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We study the leading radiative corrections to various weak interaction parameters due to new heavy particles. We use an effec-
tive chiral lagrangian and input from low energy QCD to confirm the large size of these effects in technicolor theories.

Precision electroweak measurements are presently
providing a sensitive probe for new physics at and
above the scale of weak interactions. It has been
stressed [1] that the effects of new heavy particles
which do not couple directly to light fermions are
manifest almost entirely in corrections to the vac-
uum polarization amplitudes of the electroweak gauge
bosons. We find that an effective lagrangian analysis
provides useful insight into the structure of these
“‘oblique” corrections. And a related analysis for low
energy QCD helps to determine the size of these cor-
rections in technicolor theories.

We begin by considering any model of electroweak
symmetry breaking in which there is some mass scale
A,>M,, below which the approximate SU(2), X
SU (2)g symmetry is realized nonlinearly, and above
which are mass scales of new physics. This includes
technicolor models where typically 4,1 TeV and
standard scalar Higgs models as long as my > M.
Then for momenta p <A, the effective theory of the
SU(2)XU(1) gauge bosons and their associated
Goldstone bosons is described by a gauged chiral
lagrangian.

The chiral lagrangian provides a systematic energy
expansion in which derivatives and gauge fields both
count as one power of momenta p. We will find that
the leading corrections to weak interaction parame-
ters occur in the O(p*) terms. And since we are in-
terested only in vacuum polarizations we need only
consider those terms of the chiral lagrangian which
describe vertices with two gauge fields and no
Goldstone bosons.

In the usual construction the Goldstone fields
n(x)=2,m,(x)71, (Tr(z1) = 30;), appear in the field
U(x)=exp[2in(x)/F] where F~250 GeV. Under a
global SU(2).XSU(2)g transformation U(x)=
RYU(x)L. If we ignore weak isospin breaking mass
effects, then the most general set of terms of order p?
and p* constrained by chiral symmetry and contain-
ing two gauge field vertices is

Ler=3F2Tr D, UD*U+ W, W + 1B, B*
+Lyogg B W Tr UltyUt,+ L, TrD*UD?U,,
D, U(x)=0,U(x)—1gW . (x)U(x)1,
+ig'B,(x)1: U(x) . (1)

(Note that the B—L part of the hypercharge genera-
tor Y commutes with U(x).)

Thus in addition to the parameters of the standard
model, g, g, and F, we have two new dimensionless
parameters L, and L, (our naming convention will
become clear below ). We assume that all these quan-
tities are renormalized at the Z mass. That is, all
physics at higher energy scales has been integrated out
and absorbed into the values of the parameters. Let
us write the full vacuum polarization tensor between
two gauge fields 4 and B with couplings g, and gz as

T4 (k*) =igagplls(k?) (8" =k k" [K?) (2)

and expand I z(k?) =113 + k2115 + ... .

The values of these quantities, renormalized at the
Z mass, may be read off from L.y The first term in
L. produces ITWQw, =110y, =% = - =
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1F? via the diagrams in fig. 1 and this yields the
masses My cos 0=My=1gF. The L, term gives no
contribution to vacuum polarization since the sum of
diagrams in fig. 2, each with a vertex from the L,
term, vanishes. Thus only L, introduces a nontrivial
vacuum polarization, and I7{})s = L,,.

The important point is that higher derivative terms
in the chiral lagrangian are suppressed by powers of
(Mz/A,)?, and thus higher order terms in the expan-
sion of the IT,5(k?) are safely ignored. Thus all
“oblique” corrections to the weak interactions due to
isospin preserving new physics at mass scales of or-
der 4, and above must enter through the value of L.

Another way to see this is to consider the unrenor-
malized vacuum polarization amplitudes (but cal-
culated with an infrared cutoff of order Af;). We may
identify the ultraviolet divergent terms in the mo-
mentum expansion of I7%;(k?) by assuming that
there is a renormalizable theory at some scale above
A,. For example the infinite quantities 774))}, =
7)), and IT§R" are related to the coupling renor-
malizations for g and g’ respectively. The quantities
RN, =1T9N, =IT§Y" = ~ 1))y may or may not
be infinite depending on whether there is an elemen-
tary scalar in the theory above 4,. If there is, then the
infinity is related to the wave function renormaliza-
tion of the scalar field. The quantity IT{}}§ on the
other hand is finite since a two-derivative term which
mixes ¥ and B fields does not exist in the underlying
renormalizable theory. Thus contributions to L, are
effectively cut off above the scale 4,.

Fig. 1. Contributions to vacuum polarization. Round vertex is
from the O(p?) term. The dashed line represents the Goldstone
boson propagator.
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Fig. 2. Square vertex is from the L,, term.
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In a recent review [1] Peskin provides formulas
for physical quantities in terms of combinations of
various unrenormalized vacuum polarization ampli-
tudes (in a renormalizable theory with scalar fields).
The various infinities in his expressions must of
course cancel and this means that there can be no de-
pendence on the various I7§%'" except for IT{)8.
Since we are ignoring other finite contributions sup-
pressed by (Mz/A4,)* we see again that physical
quantities can depend only on IT{H)8 =T} ) =L,

Thus far we have ignored weak isospin breaking
mass effects, such as would occur with a very massive
top quark or any other massive nondegenerate fer-
mion doublet. Now the leading correction occurs in
order p? terms in the effective lagrangian. The new
terms produce a finite splitting between (F*)? and
(F3)? proportional to (m,—my)% This yields an-
other physical quantity p= 1+ Ap as measured by the
relative strength of the charged and neutral weak cur-
rents near ¢g°=0[1].

3am?
167s%c®>mi

2
e
ApE szczm% (”s’gl)wl _Hg’gz)Ws) =

(3)

The first term on the right-hand side is the contribu-
tion from a heavy top quark; the ... indicates all other
contributions.

It is straightforward to simplify the formulas in ref.
[1] by keeping only the k° and k? terms of the
I1,5(k?) and expressing the results in terms of L,

and Ap.

2 2,2
Si(m%)—s2=—c2e_sz IO_Ci_CszApa (4)
sin?6,, |s —s?= — (m¥%/m3 —c?)

2,2 4
- c22e—cszL10_ czc—szAp’ )
eZ
Z*=1—'WL10, (6)
c=cosby |z, Ss=sinfy|z, (7)

0.z is defined in terms of physical quantities ac-
cording to the “Z-standard” [1]

sin 20,, | = [4na, o(m3) /\/2Gem3] "> (8)

a5 (m3)~129 is the value of the running electro-
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magnetic coupling including renormalization effects
due only to observed quarks and leptons. Then
sin26,,| 7~ 0.232. The Sirlin definition is

sin?f,, |s=1—m%,/m3. (8")

s2(m%) determines the polarization asymmetry at
the Z pole
_o(efe’=Z)—a(ege’=Z)
T o(efet=Z)+a(eget=2Z)
o 2-8si(m3)

T 14+ [1-452(m2)]*’

ALR

(9)

The forward-backward asymmetries A &g depend on
the final state flavor and are also determined by
s2(m%) [1]. Z, is a factor which renormalizes the Z
propagator and multiplies the Z width {1].

A useful check on the result in (4) is provided by
the quark loop calculations in chiral quark models
[2]. In these models the coefficients of various O (p*)
terms in a low energy effective theory are obtained
and in particular

LM = _N_/9672. (10)

This with (4) and Ap=0 yields the same result for
s2(m%)—sin26,,| as given in ref. [1] for a degen-
erate massive quark doublet.

We would like to estimate L,,(Mz) in technicolor
theories. (We now make explicit the dependence of
L,, on the renormalization scale.) We write

Llo(Mz)EAL10+L10(Ax) s (11)

since it is possible to extract AL, from the literature.
The vacuum polarizations due to technipions with
masses mrp <A, have been calculated [3] in a typical
technicolor theory and these results may be trans-
lated into a value for AL .

L,o(4,) on the other hand must match onto the
underlying technicolor theory at the scale 4,. In prin-
ciple it is obtained by integrating out technihadrons
with masses of order 4, and heavier. It is usually ar-
gued that AL, will dominate L,,(4,) due toaln(4,/
mrp) factor in the former. Such arguments have to
be treated with some caution; for example the oppo-
site could be argued in the large-N,. limit (where N,
is the number of technicolors ) since Lo(4,) and AL,
are of O(N,.) and O(1) respectively [4]. We will ar-
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gue that low energy QCD provides a useful estimate
of Lo(4,).

We therefore look more closely at an example model
with one family of techniquarks and technileptons
having approximate SU(8) X SU(8) global symme-
try. Besides the three Goldstone bosons there are 4
color singlet, 32 color octet, and 24 color triplet tech-
nipions of masses m,, mg, and m; respectively. we
translate the results of ref. [3] into the following:

ALIOz_(z.fl +8f3+6f3),

1

= S6n2 In(A,/Max(m;, Mz)) . (12)

Basically each charged pair contributes one unit of
the appropriate f.. We have included the Goldstone
bosons; they contribute one unit of f; via diagrams
without internal gauge boson lines.

There is model dependence both in the numbers of
technipions and in the masses m;. All of the colored
and perhaps also the charged color-singlet techni-
pions receive most of their mass from first order
SU(3)XSU(2)xU(1) corrections. In a walking
technicolor theory all these mass contributions will
be substantially increased [5] (as well as mass con-
tributions arising from four technifermion opera-
tors), thereby decreasing |AL,,|. But for illustration
we give two estimates, the first for m; < M, mz=245
GeV, m;=160 GeV as given in ref. [6] and the sec-
ond for mg and m; three times as large. And we take
A,~1TeV which is twice a typical techifermion mass.
Then

AL,y =-0.029, —0.012. (13)

We now estimate L,(4,). Here we note that the
L, term in our effective theory has a counterpart of
exactly the same form in the chiral lagrangian de-
scribing low energy QCD (and this is the origin of
our notation ). L3P has been experimentally deter-
mined by the analysis of Gasser and Leutwyler from
the pion charge radius and the decay n=>evy [4]. We
take A2°P ~ 660 MeV (twice the constituent quark
mass), and LEFP(AXP )~ —5.4+0.3x 1077 [4,7].

To carry this result over to technicolor we just need
some idea of the dependence on the number of techni-
fermion doublets and technicolors. We note that
LGFP(AQCP ) is about 1.75 times the value quoted in
(10) for LM, The chiral quark models actuaily do
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afair job of obtaining five of the ten L; in the Gasser—
Leutwyler lagrangian. But of the five L; predicted,
L$&M is the worst. Recently the chiral quark model
has been improved by the introduction of a more re-
alistic momentum dependent dynamical quark mass
[8]. In this model all ten L, may be obtained and they
all (including L,,) are remarkably consistent with the
experimental values.

In view of the success of these models, we will carry
over the implied dependence on number of doublets
(Ny) and technicolors. We therefore estimate

Lio(A4y) % Na* N LFFP(AZP) (14)

For example in the model described Ny=4 and if we
take N,.=4 then L,y(A4,)~ —0.029. Perhaps a more
realistic model [9] has two technifamilies with
N,.=2; but this gives the same result. The same result
also applies if different technifermion doublets have
somewhat different masses, as long as all the masses
are well above M. On the other hand |L,o(A4,) | may
be somewhat less in a walking theory, as seen for ex-
ample from L$&™ which corresponds to a momen-
tum independent quark mass. We therefore consider
the following range typical:

Lio(A,)~—0.02t0 —0.03. (15)

From this we conclude that L (4, ) and AL, have
the same sign and that they are likely to be of the same
order of magnitude. Combining the estimates we ar-
rive at the following typical shifts in the quantities
Arr, My, and Z, due to L,(Mz):

Adig |10~ —0.065(L,o/ —0.045) ,

AMy | 1o~ —660(L,o/ —0.045) MeV ,

AZ, |1,,~0.025(L,y/—0.045) . (16)
The shifts in these quantities due to Ap are

AAd g 14,~0.026(Ap/0.01) ,

AMy | 4,~ 570(Ap/0.01) MeV

AZ | a,=0. (17)

Thus the shifts due to L,, are substantial and may
easily dominate the Ap contribution to A4;g. The
same is true for shifts in forward-backward asym-
metries at the Z pole, where for charge —4 quarks,
charge  quarks, and charged leptons the shifts are
respectively about 0.71, 0.55, and 0.21 as large as
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AAd;g. The L,y and Ap contributions in AMy, may
more or less cancel, but any measurement of AZ,
could help to disentangle the two effects. Perhaps most
important is the fact that complete cancellation be-
tween L, and Ap contributions cannot occur simul-
taneously in both A4, gz and AMy,.

In summary we have associated an important class
of “oblique™ radiative corrections to weak interac-
tion parameters with one O(p*) term in an effective
chiral lagrangian. These corrections are large in tech-
nicolor theories with one or more technifamilies since
technipions and the remaining technihadrons give
comparable contributions of the same sign. Of course
the bulk of these corrections would be avoided in a
technicolor model with only one color singlet techni-
fermion doublet. Then Lo (Mz) = Lo(4,) = —0.005
and the various shifts are as much as ten times smaller.
Nevertheless we have confirmed that a wide class of
technicolor models with a rich particle content have
a distinctive signature for precision electroweak
measurements.
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Note added. We have since received the preprints
[10] in which closely related work is described.
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