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Ciauge models which possess a hierarchy of mass scales may exhibit a pseudo-Csoldstone boson,
the dilaton, of the scale symmetry. Properties of the dilaton are studied in a technicolor model,
where the technifermion chiral condensation scale differs from the confinement scale. The dilaton
exhibits properties very similar to the elementary Higgs boson of the standard model. It is dis-
tinguished from the Higgs boson by its Goldstone nature, which is manifested in an enhanced mul-
tidilaton production. Estimates for the dilaton mass and lifetime are given and various production
mechanisms are discussed. Prospects for detecting the dilaton in its associated production with 8
or Z and in 8 and Z decays are stressed.

I. INTRODUCTION

In a recent Letter, ' some of us have suggested that the
spontaneous breaking of chiral symmetry in certain gauge
models may also trigger the spontaneous breaking of an
approximate scale symmetry, resulting in the appearance
of a pseudo-Goldstone boson, the dilaton. This would be
the situation if the chiral-symmetry breaking occurs when
the explicit breaking of the scale symmetry due to quan-
tum fluctuations is not a dominant effect. Such may be
the case when fermions belonging to higher-dimensional
representations of the gauge group are present in the
theory. Indeed, results from numerical studies in lattice
gauge theory indicate that the scale of chiral condensation
for these fermions is relatively short compared to the con-
finement scale. This is anticipated since the chiral con-
densation scale is characterized by the requirement that
the effective fermion coupling Cz(f)g (p) reaches a cer-
tain critical value. Here g(p) is the running coupling
constant of the underlying gauge theory and Cz(f) is the
quadratic Casimir invariant of the fermion representation.
For a sufficiently large Cz(f), spontaneous chiral-
symmetry breaking can occur in the asymptotically free
regime where g(p) varies only logarithmically with ener-
gy. The resulting explicit breaking of the scale symmetry
is thus a small effect compared to the large spontaneous
breaking of scale symmetry associated with the chiral
condensation. In such cases, the theory should be reliably
approximated by an effective theory with a fixed but criti-
cal coupling constant. This fixed coupling theory now
possesses an exact scale invariance in the chiral-symmetry
limit. When the chiral symmetry is spontaneously bro-
ken, so is the scale symmetry. As a result, the Goldstone
boson of scale symmetry, the dilaton, appears as a mass-
less fermion-antifermion scalar bound state. Actually the
coupling constant is not fixed and the scale symmetry is
explicitly broken by the scale anomaly which reflects the
running of the coupling constant. Therefore the dilaton
should appear as a pseudo-Goldstone boson with a mass
of order the scale at which the explicit scale symmetry
breaking is important, which is roughly the confinement
scale of the gauge theory.

In this paper we study the phenomenological conse-

quences resulting from the assumed existence of the dila-
ton. To be definite, we study the effects of the dilaton in
the context of a specific model. However, many qualita-
tive features of our results are actually more general and
depend only on the fact that the dilaton is a Nambu-
Goldstone boson of dilatation symmetry.

II. DESCRIPTION OF THE MODEL

The model we consider is a QCD-like technicolor (TC)
model with a weak SU(2)L doublet of technifermions
transforming as some irreducible representation of the TC
gauge group which is presumably larger than the funda-
mental representation. It is assumed that the chiral con-
densation of the technifermions forms at a scale pTc
which is much larger than the TC confinement scale ATC.
The confinement scale is defined to be the energy scale at
which the gauge coupling constant equals one, viz. ,
aTc(ATc)=1, while the scale pTc is characterized by the
requirement that Cz(f)aTc(pTc) =a,„„.„~—1, where Cz(f)
is the quadratic Casimir invariant of the technifermion
representation. The technifermions transform under
SU(3)c X SU(2)L, X U(1), as
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A dynamical Higgs mechanism ensues and the three
Croldstone bosons of the SU(2)L XU(1}r~U(1}EMsymme-
try breakdown comprise the dominant contributions to
the longitudinal components of the massive 8'—and Z
vector bosons. The mass of the 8'boson is obtained as

YRE(1, 1, —2) .

The weak-hypercharge assignment is chosen such that the
model is anomaly-free. This leads to electric charges of —,

and ——, for Xand Y.
The electroweak gauge symmetry is spontaneously bro-

ken to electromagnetism at the scale ETC&&ATc by the
dynamical condensate
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eF
Mp ——
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while the phenom enologically successful relation
M~ ——Mz cosO emerges automatically. Here 0 is the
usual weak mixing angle and F-pzc is the Goldstone-
boson decay constant defined by

(0
~

J„'
~

SJ(k) ) =iF5;Jk„, (4)

(0
~ J„~D(k) ) =iFDk„, (5)

where J„' (i =1,2, 3) are the spontaneously broken SU(2)
currents and S' are the associated Goldstone bosons. This
decay constant effectively replaces the vacuum expecta-
tion value of the elementary scalar field in the standard-
model Higgs mechanism. Its value can be determined
from the measured values of M~, sin 0, and e yielding
F =246 GeV.

In addition, the chiral condensate (2) also breaks the
scale symmetry spontaneously. Since, by assumption
pzc&&A+c, the TC gauge coupling constant varies only
logarithmically with energy near the scale p~c. This re-
sults in only a weak explicit breaking of the scale symme-
try as opposed to the large spontaneous breaking resulting
from the chiral condensate (2). Consequently, a fourth
Goldstone boson, the dilaton (D), will appear in the spec-
trum as a scalar technifermion-antitechnifermion bound
state. Since the explicit breaking of the scale symmetry
becomes important when the coupling constant becomes
strong (i.e., when p-Arc), the dilaton will not be an ex-
actly massless Goldstone boson, but rather, a pseudo-
Goldstone boson with a mass of order Azc. The coupling
of the dilaton to matter is characterized by a decay con-
stant FD defined by

is apparent from its couplings to the longitudinal 8' and
Z bosons and manifested in an unusually large cross sec-
tion for multidilaton production at high energies, as we
will see later. Furthermore, contrary to the Higgs boson
whose mass can be anywhere between roughly 7 GeV
(Ref. 7) and about 1 TeV (Ref. 8), the dilaton is necessari-
ly light compared to the scale of electroweak symmetry
breaking.

A novel feature of the present class of TC models is the
possibility of automatic suppression of flavor-changing
neutral currents arising from the extended technicolor in-
teractions. ' In the usual TC theories, it is necessary to
postulate a new interaction, namely, extended technicolor
(ETC), in order to generate fermion masses. For an
asymptotically free TC theory, a typical fermion mass is
given by mf -pre /M~rc (up to logarithms), " where
Mzzc is the mass of the ETC gauge bosons assumed to be
heavy (Mzrc »pre). However, the ETC interactions
also generate flavor-changing neutral couplings via the ef-
fective four-fermion interactions Mzrc ffff. Present
experimental limits on flavor-changing neutral currents
require M~~c & 10 TeV. This would give too small a fer-
mion mass. In TC theories where the explicit scale sym-
metry breaking is suppressed when the technifermions
condense, it has been speculated that the ultraviolet
behavior be controlled by a nontrivial fixed point. ' '
Consequently, the technifermion self-energy has the
large-momentum behavior X(p)-pre /p. This leads to a
fermion mass given by mf -pzc /Mq~c. For the same
mf and pre, M~rc is a factor +pre/mf larger than that
in the asymptotically free TC models. Thus, a realistic
fermion mass can be generated by the ETC interactions
without violating the constraints imposed by flavor-
changing neutral couplings.

where J„ is the dilatation current. In general, one expects
FD to be roughly the same magnitude as F.

The interactions of the dilaton with the usual fermions
(quarks and leptons) and the gauge bosons can be
described by an effective Lagrangian which nonlinearly
realizes the scale symmetry. The form of this effective
Lagrangian is presented in the Appendix. The dilaton
behaves very much like the elementary Higgs boson.
(This is a general consequence of the dilaton's coupling to
the trace of the energy-momentum tensor and does not de-
pend on the specific model considered here. ) For exam-
ple, it couples to the usual quarks and leptons as

mf
WDfy ——g Dff,

FD

where mf denotes the mass of the fermion f. Since
FD-F =246 GeV, the strength of these couplings are
comparable to that of the Higgs boson. In general, one
distinction between technicolor models and models with
elementary scalar fields is that there is no Higgs-type sca-
lar (which couples via the mass) in the bound-state spec-
trum of the technifermions. However, when the techni-
fermion condensation occurs at a scale at which the effect
of the explicit scale symmetry breaking is suppressed, a
Higgs-type dilaton may appear. The dilaton distinguishes
itself from the Higgs boson in its Goldstone nature, which

III. MASS AND LIFETIME ESTIMATES
As stated earlier the dilaton develops its mass when the

explicit breaking of the scale symmetry becomes impor-
tant. This occurs when the running coupling constant
a~c becomes of order one. The mass of the dilaton mD is
thus expected to be of the order of the TC confinement
scale Arc. Unfortunately a reliable estimate of mD is not
available. ' However, since Azc is assumed to be small
compared to p~c-246 GeV, we expect mD &&246 GeV
and probably no larger than about 100 GeV; such a value
is not unreasonable in light of the results of Ref. 2. On
the other hand, Azc should be at least as large as AQcD
and probably larger. We therefore take mD to be in the
range'

few hundred MeV & mD & 50 GeV . (7)

There exists experimental limits on the mass of a
Higgs-type scalar particle. None, however, excludes the
mass range of Eq. (7). Studies in nuclear transitions and
neutron-nucleus scattering experiments' yield the bound
mD & 18 MeV. Absence of the decays E +—~~-+l+l
( i =e or p ) can be used to set the limit
mD & mx —m =350 MeV (Ref. 15). The validity of this
limit has recently been challenged. ' (See, however, Ref.
17.) Searches in heavy-quarkonia decays ( J/P or
"f~y+D) suffer from large QCD corrections' and do
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mD mfr(D~ff ) =N
8~ FD

2 ' 3/2
4mf1—
mD

mD—=r
50 GeV

250 GeV
FD

2

where N is the color factor (3 for quarks, 1 for leptons);
and the lifetime of the dilaton is

r(D-yy)
f

not yield useful limits at present (see the discussion in Sec.
IV).

The lifetime of the dilaton depends on two parameters,
its mass mD and the decay constant FD. As does the
Higgs boson, the dilaton tends to decay into the heaviest
possible fermion pair. The width for the dilaton to decay
into a fermion pair is

r(D~gg) = 1

8m.

u, (mD)
72I3'

'2
3

mD

F
where nI, is the number of quarks heavier than the dilaton
and u, is evaluated at mD. Hence,

m, &25 GeV and FD ——250 GeV. Sample branching ra-
tios for mD ——10 GeV and m~ ——50 GeV are shown in
Table II.

The dilaton can also decay into gauge bosons. Decays
to 8'+8' and Z Z are not energetically accessible.
The decay to yy is only important if mD & 2m, . For the
mass range of interest, the yy decay rate is negligible.
For mD greater than about 4 GeV (which is assumed to be
above the glueball threshold), the decay D~gg is allowed.
This decay proceeds via the diagram in Fig. 1 and is dom-
inated by heavy quarks in the fermion loop. The rate is
given by

D) 2mf

50 GeV
mD

F
250 GeV

'2

(9)

mD

X 1—4m,
' —3/2

2
mD

2

r(D gg) a, (mD )
kgI (D~r+r )

2

(12)

Note that ~D is inversely proportional to mD and directly
proportional to FD . Depending on the exact value of FD,
the lifetime of the dilaton can be either shorter or longer
than that of a Higgs boson with the same mass.

We summarize in Table I the lifetime and dominant de-
cay modes of the dilaton for various values of its mass.
For a light dilaton (mD & 1 GeV), it decays predominantly
to p+p and mm. We anticipate that the m~ decay rate
should be at least as large as the p+p decay rate and
thus the naive estimate

r(D 7777) 3(m +md )

I (D~p+p ) m„
(10)

where m„and md are current-quark masses, appears to be
an underestimate. ' Since a reliable estimate for the two-
pion decay rate is lacking, we provide only an order-of-
magnitude estimate in Table I. For a heavier dilaton,
more decay channels open up. Its lifetime varies from
about 10 ' sec for mD ——1 GeV to about 10 sec for
mD ——50 GeV, assuming only three generations with

which is typically a few percent. The decay D~gg is
thus relatively unimportant having a branching ratio of
order 1% or less. It will, however, become more impor-
tant if there is a fourth generation of quarks.

IV. PRODUCTION AND DETECTION

Since the dilaton couples to quarks and leptons just like
the elementary Higgs boson (with FD replacing the vac-
uum expectation value), its production mechanism will be
very similar to that of the Higgs boson. As FD is expect-
ed to be about 250 GeV, the production cross sections will
also be comparable to those of the Higgs boson with one
important exception. This is that the dilaton has an
unusually large multiparticle production rate at high ener-
gies due to its Goldstone nature. Ways for producing and
detecting a Higgs boson with mass in the range (7) have
been studied in Ref. 6 and reviewed in Ref. 20. We dis-
cuss here those mechanisms which are more promising for
the dilaton.

TABLE I. Partial widths and lifetime of the dilaton [I and 7. are defined in Eqs. (8) and (9)]. The t
quark is assumed to be heavier than 25 GeV/c'.

mD (CxeV/c )

0.3—1.0

1—4

Dominant decay modes

p p
(e+e )

$$

0.36 keV
(8.5)&10 ' eV)

—1 keV
2.2 keV

10 ' —10 " sec

-2)& 10 ' sec

10—50

~K+K KK, . . .
~+~

CC

bb

100 keV
215 keV
2.2 MeV

2)&10 ~' sec

2.6)&10 22 sec
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Decay modes

P P

ss

CC

bb

Branching ratios (%%uo)

mD ——10 GeV mD ——50 GeV

0.1

0.1—0.2
0.7

31
68

0.01
0.01—0.02
0.09
4
8.5

87

TABLE II. Sample branching ratios of the dilaton.

2M'
WD@ gr = DW& W

FD

Mz
~Dzz =

F

(14)

(15)

a. Z~D +ff or W~D +ff '. These decays proceed
via the diagrams in Fig. 2 with the dominant contribution
coming from Fig. 2(a). The coupling of the dilaton to the
W and Z bosons can be gleaned from WoD in (A14) as

A. Production from the decays of other particles

1. Heavy-quarkonia decays

The fact that the dilaton couples more strongly to
heavier quarks makes it attractive to search for the dila-
ton in heavy-quarkonia decays: V~D+y ( V=cc, bb, or
t t). A light dilaton (mD-1 GeV) should be searched for
in the decays of g or Y, while a heavier dilaton can be
seen in t-quarkonium decays. Similar to the Higgs boson,
the rate of the radiative decay to the dilaton is given by

'2
mv mD

2

1—I (V~D+y)r=
r( V~e+e )

(13)
2mv8' FD

where mv is the mass of the quarkonium state V. Unfor-
tunately, there is a large O(a, ) QCD correction which
tends to lower the rate. ' For instance, the ratio r for the
Y is estimated to be reduced by a factor of about 2 (Ref.
21). It is not known whether higher-order QCD correc-
tions would further reduce the rate. Consequently,
present knowledge of g and Y decays do not provide use-
ful limits on mD or FD and future monochromatic photon
searches need improvement in sensitivity. If t quarkoni-
um is discovered, it will be an ideal laboratory to search
for the dilaton. Not only is the rate (13) larger due to the
large m, -„but also the QCD radiative correction is small-

er because a, is smaller at q =m, —, .

These are similar to the couplings of a Higgs boson to the
W and Z with FD replacing ( GFv 2) ' . There are also
contributions from Y~ in (A9) to WD~~ and WDzz.
These are however, suppressed by P(g)/g.

The rate for Z(W)~D+ ff(f ') can be directly ob-
tained from the analogous process involving a Higgs bo-
son with the same mass using the relation

I [Z(W) D+ff(f ')]

, r[z(w) H+ff(f ')] .1

GF 2FD

We thus find the branching ratio
B (Z ~D +@+p )=3 )& 10 (250 GeV/FD ) for mD ——10
GeV. This reduces to about 10 (250 GeV/FD ) for
mD ——50 GeV. With 10 or more Z events, a dilaton with
mass 20 GeV or less can definitely be seen. The signature
is in fact rather clean. If the dilaton does not decay in the
detector, one would see missing mass recoiling against the
muon pair. If the dilaton decays inside the detector, then
according to Table II, a considerable fraction of the de-

cays would be to ~+~ . One would then see a ~ pair op-
posite to a p, pair (or four muons in the case of a lighter
dilaton).

The decay W~D+lv( (l =e, p, or r) has a larger
branching ratio, B ( W~D + jvt )=few X 10 (250
GeV/FD ), but is harder to detect because of the missing
neutrino. Nevertheless, there is a good chance one can

2. Gauge-boson decays

The properties of the W and Z bosons will be exten-
sively studied both in e+e machines and hadron collid-
ers in the next few years. In particular, the Z boson will
be studied at resonance using the Stanford Linear Collid-
er. It is therefore of utmost interest to search for the dila-
ton in the decays of W and Z. Indeed the prospects of
finding the dilaton in these searches is quite favorable if
the dilaton is sufficiently light ( mD & 20 GeV).

Z(W)

p

'OOOCNIIOIi
Z(w) z(w)

'oeoeooeoo i (b)
D

{c)
FIG. 1. Decay of the dilaton into two gluons. FIG. 2. Decays of Z (or W) to D+ff (or ff ').
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find the dilaton (particularly a light one) in W' decays. A
light dilaton which decays to a muon pair would contri-
bute to like-sign dimuon events in S'decays.

b. Z~D+y. There is a direct dilaton-Z-photon cou-
pling in the effective Lagrangian which is obtained from
(A9) as

1

GFv 2')
(20)

and hence related to the corresponding associated produc-
tion of a Higgs boson of the same mass by (o denotes
cross sections)

D
W~z = — sin28

4F w

Ã"(g2)

g2

TF( )Pl gl Zpv

If Fz is less than 246 GeV, it will be easier to produce a
dilaton than to produce a Higgs boson. Detailed cross
sections for Higgs production can be found in the review
by Ansel'm, Ural'tsev, and Khoze. We will not repro-
duce them here.

I w(Z~D+y) mg)=8~10-' 1—
I (Z~p, +p, ) Mz

2

Mz

2
250 GeV

F

Using the branching ratio B( Z~p, p+)=3%, we then
obtain, for m~ &&Mz,

2

B(Z~D+y)=3&&10 ' 250 GeV
(19)

It is thus more favorable to search for light dilatons in
Z~D+ff decays. On the other hand, for heavier dila-
tons, the rate for Z~D+ff decreases rapidly and be-
comes comparable to that for Z~D+y. The decay
Z~D+y would then be more attractive because of its
clean signature.

B. Production in association with 8' and Z bosons

Another way of producing the dilatory is by associated
production with 8 or Z in either e+e collisions
(e+e ~Z ~Z+D) or pP collisions
[pp ~Z*( W )~Z( W)+D]. This is of imminent in-
terest because the dilaton is relatively light and thus will
be accessible to experiments in the immediate future. The
production rate is governed by the couplings (14) and (15)

where Z~ d&Z——d+„—and F& "d&A——„dQ„—. The P
functions depend on the technicolor representation of the
technifermions. For moderate dimension representations
this contribution to the Z~D+y decay rate is much
smaller than the contribution from the 8'-boson loop de-
picted in Fig. 3(a). [There is also a contribution from fer-
mion loops in Fig. 3(b), but it is negligible for mf «Mw. ]
The 8'-boson loop contribution can be estimated from the
corresponding Z —+H +y decay rate as

C. Production by gluon fusion

Because of its small couplings to light quarks, it is
easier to produce the dilaton in pp (or pp) collisions by
gluon fusion, analogous to the gluon-fusion mechanism
for Higgs production. The cross section is again related
to that for a Higgs boson with the same mass by (20). De-
tailed cross sections for Higgs production can be found in
Refs. 20 and 23.

D. Multidilaton production

O2a S

F (21)

For v s & Fz, two dilatons can be produced almost as
often as one dilaton. For a light dilaton, this leads to
rather distinctive signatures: four or more charged lep-
tons (p or r).

V. CONCLUSION

We have presented a case study of the dilaton in the
context of a technicolor model. An effective Lagrangian
for the dilaton interactions is given. The dilaton behaves
in many ways like the elementary Higgs boson of the stan-

As stated earlier the dilaton has a relatively large mul-
tiparticle production rate at high energies. This is a result
of the Goldstone nature of the dilaton and is analogous to
the enhanced multiple production of longitudinal 8' and
Z at high energies. Consider the two-dilaton production
as shown in Fig. 4. The dilaton self-coupling is given by
W~ in (A10). Because of the derivative coupling, the
q in the dilaton propagator is canceled by the q in the
three-dilaton vertex (we are considering situations where

q »mz ). The phase-space integral produces a factor
proportional to s. Hence, aside from numerical factors of
m. , the ratio of the two-dilaton production rate to the one-
dilaton production rate is

e (p)
z (+)

(o)

0

(b)

D e' (p)

FIG. 3. One-loop contributions to the decay Z~D +y. FIG. 4. Multidilaton production.
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dard model. They differ in that the dilaton is a pseudo-
Goldstone boson and is expected to be relatively light.
The Goldstone character also implies an enhanced mul-
tidilaton production at high energies analogous to the
enhanced multiple production of longitudinal 8'and Z in
strongly coupled Higgs models. The mass and lifetime of
the dilaton are estimated and various ways to detect it are
discussed. A lighter dilaton should be searched for in the
decays of 8' and Z and heavy quarkonia, while a heavier
one can be produced in association with 8' or Z.

The dilaton can in principle mix with a 0++ glueball or
a 0++ techniglueball. We have not studied the effects of
such mixings. One should be able to distinguish the dila-
ton from a glueball by their leptonic branching ratios. A
2-GeV dilaton will decay to p+p about 10% of the time
whereas the branching fraction of a glueball to p+p is
O(a ). In our simple model, the techniglueball is rather
stable and can be distinguished from the dilaton by its
long lifetime.
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condensate scale, pTC, but above the technicolor confine-
ment scale ATc, which is assumed to be small compared
to pTc. The technifermions develop constituent masses of
order pre via the mechanism of dimensional transmuta-
tion and no longer act as relevant degrees of freedom
below pTC. The technigluons, however, remain relevant
physical degrees of freedom. Hence, the effective La-
grangian is constructed with the dilaton D, the Goldstone
bosons S' (i = 1,2, 3) associated with the spontaneous
breakdown of the technifermion chiral SU(2) X SU(2)
symmetry to a vectorial SU(2)i symmetry, the techni-
gluon fields T", the quarks and leptons of the standard
model as well as the color and electroweak gauge bosons.

Rather than working in the unitary gauge in which the
S' disappear from the spectrum through a Higgs effect,
we shall work in the R~ class of gauges. This will be use-
ful for calculating processes that involve the longitudinal
weak gauge bosons due to the theorem of Ref. 25. Letting
M be the mass of a gauge boson of a broken symmetry
and v s the center-of-mass energy of a given process, then
the theorem states that, to leading order in M /s, the S
matrix for a process involving the longitudinal gauge bo-
son is equivalent to that of the process with the longitudi-
nal gauge boson replaced by its corresponding Goldstone
boson.

The effective Lagrangian is constructed to be invariant
under the SU(3)c XSU(2)1 XU(1)r gauge as well as the
dilatation symmetries. We first realize the global
SU(2)XSU(2) chiral symmetry of the technicolor sector
via the Goldstone bosons S' which transform as

APPENDIX AS'=Ag(S) . (Al)

We derive in this appendix the effective Lagrangian
which governs the physics below the technifermion chiral

Here 5r denotes the SU(2) X SU(2) variations and the Kil-
ling vectors A & (S) are given by

e„&SJ, 7=a for 5, a SU(2)i variation,
Ar(S)= '

5'~+S'S~, X=j for 5J. a SU(2)XSU(2)/SU(2)i variation . (A2)

S—= (S'+iS ), S =S
2

(A3)

To realize the scale transformation 6D, the dilaton is
defined to transform as the exponential field

DfI'DU=e (A4)

The exponential scales as a canonical dimension one field

5, U =(1++ "a,) U

yielding the di1aton transformation equation

6DD =FD+x 0 D .

(A5)

(A6)

Alternate choices of Killing vectors merely correspond to
a reparametrization of the fields and leave the S matrix
unchanged. The electroweak interactions are obtained by
gauging the SU(2)i X U(1) r subgroup of the global
SU(2) X SU(2) chiral symmetry. The Goldstone bosons
corresponding to the physical 8'+—and Z bosons are de-
fined as

The dilaton is, of course, a SU(2)XSU(2) singlet. Since
the scale and chiral transformations commute, we find
that the chiral Goldstone bosons necessarily scale as
dimension-zero fields

5DS'=x BgS' . (A7)

All of the remaining fields transform as usual under the
SU(3)c X SU(2)l XU(1)r and technicolor gauge variations
and with canonical scale dimensions under dilatation
trans formations.

As far as scale invariance is concerned, the effective La-
grangian is constructed from scale dimension four,
SU(3)c X SU(2)I. X U(1)r gauge-invariant terms. Hence,
none of the renormalizable fermion kinetic energy terms
of the standard model will involve dilaton couplings.

The fermion mass terms are assumed to arise from the
scale-invariant extended technicolor gauge coupling of the
quarks and leptons to the technifermions. In turn we will
assume that the effective-Lagrangian mass terms are scale
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invariant. Since the mass terms are dimension three they
D/FD

couple to one power of U =e . Their contribution to
the effective action is

while the chir al-symmetry Goldstone-boson
SU(2)g XU(1)r gauge-invariant action is

=e g fmff .
f

(A8) w, = —,
' (a„s'—v„,, A,', )g,,(s)(a~s~ —v~, A J, ) . (A 1 1)

On the other hand, the running of the gauge coupling con-
stants explicitly breaks the scale invariance of the theory.
The dilaton couples directly to the breaking terms so that
the effective Lagrangian reproduces the trace anomaly
upon variation. The scale-breaking contribution to the ef-
fective Lagrangian is H,", X='a &SU(2)y,

XJ", X=jE SU(2) X SU(2)/SU(2) V . (A12)

Here g'J(S) =A rA ~z is the metric for the
SU(2)XSU(2)/SU(2)z coset space and the gauge bosons
are defined as

D
A

FD

TF TF
T„T"" — —W W"

4gTC 4 g2

TF
1 Pi
4 pv (A9)

Rewriting in terms of the photon A, 8' +—
, and Z fields

these take the form

X"= ( W+"+ W ")= H~(—
2v 2 sing~

2

2
(A 10)

where 13TC,Pz",P~" and T„„,W„,B„are, respectively,
the renormalization-group P functions and field strengths
of the technicolor, SU(2)L and U(l)r gauge groups. The
superscript TF denotes the fact that the P functions in-
clude only contributions from the technifermions.

The Goldstone-boson self-interactions involve two sets
of terms. The scale dimension-four dilaton kinetic energy
term is made from the U field and is given by

X~g —— (W+"—W ")= H~2, —
2V 2 sing

x~= . z'~,
sin28~

H~3 ——e(A"+cot2g~z ") .

(A13)

Since the chiral Goldstone bosons have scale dimension
zero, W& has only scale dimension two. Hence it couples
to U to yield the interactions of the dilaton with the elec-
troweak gauge bosons which are given by
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with S =2S+S +S
The total SU(3)c X SU(2)L X U(1)r scale-invariant effective Lagrangian is thus

~.rr=~4+~oD+~D+~ +~~ (A15)

where 2'4 are the dimension-four dilaton-independent standard-model and technigluon kinetic energy terms.
Since we are working in a renormalizable gauge we may also choose the gauge-fixing terms to be scale invariant. Typ-

ical Rg gauges will now have the chiral Goldstone field appear with products of U .
The scale-invariant R~ gauge-fixing terms in the effective action become
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1
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In the standard manner this choice of gauge gives rise to Faddeev-Popov ghost and dilaton interaction terms which are
irrelevant for our present discussion and hence will not be listed here.
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