Weinberg sum rules Eq. (4.10) on these expressions gives us 

*’ 

Using this result, we find 

F,2, = (4.12) 

[RF(s) - R:(s)] = 4~ (4.13) 

0 

I did not make the Standard Model subtraction here because Eq. (4.11) does not 
include the two technipion contribution to begin with. Resealing this expression 
to QCD units, we find 

(4.14) 

where Nt, and Ntf are the numbers of technicolors and techniflavors, respectively. 
I use upper (lower) case letters for the technicolor (&CD) decay constants and 
@asses. Note that of the 0.25, the techni-p contribution is 0.29 while the techni- 
al contribution is only -0.04. In this model, the value of S is totally dominated 
by the contribution of the techni-p. 
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4.5 Leading Log Approximation in Chiral Perturbation Theory 

The second model I will consider is chiral perturbation theory in which only 
the technipions and the pseudo-Goldstone boson (PGB) degrees of freedom are 
considered. At the one-loop level, 

1 7 
(4.15) 

L c- 
Rtc = 0 A 7 

where the sum runs over the [(Ntf/2)2 - l] p airs of PGB’s. These expressions 
are only valid well below the lowest lying resonance, the techni-p, but since the 
integral for S is dominated in the infrared, integrating these expressions in their 
region of validity could give a rough estimate of S. Plugging Eq. (4.15) into 
Eq. (4.8) and cutting the integral off at the techni-p mass, we find 

(4.16) 

For a minimal technicolor model with Ntf = 2, this approximation gives 
S M 0 since there are no PGB’s in the model. For a one-generation technicolor 
model with Ntf = 8, Mp = lTeV, and a common mass Mp = 200GeV for the 15 
pairs of PGB’s, we get S x 1.3. 

4.6 Resealing of &CD Data 

Comparing the results of the vector meson dominance model and the chiral 
log approximation, we notice that the dependence of S on Nt, and Ntf are com- 
pletely different for the two cases. In the vector meson dominance model S is 
proportional to NtcNtf, while in the chiral log approximation S is proportional to 
Ntf. This difference is due to the fact that the each model emphasizes a different 
feature of the spectral functions, the vector meson resonances in one case, and the 
PGB contributions in the other. Since both models give comparable estimates 
for S, both of these features can be deemed important. Therefore, to obtain a 
more reliable estimate for S, we need a model which incorporates both of these 
features. 
:. 
%- .--The. third method I will consider, is to model R?(s) and R:(s) by resealing 

the QCD versions of these spectral functions. I fit measured values of RFd(s) 
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a n d  Ryd(  s wi th superpos i t ions  o f B re i t -W igner  resonances , a n d  resca le  the i r  )  
masses  a n d  widths us ing  l a rge -N  a r g u m e n ts. In  p a r ticu lar ,  I fit th e  func tio n  

w h e r e  

L  c- 
Y P ( 4  =  48*  m  

z & 5  (1  _  q )3’20(s  -4m2,) ,  (4 .1 8 )  

to  th e  Q C D  p - resonance , a n d  resca le  to  

R ;(s)= ; 1 + x  I- [ i (  q )3 '2  '(' p 4 M g iJ] [ cs _  M ‘2)~J4;~p(s)2]  7  

(4 .1 9 )  
w h e r e  

b b )  =  4 8 r  j,,f G +  [l+ ~ ( l - ~ ) 3 ’2 t9 (s -4M;~ ) ], ( 4 .2 0 )  

to  o b ta in  th e  techn i -p  con tr ibut ion to  R :(s). N o te  th a t E q . (4 .1 9 )  has  th e  des i red  
p r o p e r ty o f s m o o thly connec tin g  th e  ch i ra l  p e r tu r b a tio n  fo r m u l a  E q . (4 .1 5 )  o n to  
th e  Bre i t -W igner  r e s o n a n c e  o f th e  techn i -p .  

S ince fu r th e r  d e tai ls o f th is  p r o c e d u r e  h a v e  b e e n  p r e s e n te d  e l sewhere : I wil l  
sim p ly q u o te  th e  results. Fo r  th e  m in ima l  techn ico lo r  case  with N tf =  2 , th e  
spectra l  func tions  o b ta i n e d  f rom resea l ing  a r e  s h o w n  in  fig u r e  4 , fo r  th e  th r e e  
cases N t, =  2 , 3 , a n d  4 . P l ugg ing  th e s e  func tions  into E q . (4 .8 )  a n d  in tegrat ing 
numer ica l ly ,  w e  fin d  

s M  0 .2 2  Ntc =  2, 

M  0 .3 2  Ntc =  3 , ( 4 .2 1 )  

M  0 .4 5  Nc =  4 , 

fo r  th e  re fe r e n c e  H iggs  b o s o n  mass  m H  =  1 T e V . T h e  va lue  o f S  g i ven  h e r e  
fo r  th e  N t, =  3  case  shou ld  b e  fair ly accura te  s ince th e  techn ico lo r  spectra l  
func tions  fo r  th is  case  can  b e  expec te d  to  b e  exact  sca led  u p  rep l icas o f the i r  
Q C D  c o u n te r p a r ts. I est imate a n  e r ro r  o f f0 .0 3  fo r  th is  case  d u e  to  unce r ta int ies 

i $ $ h e  or ig ina l  Q C D  spectra l  func tions . Fo r  th e  N t, =  2  a n d  N t, =  4  cases, l a rge-  
N  resea l ing  wil l  i n t roduce add i tiona l  unce r ta int ies wh ich  a r e  p robab l y  a r o u n d  
2 0  N  3 0 % . 
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For the one-generation technicolor case with Ntf = 2, the spectral functions 
obtained from resealing are shown in figure 5, again for the three cases Nt, = 2, 3, 
and 4. The values of the PGB masses used in Eq. (4.19) were taken from ref. 19. 
Numerical integration gives us 

s M 0.80 Ntc = 2, 

M 1.20 Ntc = 3, (4.22) 

M 1.62 Ntc = 4, 
; -- 

for mH = 1TeV. These values should again be assigned 20 N 30% errors from 
large-N resealing. 

An interesting point about the estimates given in Eqs. (4.21) and (4.22) is 
that they can be described fairly accurately with the simple formula 

s M 0.3$$f, (4.23) 

which is slightly larger than the vector meson dominance result Eq. (4.14), but 
with the same dependence on Nt, and Ntf . There is no evidence of the Nff 
dependence coming from PGB contributions, though they are included in our 
model. 

5. Walking Technicolor 

Technicolor theories with &CD-like dynamics are known to be plagued by 
FCNC’s when ETC interactions are introduced to give masses to the quarks and 
leptons. A class of technicolor theories called ‘walking’ technicolor20’21, whose 
dynamics is assumed to be quite different from that of &CD, are believed to 
alleviate this problem. 

Let us consider how walking dynamics may modify the behavior of the spec- 
tral functions R:(s) and R?(s). I n walking technicolor theories, the technicolor 
coupling otc ( q2) is assumed to run slowly, i.e. ‘walk’, so that it stays close to the 
critical coupling for chiral symmetry breaking aye for a large momentum range 
before achieving asymptotic freedom as q2 + co. One immediate consequence of 
this assumption is that RF(s) and R?(s) will not reach their asymptotic free- 

-&er&nifermion values until a higher momentum compared to the usual running 
case. Therefore, we can expect to see more structure in these spectral functions 
before they become flat. 

17 



Another way to see this is to consider how the Weinberg sum rules could 
be modified by walking. Sundrum and Hsu~~ show that for walking technicolor 
theories, the left hand side of Eq. (4.9) falls like l/q2 instead of l/q4 in the 
momentum region where otc(q2) - oyc. If we consider the limit in which this 
subasymptotic behavior persists all the way up to q2 + co, the Weinberg sum 
rules will be modified to 

I c- 

Co 
J ds [R$(s) - Rt,“(s)] = 12&7,2, 

0 
co 

J 
ds s [R:(s) - R:(s)] = 127r 2 4Ntc Ntf A 32, 

0 

(5.1) 

where A is of the order of the technicolor scale. Since the first Weinberg sum 
rule is unmodified, the total spectral weight under RF(s) - R?(S) is the same as 
the running case. However, change in the right hand side of the second Weinberg 
sum rule shows that walking will shift this spectral weight to higher momenta. 

The problem is how this shift of spectral weight will affect the value of S. 
Let-us use the vector meson dominance model to estimate this effect. If we plug 
the expressions Eq. (4.11) into Eq. (5.1), we find that Eq. (4.12) will be modified 
to 

F; = @I F1r2 114 Ntc Ntf 
M+M;- 

-- 
M,2, - Mp2 3 2 ’ 

(54 
F,2, = 

M2F2 

M& ‘- k; - 
114 Ntc Ntf -- 

M& - Mp2 3 2 ’ 

This changes the estimate of S by 

AS=- 
47rA4 Nt, Ntf 4nX4 Nt, Ntf --E---P 

MilMp2 3 2 m&m;3 2’ (5.3) 

where I have assumed that large-N resealing from QCD is still-valid. Sundrum 
and Hsu estimate the value of X to be X = 300MeV.22 Using this value, we find 

AS 
Ntc Ntf M -O.ll-- 

3 2’ (5.4) 
-‘-. .-- 
This is 8, significant decrease in the value of S. However, it should be noted 
that this model assumes that the shift of spectral weight occurs only between the 
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Figtire 6. The shape of the techni-p resonance for various values of the PGB mass Mp. Mp is 
varied from 50GeV to 450GeV at 50GeV intervals. 

lowest lying resonances. If the shift of spectral weight occurs at higher momenta 
also, the decrease in S will be smaller. Also, the modified second Weinberg sum 
rule given in Eq. (5.1) only applies in the non-walking lim it in which atc(q2) 
has a non-zero ultraviolet fixed point. For less extreme cases where asymptotic 
freedom is maintained, the original second Weinberg sum rule is still valid. This 
means that the actual shift of spectral weight in walking technicolor will be less 
drastic than implied by Eq. (5.1). 

Another important effect of walking is that the ETC induced masses of the 
PGB’s will be larger due to the enhancement of the techniferm ion condensate.20’21 
Eq. (4.16) suggest that this effect could also lead to a significant decrease of S. 
For instance, if all the PGB masses are doubled in Eq. (4.16), the estimate for S 
will change by 

log 2 
AS=-- (5.5) 

J&r the. Ntf = 8 case this gives AS = -0.55. However, increasing the PGB 
m -asses also has the effect of making the techni-p a narrower and more prominent 
resonance. This effect is correctly modeled by Eq. (4.19). Let me take the 
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Figure 7. The Mp dependence of S in the Ntj = 8, N te = 3 case. The dotted line is the value 

of S given in Eq. (4.22). 

Ntf = 8, Nt, = 3 case as an example. I give the a common mass Mp to the 15 
pairs of PGB’s in this model, and plot the function RF(s) for Mp = 50GeV up 
to 450GeV at 50GeV intervals in figure 6. When the PGB’s are light (heavy), 
we can see that the techni-p is very broad (narrow). If I calculate S numerically 
for.various values of Mp while keeping the other parts of RF(s) and R:(s) fixed, 
I find the result shown in figure 7. For small Alp, the value of S is vary large. 
As Mp increases, S decreases at first. But when Mp increases beyond a certain 
point, the prominence of the techni-p will contribute to increase S instead. The 
m inimum value of S z 1.0 is obtained for Mp M  340GeV which is only a decrease 
of 0.2 compared to Eq. (4.22). 

Therefore, while walking will definitely lead to smaller values of S compared 
to the running case, the decrease in S will not be as large as Eqs. (5.4) and (5.5) 
may suggest. Since I assign a 20 N 30% error to the estimate Eq. (4.23) anyway, 
such a decrease can be lost in this noise of large-N resealing. 
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6. Comparison with Experimental Limits 

In section 4, I obtained an estimate for S in technicolor theories given by 
Eq. (4.23). In section 5, I claimed that walking will not decrease this estimate 
significantly. Let us now compare these results with the experimental limits on 
S and T from section 3. 

If I assume a uniform prior probability to all values of S and T, the limits 
given in Eq. (3.3) correspond to the following upper limits on S. 

I c- 

s < -0.13 (go%>, 

s < 0.14 (95%). 
(6.1) 

These values are shown with notches on the lower part of figure 3. Comparing 
with Eq. (4.23), I find that the 95% upper limit on S corresponds to 

which seems to rule out all possible values of Nt, and Ntf. However, the limits 
given in Eq. (6.1) are based on the assumption that, a priori, all values of S and 
T are equally likely. If I am prejudiced that certain values of S are a priori more 
likely than others, the limits will be different. In particular, if I believe that 
technicolor is correct, I would assume a priori that S is positive. In this case, 
the posterior probability distribution of S would be a Gaussian truncated below 
S = 0, and the upper limits on S will be 

S < 0.72 ww, 
s < 0.90 (95%). 

(6.3) 

This corresponds to 

NtcNtf rS 18 (95%). 6-w 

For the one generation case with Ntf = 8, this rules out Nt, ;5 3. 

For walking technicolor, the limit on NtcNtf will be slightly weaker. How- 
ever, walking technicolor models usually require a large number of technifermion 

?loublets to slow down the running of the coupling. It would be very difficult to 
keep Ntf within the experimentally allowed region and achieve walking at the 
same time. 
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I emphasize here that these limits on Nt, Ntf are placed on technicolor theories 
without any isospin or parity violation. Since such theories are unrealistic to 
begin with, it is no big loss that a large portion of them have been ruled out. 
More realistic theories will necessarily entail large isospin splittings, especially if 
they are to reproduce the observed t-b mass difference. 

For technicolor theories with isospin splitting, estimating S and T would be 
more difficult since such splittings come from ETC interactions whose effects are 
difficult to decipher. However, the extra isospin violating contribution to S can 
potentially make S negative and compatible with the experimental limits. A 

I more difficult problem in this case is the experimental limit placed on T, since 
isospin breaking effects tend to contribute to make T positive and large. But 
eventually, the question will always come back to whether we can estimate S and 
7’ reliably in this case at all. This remains an open problem to be pursued in the 
future. 
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Appendix 

The following numbers are evaluated with mt = 150GeV, rnH = lTeV, e2 = 
47rckq(mi) = 47r/129, s2 = 0.23, and (Ye = 0.12. The constant terms on the right 
hand sides are the Standard Model predictions including both oblique and direct 
corrections, and the QCD corrections. 

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

g; = 0.0302 + [9.17 x 10-4]S - [1.94 x 10-4]T 
I c- 

rnW/rnZ = 0.8787 - [3.15 x 10-3]S + [4.86 x 10m3]T + [3.70 x 10-3]U 

rz = 2.484 - [9.58 x 10-3]S + [2.615 x lo-“IT (GeV) 

Rz = I’had/I’e+e- = 20.78 - [5.99 x 10-2]S + [4.24 x 10-2]T 

A& = 0.0126 - [6.72 x 10-3]S + [4.76 x 10-3]T 

AkB = 0.0848 - [1.97 x 1O-2]S + [1.40 x 10-2]T 

ALR = -P, = 0.1297 - [2.82 x 10e2]S + [2.00 x 10-2]T 

Q&;Cs) = -73.31 - 0.790s - O.OllT 
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