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We suggest that dynamical breakdown of electroweak symmetry in an SU(3) xSU(2) xU(1) model of
a single fermion family without fundamental scalars can reproduce the entire scalar sector of the stan-
dard model through fermion bound states and loop-induced couplings. The physical Higgs boson is
essentially a 17 bound state. The top-quark and Higgs-boson masses are approximately 300 and 400
GeV, respectively. The strengths of the induced couplings among the scalars do not indicate a strongly

interacting scalar sector.
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All experimental indications are that the standard
model (SM) provides an adequate description of strong
and electroweak interactions at all energy scales explored
to date. Not every aspect of the SM has been tested,
however. Perhaps the most crucial untested feature is
the mechanism responsible for the spontaneous break-
down of electroweak symmetry. A key step toward
verification of the SM would be the discovery of the
physical Higgs boson (H), the one directly observable
particle of the four fundamental scalars introduced into
the theory to explain symmetry breaking.

Should something resembling the H be discovered,
however, it will have to be studied closely to determine
whether it is indeed a fundamental particle. A compos-
ite H could well exist if the symmetry breaking is driven
by a dynamical mechanism, rather than by fundamental
scalars as in the SM. In models employing dynamical
symmetry breaking (DSB),' the massless Goldstone
states that become the longitudinal components of the
W * and Z bosons are generally assumed to be fermion-
antifermion composites; conceivably the same dynamics
that produces these composites could generate one or
more composite H’s as well.

In this Letter we discuss the properties of a composite
Higgs boson that appears to exist in a particular elec-
troweak model incorporating DSB. We argue that the
couplings of the composite H to all other particles, when
evaluated to a first approximation, are identical to the
corresponding tree-level couplings of the fundamental H
in the SM. Thus a composite H of this type would be
very difficult to distinguish from a fundamental H.

The model we consider? is based on the SU(3)
xSU(2)xU(1) Lagrangian of the SM, minus all terms
involving scalar fields. Note that omitting all reference
to scalars means omitting all Yukawa couplings and sca-
lar potential parameters. Thus, this model has fewer
free parameters than the SM and, potentially, greater
predictive power.

We restrict our discussion to a one-family model in or-
der to avoid complications that arise in the multifamily
case,>? but that are not relevant to the present discus-
sion. As will become clear below, in order to make con-
tact with experiment we should identify this single fami-
ly with the third family (¢,b,7,v.).

Unlike more conventional DSB models, particularly
those based on the technicolor idea,* our model contains
no QCD-like strong interaction at the TeV scale to
which electroweak symmetry breaking is ascribed. We
nevertheless assume that the symmetry-breaking self-
energies are of the electroweak scale. We further as-
sume that the behavior of these self-energies over a
range of momenta extending far above the electroweak
scale is governed by the SM interactions alone. We refer
to this scenario as ultraviolet dynamical symmetry
breaking (UVDSB).

This idea is not new.>™® The basic premise is that non-
perturbative effects give rise to symmetry-violating self-
energies (dynamical masses) for the fermions. Ward
identities for the broken currents imply that the related
proper vertex functions contain zero-momentum poles,
which are attributed to three massless bound states
(Goldstone bosons) of fermions. The W * and Z absorb
these states and become massive in a dynamical version
of the Higgs mechanism. The gauge masses My and
M7 are computed to leading order in the gauge cou-
plings by evaluating fermion-loop integrals involving the
fermion-to-Goldstone-boson couplings. The Ward iden-
tities relate the latter to the fermion self-energies, with
the result that My and M7 can be expressed in terms of
fermion masses and gauge couplings.

The symmetry breaking is driven by the fermions and
is characterized by the fermion self-energy functions.
The latter satisfy a Dyson equation whose solution
behaves at large momenta as a linear combination of the
“regular” solution, which drops off quickly with increas-
ing momentum, and the “irregular” solution, which

© 1990 The American Physical Society 153



VOLUME 65, NUMBER 2

PHYSICAL REVIEW LETTERS

9 JuLY 1990

drops much more slowly. The regular solution is known
to be dominant in the case of a QCD-like Dyson equa-
tion containing a sharp ultraviolet cutoff.” However, the
irregular component dominates if suitable new interac-
tions are assumed to be relevant at the scale of the
cutoff'° or if, alternatively, the ultraviolet cutoff is elim-
inated altogether. In a UVDSB theory one assumes that
the irregular solution is dominant over a range of mo-
menta extending far above the electroweak scale. The
gauge-boson mass integrals then receive significant con-
tributions from a very large range of loop momenta,
which tends to counteract the smallness of the explicit
gauge coupling factors associated with these integrals.
My and M turn out to be of similar magnitude to the
masses of the heaviest fermions to which they couple.

In our one-family model, for example, the symmetry-
violating fermion self-energies can be written for large
—plas?

-
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where f takes on the values ¢, b, and 7, and the ¢, are
functions of the SU(3)xSU(2)xU(1) gauge couplings
g3 g2 and gi:
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The form for £, in (1) derives from a linearized version
of the Dyson equation (in Landau gauge). As a result,
the effective fermion masses m, are undetermined in this
approximation and must be put in by hand. Another ap-
proximation made in (1) is the neglect of renormaliza-
tion effects (running couplings). A consistent treatment
of these is possible only when the theory is asymptotical-
ly free,®%!" which is not the case for the simple model
we consider here. '’

As discussed above, knowledge of the fermion self-
energy functions enables us to compute the gauge-boson
masses. Using (1) we obtain?

o

g7 m
647[z /€

M}cos’ 0w =Mp = (3)
(a sum over colors is implied for quarks) from the
fermion-loop contribution; the gauge-boson-loop contri-
bution vanishes.®® Equation (3) requires m, == 300 GeV
in order to give My and M their observed values. Note
that it appears to be impossible in this model to have a
light top and a fourth family that dominates the sum in
(3). This follows because experiment seems to rule out a
fourth family with a light neutrino,'? and neutrino mass
cannot be accommodated in this model.>'*

Whether such a large ¢-b mass splitting is compatible
with experimental bounds on the deviation of p=Mj/
M3 cos’0y from unity is not known. Equation (3) gives
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p=1 at lowest order (independent of 7-b mass split-
ting7), but there are higher-order corrections to this re-
lation. Part of these corrections come from contributions
to the integrals for My and M, that are nonleading, in
the sense that they are not enhanced by factors of ¢, ' as
in Eq. (3). A rough estimate of these terms gives
Sp=p—1=¢ =3%. Itisnot at present clear whether a
more complete calculation, including all O(g?) correc-
tions relevant within the framework of our approach, will
lead to a result within the experimental limit of = 1%.
Until now we have seen nothing to indicate that there
is a physical Higgs boson in this model. As for compos-
ite states, we know only that there are three unphysical
Goldstone bosons ¢ (a=1,2,3), which give masses to
the W and Z. Using Ward identities we can show the
couplings of the ¢“ to fermions to be [see Fig. 1(a)]

&
Gp+q,p)=—
(ptq.p)=—izr

[t°Z(p)Pr —Z(p+q)t°P.], (4)
w

where Pr,=%(1%y) and T is a matrix of self-
energies L, in weak-isodoublet space.

Unfortunately, the Ward identities tell us nothing
about massive states such as a composite H. We might
anticipate, however, that a new particle resembling an H
should occur in this model. The reason is that the theory
as described so far would behave essentially like a theory
of massive fermions and massive vector bosons (but no
Higgs bosons) over an energy range extending far
beyond the electroweak scale, i.e., a theory that violates
perturbative unitarity. The Higgs boson plays an impor-
tant role in restoring perturbative unitarity in the SM
—perhaps a composite Higgs boson could perform an
analogous function in our DSB model.

A stronger argument for the existence of a composite
H can be obtained by appealing to the effective-action
formalism for composite operators.'' It has been argued
in the context of simple DSB models'"'> that transla-
tionally noninvariant fluctuations of certain fermion bi-
linears can be viewed as fluctuations of a massive scalar
field. The composite particle associated with this field
couples to fermions in proportion to their self-energies
and may be regarded as a physical Higgs boson. An

ptgq
G (p+q,p) = @(
(a) P
""@: = "‘@+exch
(b)

FIG. 1. Couplings of composite scalar bosons to (a) fer-
mions and (b) gauge bosons. Dashed lines represent either
Goldstone or Higgs bosons.
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analysis is presently under way'® for more realistic mod-
els, including the one considered here, where similar re-
sults appear to hold. For the purposes of this Letter, we
simply assume there exists a composite H that couples to
fermion self-energies, then derive consequences of this
assumption.

Specifically, we assume that the H-to-fermion cou-
pling matrix at large —p?is [cf. (4)]

82
2My

We have not attempted to distinguish between the two
fermion momenta p and p-+gq, since, in all situations
with which we will be concerned, Z(p+¢g) = Z(p). Note
that if Z(p) is replaced by the fermion mass matrix M
li.e., if the weak momentum dependence of X(p) is re-
moved entirely]l, then (5) is just the tree-level H-to-
fermion coupling in the SM. If the same replacement is
made in (4), then together with (5) it becomes
equivalent to a term in the Lagrangian of the form
—(g2/2M )y (H+it%%ys) My, where v is a weak iso-
doublet. Thus our assumption (5) implies that the H
and the ¢? couple to fermions essentially as would a
complete SU(2),; xU(1)y multiplet of four fundamental
scalars. Since the H couples to the isosinglet combina-
tion ywMy and m,>m,,m,, the H is essentially at t7
bound state.

All we assume about the composite H is that it couples
to fermions as in (5). However, it then follows that
there are induced couplings of the H to other particles in
the theory through their interactions with fermions.
These induced couplings are calculable as loop effects.

For example, the coupling of the H to W W ™ is
given approximately by the one-loop graphs of Fig. 1(b).
Using (1) and (5), we find upon integration

Glp,p)= — =(p). (5)

£y (6)
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Only terms that generate factors of f/_] when integrated
have been kept in (6); this has excluded all terms propor-
tional to external momenta. The O(e; ') terms in (6),
as well as in (3), are consequences of the weak momen-
tum dependence of the dynamical masses. In fact, ex-
cept for constant factors, the integrals leading to (3) and
(6) are identical in lowest order, and (6) can be rewrit-
ten as Ghww =g:Mwg"", independent of the fermion
masses. This is precisely the tree-level HWW coupling in
the SM, obtained here as a loop effect.

One-loop HZZ, HHWW, and HHZZ couplings can be
computed similarly, and in each case the leading
[0(e; )] contribution is identical to the corresponding
tree-level SM vertex. Remarkably, the only couplings
that receive ¢, ' enhancements are those that occur at
tree level in the SM.

We can similarly determine induced H self-couplings.
Doing so can be viewed as fixing the parameters of an

effective scalar potential appropriate to the broken-
symmetry phase. The 3H and 4H self-couplings are ap-
proximated by graphs consisting of a fermion loop with
three and four of the couplings (5) attached. Once
again, there is in each case a O(e; ') part that does not
involve external momenta [there are no O(e; ') parts for
couplings of more than four H’sl. Neglecting the
remaining terms gives

8> 3g3 mj

Gapp==Gy=—22 .
My T 108 My T €

@)
The coupling G4y is to be identified with the tree-level
quartic coupling A of the SM (normalized so that the
bare 4H vertex has value iA). The crucial difference is
that A is a free parameter in the SM, whereas G4y is re-
lated to masses and gauge couplings as in (7). Taking
m; =300 GeV, as discussed above, gives G4y == 10,
which is about 20% of the critical value A, =167 above
which perturbative unitarity is violated in the SM.'’
Note that G;y and G4y are related through the same
proportionality constant (2My/g,) as the corresponding
tree-level couplings in the SM.

Couplings of the H to the composite Goldstone bosons
0“ can be computed in direct analogy with the H self-
couplings, and once again the O(e; ') results are identi-
cal to the corresponding tree-level couplings in the SM.
The point we wish to stress is that the entire scalar sector
of the SM is reproduced here through fermion bound
states and loop-induced couplings. Thus, lowest-order
scattering amplitudes for processes involving composite
Higgs or Goldstone particles are identical to their tree-
level counterparts in the SM. An important consequence
is that amplitudes for processes like ff—» wirw,
remain below their unitarity bounds at high energies in
our approximation. Amplitudes for processes like
Wi W, — W W,”, which are proportional to the
square of the Higgs-boson mass My, likewise satisfy uni-
tarity if My <1 TeV."

A direct evaluation of the Higgs-boson mass My does
not appear to be possible in the present framework. In
the SM, My is related in a simple way (at tree level) to
My and the quartic scalar coupling A, or, equivalently,
to the 3H and 4H couplings. No such relationship is evi-
dent here. However, in light of the demonstrated close
correspondence between our model and the SM, it does
not seem unreasonable to suppose that the mass of the
composite Higgs boson is related to the H self-couplings
in the same way as in the SM. This gives

_Gin _ & mi
3Gay  321*M T e

, (8)

Tro

M

or My =~+2m, =400 GeV. A detailed analysis of the
relevant effective action is expected to yield a more reli-
able estimate of M. '°
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While the model we have described encompasses only
the heaviest family of quarks and leptons, it is not un-
reasonable to consider its phenomenological implications,
since in any similar multifamily model all of the dynami-
cally generated quantities derived above would continue
to be dominated by contributions from the heaviest fer-
mions. As shown above, the lowest-order couplings of
the composite H to other particles and to itself are iden-
tical to the corresponding couplings in the SM, so to this
order there are no phenomenological differences between
this model and the SM. Differences might arise at
higher orders, but it remains to be shown that the
UVDSB program can be extended consistently beyond
the lowest-order approximation.

Nevertheless, the present model does make certain
predictions that can be tested in future experiments,
namely, the relationships among masses and couplings
derived above. For example, the values obtained for G4y
and My indicate that the scalar sector is not strongly in-
teracting, and would not be consistent with large excess
W* W ~ production at the Superconducting Super Col-
lider.'"® Another prediction is that the fermion and
gauge-boson masses are related as in Eq. (3). Thus, this
model could be ruled out if a relatively light (<300
GeV) top quark were discovered or if very heavy (> 300
GeV) weak-isodoublet fermions were found to exist. The
discovery of a light Higgs boson (<400 GeV) would
also provide evidence against this model, although the
prediction (8) for My is somewhat less reliable than the
others.

A fundamental difficulty with the above predictions,
and with the UVDSB program as a whole, is that the
evaluation of the involved loop integrals requires
knowledge of the form of the fermion self-energy func-
tions X, at extremely short distance scales. New physics
at very high scales could significantly affect the
ultraviolet-dominated loop integrals.'® This would
change the expressions for My ,Mz, and the induced
scalar-sector couplings in terms of fermion masses.
However, our central result, that the UVDSB model
reproduces the SM’s scalar sector, is independent of fer-
mion masses and may well survive the introduction of
new physics.

We gratefully acknowledge discussions with J. M.
Cornwall.
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