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Minimal composite Higgs model with light bosons

Bogdan A. Dobrescu*
Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, Illinois 60510

~Received 16 September 1999; published 30 November 2000!

We analyze a composite Higgs model with the minimal content that allows a light standard-model-like
Higgs boson, potentially just above the current CERN LEP limit. The Higgs boson is a bound state made up
of the top quark and a heavy vector-like quark. The model predicts that only one other bound state may be
lighter than the electroweak scale, namely aCP-odd neutral scalar. Several other composite scalars are
expected to have masses in the TeV range. If the Higgs boson decay into a pair ofCP-odd scalars is
kinematically open, then this decay mode is dominant, with important implications for Higgs boson searches.
The lower bound on theCP-odd scalar mass is loose, in some cases as low as;100 MeV, being set only by
astrophysical constraints.
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I. INTRODUCTION

The standard model is phenomenologically successfu
an effective theory below some energy scale where new
grees of freedom~other than the yet-to-be-discovered Hig
boson! should become relevant. Generic evidence for n
physics is provided by the unphysical Landau poles for
quartic, hypercharge and Yukawa couplings within the st
dard model, and by the existence of the gravitational in
actions. Barring an unlikely tuning of the parameters,
scaleMc of new physics that has an impact on the Hig
self-energy should be in the TeV range or below. The nat
of this new physics remains unknown, and until experimen
evidence for physics beyond the Standard Model w
emerge, we should seek plausible explanations or alte
tives to the less compelling aspects of the standard mo
One such aspect is that the Higgs doublet is anad hocpart of
the standard model, which fits well the data but does
have an intrinsic motivation. This remains true for supersy
metric or grand unified extensions of the Standard Model.
contrast, the fermion content of the Standard Model is be
motivated, due to the anomaly cancellations and chiral s
metries.

It is therefore useful to investigate the possibility that t
Higgs doublet is not a fundamental degree of freedom
rather a bound state that appears only in the effective the
below the scaleMc . Composite models in which the Higg
doublet is made up of some new fermions which belong
chiral representations of the electroweak gauge group h
been known for a long time@1#. Currently, the electroweak
precision measurements constrain tightly the number of n
chiral fermions, so that this type of models is disfavor
unless there are non-perturbative effects or other phenom
that reduce the deviations of the electroweak observable

An economical way of satisfying the constraints from t
electroweak data is to bind a Higgs doublet out of the kno
fermions. The top quark, having the mass close to the e
troweak scale, is a prime candidate for a Higgs constitu
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However, if the Higgs doublet were at̄ RtL bound state, then
a fairly reliable relation between the top quark mass,mt , and
the electroweak scale,v'246 GeV, can be derived@2–4#.
Given the measured valuemt'175 GeV, models of this type
could produce sufficiently largeW andZ masses only if the
compositeness scale is exponentially larger than the e
troweak scale, and therefore they require fine-tuning.

Thus, it appears necessary that some new states pla
role of Higgs constituents. A minimal choice is to introdu
a vector-like quark,x, and non-perturbative four-quark inte
actions that involve thex and t. Consequently, the vacuum
becomes populated withx̄RtL virtual pairs which make it
opaque to theW andZ, so that the electroweak symmetry
broken. Furthermore, thet and x mix, allowing mt'175
GeV and ax mass in the TeV range. This is the top conde
sation seesaw mechanism@5#. Below the scale of the four-
quark operators, the effective theory contains a numbe
composite scalars, including aCP-even neutral Higgs boson
which is mainly ax̄RtL bound state@6#. This theory has a
decoupling limit in which at low energy it behaves as t
standard model, and therefore is phenomenologically via

The four-quark interactions should be softened at h
energy within a renormalizable or finite theory. Examples
this type involve new spontaneously broken gauge sym
tries@5–7# or extra dimensions accessible to the gluons@8,9#.

In this paper we study in detail a minimal compos
model which allows a light standard-model-like Higgs b
son. This model is based on the top condensation see
mechanism, and the groundwork for its analysis is the eff
tive potential formalism presented in Ref.@6#. Here we focus
on the low-energy effective theory and its phenomenolog
implications.

In Sec. II we discuss the compositeness condition, and
identify a minimal set of ingredients necessary for the ex
tence of a light composite Higgs boson.

In Sec. III we write down the effective potential, and w
discuss the Higgs boson spectrum. We establish that, bes
the lightest neutralCP-even scalar, the composite Higgs se
tor may include only one physical state below a scale
order 1 TeV. This is aCP-odd scalar, which we will generi-
cally call the composite axion.
©2000 The American Physical Society04-1
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BOGDAN A. DOBRESCU PHYSICAL REVIEW D63 015004
The properties of the composite axion and lightest neu
CP-even Higgs boson are presented in Sec. IV. In Sec. V
turn to the Higgs couplings to the quarks and leptons.

In Sec. VI we study the lower bounds on the compos
axion mass. In Sec. VII we compare the minimal compos
Higgs model with the minimal supersymmetric standa
model, and we make some final remarks on phenomenol
In the Appendix we list the extremization conditions for t
effective potential.

II. INGREDIENTS OF A MINIMAL COMPOSITE HIGGS
MODEL

The Higgs sector of the standard model depends ma
on three parameters: the Higgs doublet squared-mass,MH

2 ,
the quartic coupling,l, and the top Yukawa coupling,yt

5mtA2/v'1. The relevant piece of the Lagrangian at t
electroweak scale is given by

LSM~v !5~DnH†!~DnH !2MH
2 ~v !H†H2

l~v !

2
~H†H !2

2yt~ c̄L
3tRH1H.c.!, ~2.1!

where the Lagrangian is defined at the electroweak scalecL
3

is the top-bottom left-handed doublet, and we have choseH
to have hypercharge11 for convenience. The other cou
plings are of little relevance for the renormalization gro
evolution of these three parameters~one possible exception
would be large neutrino Yukawa couplings, which in t
presence of large Majorana masses yield acceptable neu
masses; we will not consider this possibility here!.

If the Higgs doublet is a bound state with a compositen
scaleMc , then at scales aboveMc the Higgs doublet is no
longer a physical degree of freedom. Therefore, its kine
term should vanish atMc . We will refer to this requiremen
as the compositeness condition@2,10#. Note that this is
equivalent with the statement that all the Higgs parame
blow up atMc if the kinetic term normalization is fixed.

A. The vector-like quark

The top quark loop correction to the Higgs kinetic term
negative, diminishing the wave function renormalizatio
suggestive of the possibility that the Higgs doublet is at̄ RtL
bound state@2–4#. However, the top Yukawa coupling i
perturbative,yt'1, and the kinetic term may vanish only
the Mc scale is exponentially higher than the electrowe
scale, such that the logarithm overcomes the loop factor.
though a large hierarchy betweenMc and the electroweak
scale cannot be ruled out, we will ignore this possibility d
to a lack of explanation of the exponential fine-tuning
quired in that case.

Therefore, the compositeness condition requires n
physics above the electroweak scale in order to speed up
running of the Higgs parameters. A simple choice is to
clude a vector-like quark,x, which has the same transform
tion properties under the standard model gauge group astR ,
and a massmx.v. This introduces a new Yukawa coupling
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2j~c̄L
3xRH1H.c.!. ~2.2!

If j is sufficiently large, then thex contribution to the Higgs
self-energy may lead to the cancellation of the Higgs kine
term at a scaleMc which is not hierarchically bigger than
mx . However, in this case the renormalization group evo
tion is nonperturbative~the cancellation of the Higgs kineti
term requires the loop expansion parameter to be of o
one!, and a very precise computation is not within reac
Fortunately, thex is a color triplet, so that we can use a
expansion in 1/Nc , whereNc is the number of colors. In this
case the leading effects ofx on the Higgs parameters are th
same as the perturbative one-loop contributions. Althoug
is hard to estimate precisely how large are the correcti
from the non-leading-Nc terms, trading the physical problem
of fine-tuningMc /mx@1 for the computational problem a
Mc;mx seems justified. In practice, these two proble
may be balanced by considering a small hierarchy betw
Mc andmx , such that the fine-tuning is not excessive wh
the j Yukawa coupling is not much larger than one.

At a scalem.mx , the Higgs sector takes the form

LSM1x~m!5ZH~m!~DnH†!~DnH !2MH
2 ~m!H†H

2
l~m!

2
~H†H !22@c̄L

3~yttR1jxR!H

1mxx̄LxR1H.c.#, ~2.3!

while below mx the x is integrated out and we recover th
standard model.

A straightforward computation of the one-loop Higg
self-energy and quartic coupling~see Fig. 1! gives

ZH~m!512
Ncj

2

16p2
lnS m2

mx
2D ,

l~m!5l~v !12j2@ZH~m!21#,

MH
2 ~m!5MH

2 ~v !1
Ncj

2

8p2
~m22v2!, ~2.4!

where we neglected the top-quark contributions. The co
positeness condition,ZH(Mc)50, yields

j25
8p2

Ncln~Mc /mx!
. ~2.5!

FIG. 1. Large-Nc contributions to the Higgs doublet self-energ
and quartic coupling.
4-2
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MINIMAL COMPOSITE HIGGS MODEL WITH LIGHT BOSONS PHYSICAL REVIEW D63 015004
Since the ratioMc /mx is unlikely to be exponentially large
it follows that j@1, suggesting that the Higgs doublet
mainly a x̄RcL

3 bound state. But as stated before, keepin
reasonably small hierarchy betweenMc andmx allows more
control over the computation. For example,Mc /mx;10
2100 givesj;3.422.4.

If we imposel(m).0 at all scales belowMc , so that the
scalar potential is bounded from below, then the quartic c
pling at the electroweak scale,

l~v !5l~Mc!12j2, ~2.6!

is significantly larger than one, corresponding to a la
Higgs boson mass,vAl(v). After the non-leading contribu
tions ~from finite-Nc , top quark, electroweak, and QCD e
fects! are taken into account, we expect the Higgs bos
mass to be close to the unitarity bound of 0.7–0.9 TeV.

B. Extending the Higgs sector

So far we have shown that the compositeness condit
ZH(Mc)50, suffices to prove that the Higgs doublet cann
be a t̄ RcL

3 bound state without exponential fine-tuning, wh

it can be ax̄RcL
3 bound state provided the Higgs boson

quite heavy.
Next we would like to identify the circumstances whic

allow the composite Higgs boson to be light, close to
current experimental bounds. The large quartic coupling
rather generic feature of a composite Higgs sector. Howe
only in the standard model the Higgs boson mass is strai
forwardly determined by the quartic coupling. For extend
Higgs sectors, the mixing between differentCP-even scalars
may drive the lightest neutral Higgs boson significantly b
low the standard model unitarity bound. In order to allow
large scalar mixing, the constituents of the composite Hi
sector should mix themselves. For the minimal fermion c
tent, i.e. three generations of quarks and leptons plus
vector-like quarkx, the only fields that may have large mix
ings with thexR andcL

3 are thetR andxL .
Therefore, we will consider a composite Higgs sec

which involves four scalar fields: two weak-doublets,Hx

;x̄RcL
3 and Ht; t̄ RcL

3 , and two weak-singlets,fxt; t̄ RxL

and fxx;x̄RxL . Note that the case where one of the fe
mion fields is not a Higgs constituent can be recovered
taking the masses of the corresponding two scalars to in
ity, but in that case the Higgs boson is heavy@9#.

For an extended Higgs sector, a natural formulation of
compositeness condition is that all scalar kinetic terms v
ish at the same scale. In the large-Nc limit, the only contri-
bution to a scalar kinetic term comes from the fermions w
large Yukawa couplings to that composite scalar, nam
from its constituents. Hence, the chiral symmetry of the c
stituents,U(3)L3U(2)R , is preserved by the Yukawa cou
plings of the composite scalars:

j~c̄L
3 , x̄L!FS tR

xR
D 1H.c. ~2.7!
01500
a

-

e

n

n,
t

e
a
r,
t-

d

-

s
-

he

r

-
y
n-

e
-

ly
-

where the scalarF is a 332 complex matrix,

F5S Ht 2Hx

fxt fxx
D , ~2.8!

with the phase ofHx chosen negative for later convenienc
Note that theSU(2)W3U(1)Y electroweak symmetry is a
gauged subgroup of this chiral symmetry.

Likewise, the leading-Nc contributions to the running o
the quartic couplings between the scalesv and m is U(3)L
3U(2)R symmetric:

Lquartic~m!5Lquartic~v !2
l~v !

2
Tr@~F†F!2#. ~2.9!

There are no otherU(3)L3U(2)R symmetric terms in the
scalar potential.

Since thex quark is vector-like, and transforms under th
standard model gauge group as thetR , we can write two
gauge invariant mass terms:

mxtx̄LtR1mxxx̄LxR1H.c. ~2.10!

These break explicitly the chiral symmetry down
SU(2)W3U(1)Y3U(1)B , where the last group refers to
global baryon number. The effect of these explicit ma
terms is to induce tadpole terms for the weak-singlet sca
in the effective potential~see Fig. 2!:

2~Cxtfxt1Cxxfxx1H.c.!. ~2.11!

The tadpole coefficients may be estimated by cutting off
loop integral atMc . For mxt, xx!Mc ,

Cxt, xx'
Ncj

8p2
mxt, xxMc

2 . ~2.12!

Another effect of these explicit mass terms is to induce
linear scalar terms proportional withmxt, xx , due to the
large-Nc running between the scalesv andMc .

A generic high energy theory at the scaleMc gives rise to
the most general mass terms for the composite scalars, w
also break explicitly theU(3)L3U(2)R chiral symmetry
down to SU(2)W3U(1)Y3U(1)B . Putting together all
these terms, the scalar potential for the two-doublet-tw
singlet composite Higgs sector has all possible gauge inv
ant terms and is hard to analyze. In order to progress we n
to make some assumptions about the high energy theory
is responsible for binding together thex, tR and cL

3 within
the composite scalars.

FIG. 2. Tadpole terms for the electroweak singlet scalars
4-3
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BOGDAN A. DOBRESCU PHYSICAL REVIEW D63 015004
First, we can invoke a small hierarchy between the co
positeness scale and the masses of the composite scala
mentioned in Sec. II A. As a result, the trilinear, quartic a
higher-dimensional Higgs couplings at theMc scale are
small, suppressed by powers of theMc /mx ratio. Second, we
will see in Sec. III C that the sector of the high-energy theo
responsible for binding the composite Higgs sector is lik
to preserve a globalU(1)t3U(1)x3U(1)B subgroup of the
chiral symmetry. This symmetry precludes the presence
mass terms that mix the doublets or the singlets in the ef
tive potential. The quark charges under this symmetry
determined only up to a unitary transformation. A simp
basis is that where onlytR andxR are charged underU(1)t
and U(1)x , respectively. One linear combination of the
two U(1)’s has anaxial QCD anomaly, but this effect ma
be neglected as we will argue in Sec. VI.

With these assumptions, one can easily integrate out
composite scalars at scales aboveMc , where they can be
treated as non-propagating~spurion! fields. This bottom-up
approach results in the following four-quark operators at
scaleMc :

Leff5
gcx

2

Mc
2 ~ c̄L

3xR!~ x̄RcL
3!1

gct
2

Mc
2 ~ c̄L

3tR!~ t̄ RcL
3!1

gxt
2

Mc
2 ~ x̄LtR!

3~ t̄ RxL!1
gxx

2

Mc
2 ~ x̄LxR!~ x̄RxL!. ~2.13!

Altogether, there are seven parameters: the four coeffici
of the above operators, the two masses (mxx andmxt), and
the overall scaleMc . The effective potential below the sca
Mc is sufficiently simple to be analyzed analytically. Befo
doing so in Sec. III, we will argue in the remainder of th
section that the assumptions made here are realistic.

C. Candidates for physics above the compositeness scale

The basic assumption we are making for an exten
composite Higgs sector is that all scalar kinetic terms van
at the same scale, referred to as the compositeness scaleMc .
Therefore, the composite scalars are no longer physical
grees of freedom and they should be integrated out ab
Mc . This gives rise to higher-dimensional operators which
high-energy should be replaced by a renormalizable or fi
theory.

A conspicuous direction for seeking such a high-ene
theory is to consider some new gauge dynamics which b
the t and x within the composite scalars. Such dynam
cannot be confining because the top has already been
served by the CDF and DO” Collaborations. On the othe
hand, the new gauge interactions have to be rather stro
coupled at the compositeness scale in order to deeply
the Higgs doublets and trigger the electroweak phase tra
tion. Therefore, unless the new physics is very unconv
tional right above the compositeness scale, the new ga
interactions must be asymptotically free. These requirem
single out spontaneously broken non-Abelian gauge theo
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The choice of a gauge group is further restricted if no n
chiral generations of fermions are introduced. The repres
tations of the new non-Abelian gauge group may coinc
with those ofSU(3)C , as in top color@11#, or may corre-
spond to some flavor or family symmetry@7#.

The compositeness scale is approximately given by
masses of the heavy gauge bosons. BelowMc , the gauge
bosons are integrated out resulting in higher-dimensional
erators, including those listed in Eq.~2.13!. The four-quark
operators with left-left or right-right current-current structu
do not contribute to the effective potential in the large-Nc

limit ~though they do contribute to observables, most imp
tantly to ther parameter@12,13#, but these contributions ar
sufficiently small forMc above a few TeV@14#!. All other
four-quark operators which are invariant under the stand
model gauge group and involve only thecL , tR andx fields
violate the globalU(1)t3U(1)x symmetry, and are not ex
pected to be induced by heavy gauge boson exchanges

Operators of dimension-8 or higher are also induced
the gauge dynamics. However, their effects are negligible
scales significantly belowMc . Therefore it is convenient to
ignore them by arranging a small hierarchy betweenMc and
the composite scalar masses. Such a hierarchy arises if
is a second order phase transition in which a continu
variation of the gauge coupling induces a continuous va
tion of the scalar masses. There are various arguments, b
in general on the large-Nc limit, indicating that a spontane
ously broken gauge group leads indeed to a second o
phase transition@13,15#. In practice, since we do not requir
an exponential hierarchy, it is sufficient to have a wea
first order phase transition.

The new gauge dynamics should be flavor dependent
that only the top andx acquire large masses. This can
realized in various ways. The strongly coupled gauge in
action may act only on the third generation quarks and on
x, while the splitting between thex, t, b masses may be
given by some perturbative interactions. Examples of t
type have been given in@5,6#. Alternatively, the strongly
coupled gauge interaction may be flavor universal, with
flavor breaking provided by an extended vector-like qua
sector@7#.

Above theMc scale there must be some additional phy
ics that leads to the spontaneously breaking of the n
Abelian gauge symmetry responsible for Higgs compos
ness. This may involve new gauge dynamics, or fundame
scalars and supersymmetry. Yet another alternative may
provided by quantum gravitational effects if gravity is mod
fied at short distance@16–18# such that it becomes strong a
a scale in the multi-TeV range, not far aboveMc .

Instead of a new gauge symmetry, the binding of t
Higgs sector may be produced by the standard model ga
bosons propagating in extra dimensions@8,9# of radius
1/Mc . Basically, the exchange of Kaluza-Klein modes of t
gluons induces four-quark operators of the type~2.13!. Al-
though the Kaluza-Klein modes are weakly coupled at a T
scales, the combined effect of all modes is nonperturbat
This is also consistent with gauge coupling unification a
scale below 100 TeV@19#, albeit the theoretical uncertaintie
4-4
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MINIMAL COMPOSITE HIGGS MODEL WITH LIGHT BOSONS PHYSICAL REVIEW D63 015004
are somewhat larger than in the minimal supersymme
standard model.

Moreover, the extra dimensions allow new explanatio
for flavor symmetry breaking, such as flavor-dependent
sitions of the fermions in the extra dimensions@20#, messen-
gers of flavor-breaking propagating in the bulk@21#, or ex-
ponential suppressions due to renormalization effects@22#.
The extra dimensions could also provide a natural reason
the existence of the vector-like quark, because thex has the
same gauge quantum numbers as the Kaluza-Klein mode
the tR . This idea however requires further study.

The gauge theories in extra dimensions are n
renormalizable, so that new physics should soften the in
actions at a scale close to the compactification scale. T
physics may be based on an underlying theory that inclu
quantum gravity, such as string or M theory. Alternatively
physical cutoff to the interactions of the Kaluza-Klein mod
could be set by the brane recoil@23#, potentially allowing the
fundamental~string! scale to be substantially higher than t
compactification scale.

III. THE TWO-DOUBLET-TWO-SINGLET HIGGS
SECTOR

In this section we study the composite Higgs sector wh
includes two weak-doublets,Ht and Hx , and two weak-
singlets,fxt andfxx . The effective potential is determine
based on the following four assumptions discussed in S
II B:

~1! The compositeness condition: the kinetic terms of
composite scalars vanish at the same scaleMc .

~2! There is a separation between the compositeness s
and the scalar masses.

~3! The interactions which bind the composite scalars p
serve theU(1)t3U(1)x chiral symmetry of thetR and xR
quarks.

~4! The large-Nc limit is a reasonable approximation fo
computing the effects of the strong dynamics responsible
compositeness.

The effective potential below the compositeness scal
given by

V5
l

2
@~Ht

†Ht1fxt
† fxt!

21~Hx
†Hx1fxx

† fxx!2

12uHt
†Hx2fxt

† fxxu2#1Mtt
2Ht

†Ht1Mtx
2 Hx

†Hx

1Mxt
2 fxt

† fxt1Mxx
2 fxx

† fxx1~Cxtfxt1Cxxfxx1H.c.!.

~3.1!

The seven parameters listed at the end of Sec. II B have b
replaced by four real squared-mass parameters, two tad
coefficients~chosen positive!, and the quartic coupling. With
the exception ofl which can be computed in the large-Nc
limit and depends only logarithmically onMc , the other pa-
rameters are essentially free, and remain to be determ
within the underlying theory above the compositeness sc

The effective potential isSU(2)W3U(1)Y and CP in-
variant, and has aU(1)t3U(1)x global symmetry softly
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broken by the tadpole terms. The tadpole terms also force
fxt and fxx to have non-zero vacuum expectation valu
~VEVs!. For Mtx

2 ,0, there is a range of parameters whe
the Hx doublet has a non-zero VEV, breaking the ele
troweak symmetry. In that case, the third term ofV provides
a tadpole forHt , which acquires a VEV too. Finally, the
condition Mtt

2 .0 is sufficient to keep the VEVs of the tw
doublets aligned, leaving the photon massless:

Ht5S 1

A2
@vcosb1htt

0 1 i ~A0sinb2G0cosb!#

H2sinb2G2cosb
D ,

Hx5S 1

A2
@vsinb1htx

0 2 i ~A0cosb1G0sinb!#

2~H2cosb1G2sinb!
D ,

fxt5
1

A2
S 2

vsinb

e tang
1hxt

0 1 iAxt
0 D ,

fxx5
1

A2
S 2

v
e

sinb1hxx
0 1 iAxx

0 D , ~3.2!

where we have written the VEVs in terms of the electrowe
scale, fixed atv'246 GeV, and three other paramete
b,gP(0,p/2) ande.0. These VEVs are related to the p
rameters in the effective potential by the extremization c
ditions listed in the Appendix. Note that the phases of
VEVs for fxt and fxx are fixed by the tadpole terms, th
relative phase of the VEVs forHt and Hx is fixed by the
third term in Eq.~3.1!, and the phase ofHx has been chosen
in the Yukawa couplings~2.7!.

G6 andG0 are the Nambu-Goldstone bosons that beco
the longitudinalW andZ. Altogether there are nine massiv
degrees of freedom, which are characterized by their elec
charge andCP-parity: two charged statesH6, threeCP-odd
neutral scalarsA0, Axt

0 , Axx
0 , and fourCP-even neutral sca-

lars,htt
0 , htx

0 , hxt
0 andhxx

0 . Before dissecting their spectrum
let us discuss the constraints on the parameter space.

TheHx doublet contributes more to the electroweak sy
metry breaking thanHt ~this is the motivation for introduc-
ing the vector-like quark!, so that tanb.1. Due to the
Yukawa couplings of the scalars to their constituents@see
Eq. ~2.7!#, the t andx mix, with a mass matrix

jvsinb

eA2
~ t̄ L , x̄L! S 2e cotb e

cotg 1D S tR

xR
D , ~3.3!

where the Yukawa couplingj is given by Eq.~2.5! in the
large-Nc limit. We are interested in the case where thex is
heavier than the top, so that the corrections to the e
troweak observables are small. This impliese,1. In what
follows we will often consider the limit in whichx de-
couples, i.e.e!1. The physical top quark is the light mas
eigenstate of the above matrix:
4-5
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mt'
jv

A2
sin~b1g!@11O~e2!#. ~3.4!

Therefore, sin(b1g)'1/j. For j2@1 one has tanb,tang
@1. More generally, we allowb,gP(p/4,p/2), which also
satisfies the cos(b1g),0 restriction imposed by the extrem
ization condition written in the Appendix. Finally, the qua
tic coupling at the electroweak scale is related to the Yuka
coupling byl'2j2 in the large-Nc limit, because the quartic
coupling at the compositeness scale is assumed to be n
gible @see Eq.~2.6!#.

Let us proceed with the computation of the scalar sp
trum. The charged Higgs boson,H6, has a mass

MH6
2

5
l

2
v2S tanb

e2tang
21D . ~3.5!

This sets the scale for the heavy composite scalars. In a
tion, this is roughly the scale for the vector-like quark, who
mass is given by

mx5MH6A sin 2b

2 sin 2g
@11O~e2!#. ~3.6!

A. CP-odd neutral scalars

From the effective potential one can find the squar
mass matrix for the threeCP-odd neutral scalars,A0, Axt

0 ,
andAxx

0 :

S MH6
2

1
lv2

2 D S 11e2
cos2 b

cos2 g
D U0diag~1,0,0!U0

†

1
A2e

vsinb
diag~0,Cxttang, Cxx!. ~3.7!

Up to anSU(2) transformation, the matrix

U05S cosu1cosu2 2sinu1 cosu1sinu2

sinu1cosu2 cosu1 sinu1sinu2

2sinu2 0 cosu2

D , ~3.8!

would define the mixing angles if theCxt andCxx were zero
~we will see below that this would not be a viable case!. The
anglesu1 ,u2P(0,p/2) are given by

tanu15ecosb tang,

tanu25ecosb cosu1 . ~3.9!

The mass matrix of theCP-odd states is diagonal in th
e→0 limit. Therefore, we can diagonalize it by expanding
e, and we obtain the following squared-masses of
CP-odd neutral scalars:

MA
1
0

2
5MH6

2 H 11e2Fcosb~cAtang1cA8 !1
tang

tanbG1O~e4!J ,
01500
a

gli-

-

di-
e

-

e

MA
t
0

2
5Cxt

A2etang

vsinb
@12e2cAtang cosb1O~e4!#,

MA
x
0

2
5Cxx

A2e

vsinb
@12e2cA8cosb1O~e4!#. ~3.10!

The two dimensionless coefficients

cA[
cosb tang

12~Cxt /C0!tang
,

cA8[
cosb

12~Cxx /C0!
, ~3.11!

where

C0[
lv3

2A2e3

tanb

tang
sinb, ~3.12!

are defined such that the mass eigenstates of theCP-odd
neutral scalars take a simple form:

A1
05A01e~cAAxt

0 2cA8Axx
0 !1O~e2!

At
05Axt

0 2ecAA01O~e2!

Ax
05Axx

0 1ecA8A01O~e2!. ~3.13!

TheA1
0 state is included predominantly in the Higgs do

blets. In the small-e limit, it belongs to a linear combination
of Higgs doublets, namely (2Htsinb1Hx cosb), whose
VEV vanishes. The other states of this linear combinat
are the charged Higgs and aCP-even neutral scalar. The
degeneracy of these states is lifted only by electroweak s
metry breaking effects. As a result, the mass splittin
among these states are proportional withv2/MH6

2 ;e2,
which explains the first equation in Eq.~3.10!.

The At
0 andAx

0 are predominantly the imaginary parts
the weak-singlet fields. They are the Nambu-Goldsto
bosons associated with theU(1)t3U(1)x global symmetry
of the effective potential, which is spontaneously broken a
scale of orderv/e. The tadpole terms from the effective po
tential break theU(1)t3U(1)x symmetry explicitly, so that
the At

0 and Ax
0 acquire squared-masses proportional toCxt

and Cxx , respectively. This explains the second and th
equations in Eq.~3.10!.

B. CP-even neutral scalars

The composite Higgs sector includes fourCP-even neu-
tral scalars. The two states belonging to the Higgs doubl
htt

0 ,htx
0 , do not mix in thee→0 limit with the two states

from the Higgs singlets,hxx
0 , hxx

0 . This allows us to identify
immediately the mass eigenstates to leading order ine. As a
result we learn that it is convenient to write the squared-m
matrix for CP-even neutral scalars~without expanding ine)
in the basis (2sinb htt

0 1cosb htx
0 ), (cosb htt

0 1sinb htx
0 ),

hxt
0 andhxx

0 :
4-6
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M h
25

lv2

2e2 S diagS tanb

tang
, 2e2D eB

eB Á G diagS sin 2b

sin 2g
e2, 2

sin2 b

sin2 g
D GÁD 1

A2e

vsinb
diag~0, 0,Cxttang, Cxx! ~3.14!

where the 232 matrix B depends only onb andg,

B5
sinb

sing S sin~2b1g! cos~2b1g!

22cosb cos~b1g! 2sinb cos~b1g!
D , ~3.15!

andG is a unitary matrix,

G5S sing cosg

2cosg sing D . ~3.16!

From the mass matrix it can be seen that one of the mass eigenstates,H1
0, is predominantly the (2sinb htt

0 1cosb htx
0 )

state. Up to mixings of ordere, H1
0 forms together withA1

0 andH6 a weak-doublet with a zero VEV. As discussed in the ca
of A1

0, the mass splitting among these states are given by electroweak symmetry breaking effects which show up in th
scalar spectrum only at ordere2:

MH
1
0

2
5MH6

2
@11O~e2!#. ~3.17!

This can also be checked directly from the expression forM h
2 .

Two other scalars are linear combinations of the real parts of the weak-singlets and ordere admixtures of the neutral
components of the weak-doublets. The third and fourth lines and rows ofM h

2 give their masses to leading order ine2:

MH
2,3
0

2
5MH6

2 sin 2b

sin 2g
@11xt1xx6A~11xt2xx!224~xt2xx!sin2 g #@11O~e2!#, ~3.18!

where we used the notation

xt, x[
sin 2g

2sin 2b

MA
t, x
0

2

MH6
2 .0. ~3.19!

It is straightforward to check thatMH
2,3
0

2
are positive everywhere within the parameter space.

The only remaining mass eigenstate, which we labelh0, is predominantly (cosb htt
0 1sinb htx

0 ). Its mass cancels at leadin
order ine2. This is due to the fact thath0 sits mainly in the only combination of weak-doublets which breaks the electrow
symmetry. Hence, for fixedv theh0 mass does not depend one, whereas the other scalar masses scale as 1/e. To computeMh0

we have to go to the next-to-leading order in thee expansion. Fortunately, we do not need to diagonalize the 434 M h
2 matrix.

It is sufficient to compute the determinant of the mass matrix, and then to use

DetM h
25Mh0

2 MH
1
0

2
MH

2
0

2
MH

3
0

2
. ~3.20!

The result is fairly simple:

Mh0
2

5lv2F12cos2 ~b1g!
xtsin2 b1xxcos2 b1sin2~b1g!

xtxx1xtsin2 g1xxcos2 g
1O~e2!G . ~3.21!

The mass eigenstate corresponding to this eigenvalue may also be derived by expanding in powers ofe:

h05sinb htx
0 1cosb htt

0 1e~chhxt
0 1ch8hxx

0 !1O~e2!, ~3.22!

where the two dimensionless coefficients are defined by

S ch

ch8
D 5

sing cos~b1g!

sinb~xtxx1xtsin2 g1xxcos2 g!
F S xxcosb

2xtsinb D 1sin~b1g!S sing

2cosg D G . ~3.23!
015004-7
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We are now in a good position for discussing the vacu
stability. The extremum conditions written down in the A
pendix are automatically satisfied because they have b
used to replace the four mass-squared parameters from
effective potential with four new parameters. Therefore,
vacuum defined by Eq.~3.2! is a local minimum if and only
if all four eigenvalues ofM h

2 are positive. We have seen th
three of them,MH

1
0

2
, MH

2
0

2
, andMH

3
0

2
are always positive. The

only remaining condition,Mh0
2

.0, is restrictive. For ex-
ample, if bothMA

t
0 andMA

x
0 were of orderv or lighter, then

xt and xx were of ordere2, and Mh0
2 would be negative.

Thus, at most one ofMA
t
0 and MA

x
0 may be as light as the

electroweak scale, the other one having a mass of orderv/e
or larger.

ImposingMh0
2

.0 ensures that the vacuum that we stu
is a local minimum of the potential, but not necessarily
global minimum. An inspection of the extremum conditio
shows that there is only one other candidate for a glo
minimum, namely that obtained by takingv→0 and v/e
.0. This is easy to understand, because the tadpole te
always give rise to VEVs forfxt andfxx . It is clear that the
v.0 minimum which we study here is deeper than thev
50 extremum for sufficiently large and negative values
Mtx

2 . It seems hard to compute analytically the critical val
for Mtx

2 , so that we do not derive the condition for having
completely stable vacuum. Note however that even a lo
minimum is likely to be very long lived, barriers with size
of order TeV implying lifetimes typically longer than the ag
of the universe@24#.

IV. LIGHT BOSON SPECTRUM

In the previous section we have seen that the char
Higgs, three of theCP-even neutral scalars and oneCP-odd
neutral scalar are always heavy, with masses of orderAlv/e,
in the TeV range. The only remaining physical states are
CP-evenh0, and theCP-odd At

0 andAx
0 . Furthermore, the

vacuum stability condition implies that only one ofAt
0 and

Ax
0 may have a mass of orderv or smaller. Therefore, ther

are three possible contents for the composite Higgs spec
below a TeV scale:

~1! Only theh0;
~2! the h0 andAt

0 ;
~3! the h0 andAx

0 .
In this section we analyze these cases in turn.

A. Standard model in the decoupling limit

If the only scalar lighter than a scale of order 1 TeV is t
CP-even Higgs boson,h0, then the low energy theory ha
precisely the standard model field content. The correcti
due to the heavier states are of ordere2. Therefore, the stan
dard model is obtained in the decoupling limit wheree!1.
However, in practicee cannot be smaller than one by man
orders of magnitude if we want to avoid an exponential fin
tuning. Note that the mass terms in the effective poten
have coefficients of orderMH6

2 , which is larger thanv2 by a
01500
en
the
e

al

ms

f

al

d

e

m

s

-
l

factor 1/e2. This means that the extremization conditio
listed in the Appendix require a fine-tuning of ordere2.

Due to the current agreement of the standard model to
experimental data, it follows that the minimal compos
Higgs model discussed in this paper is viable for smalle.
The strongest bound,eu0.2 comes from ther parameter,
which receives corrections due to thet-x mixing @5,6#. This
bound is loose enough to avoid worrisome fine-tuning,
sufficient to make the decoupling limit a reasonable appro
mation.

Since the standard model is the decoupling limit of
underlying theory with dynamical electroweak symme
breaking, the Higgs boson mass is a function of the para
eters of the high energy theory. Hence, one has to ch
whether there are restrictions on the Higgs boson mas
addition to the usual standard model upper bounds from
tarity and triviality, and the lower bounds from direc
searches. Note that the indirect upper bound onMh

2 from the
electroweak data is not constraining unless the scale of
physics is very high@25#. Also, the constraint from vacuum
stability at large field is easily relaxed in the presence of n
physics@26#.

From the expression forMh0
2 in Eq. ~3.21! it is clear that

the upper end of the standard model range can be rea
when xt , xx@1, which corresponds to large values formxt
andmxx . By reducingxt andxx continuously we can cove
the whole mass range of the standard model Higgs boso

It is useful to find out in more detail the situations
which Mh0 may be as light asO(100) GeV. To this end, we
would like to expressMh0 in terms of the parameters of th
effective potential. For simplicity we will consider the ‘‘see
saw limit,’’ tanb@1, in which only theHx doublet is re-
sponsible for the bulk of electroweak symmetry breakin
and the top mass is produced almost entirely via the see
mechanism. To leading order in 1/tanb and e2, the Higgs
boson squared-mass takes the form

Mh0
2

5
2v2

Mxx
2 23Mtx

2 F j2~Mxx
2 2Mtx

2 !1
2Mtx

4

Mxx
2 23Mtx

2

3S 11
4Mtx

4

Mxt
2 2Mtx

2 D 1OS 1

j2D G . ~4.1!

In deriving this equation we have used cosg'1/j,1, which
follows from the expression~3.4! for the top quark mass, an
l52j2. The leading order in 1/j2 has been derived previ
ously in @6#, where it is argued that there may be natu
situations in which the underlying theory above the comp
iteness scale dictates a partial cancellation betweenMxx

2 and
Mtx

2 , making a light composite Higgs boson a distinct po
sibility. In practice it is sufficient that this cancellation is o
order 1/j2;10%. To see this, let us define a parameterdM
;O(1) by

Mxx
2

Mtx
2

511
dM

j2
, ~4.2!
4-8
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MINIMAL COMPOSITE HIGGS MODEL WITH LIGHT BOSONS PHYSICAL REVIEW D63 015004
and assume for simplicity thatMxt
2 @Mtx

2 . The Mh0
2 depen-

dence ondM ,

Mh0
2 '~12dM !v2, ~4.3!

shows that the Higgs boson mass can easily be below
electroweak scale in this case.

One may wonder how large are the radiative correcti
to the Higgs boson mass. In fact we have already inclu
the leading large-Nc loop corrections when we derived th
effective potential. The corrections from the quartic and
linear scalar couplings are in general significant given t
the quartic coupling in the effective potential is large. Ho
ever, these contributions are of order 1/Nc compared to the
ones we included, and we will assume that their effects
not change qualitatively our results.

Although in the decoupling limit the low energy effectiv
theory looks like the standard model, the minimal compos
Higgs model has a distinctive feature: the trilinear and qu
tic Higgs boson couplings are large and rather independ
of the Higgs boson mass. The quartic coupling is given
l/8 while the trilinear coupling is;lv/2. If the Higgs boson
will be discovered, it is conceivable that its trilinear couplin
will be measured at futures colliders@27#, and therefore the
minimal composite Higgs model will be tested even if
other composite states happen to be heavier than the rea
those collider experiments.

B. Light top-axion

If the amount ofU(1)t explicit symmetry breaking is
small, namelyCxt!u^fxt&u3, then theAt

0 is much lighter
than theH6. From Eq.~2.12! we find that theAt

0 has a mass
of the order of the electroweak scale or below for

mxtu
v3

2peMc
2

. ~4.4!

In the limit wheremxt50, theAt
0 receives a small mass onl

from the QCD anomaly. Although such an extreme case
ruled out~see Sec. VI!, we will refer toAt

0 as the ‘‘composite
top-axion,’’ because it couples to the right-handed top.

The h0 has a large trilinear coupling toAt
0 pairs:

L3'
l

2
vat h0~At

0!2. ~4.5!

At tree level,at;e2 because to leading order ine, the h0

belongs to the Higgs doublets, whereas theAt
0 is part of the

fxt singlet. There are however large one-loop contributio
as shown in Fig. 3, due to thel@1 quartic coupling. These
give at;1/Nc . The contributions from more loops whic
involve the quartic coupling are suppressed by more pow
of 1/Nc , so are unlikely to change the order of magnitude
at .

This large trilinear coupling is very important for Higg
boson searches ifMh0.2MA

t
0. The width for the Higgs bo-

son decay into top-axion pairs,
01500
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G~h0→At
0At

0!5
l2v2at

2

32pMh0

A12

4MA
t
0

2

Mh0
2 , ~4.6!

is of the order of the Higgs boson mass for a light Hig
boson, and decreases for largerMh0.

The Higgs boson mass has a simple form when the t
axion is light. To show this, we remark thatMA

t
0uv

;eMH6 implies xtue2. Then, using the expression for th
top mass~3.4! with yt5mtA2/v'1, we may write the Higgs
boson squared-mass as

Mh0
2

5lv2F12
1

cos2 g
S cos2 b1

1

xxj2D 1O~1/j2!G .

~4.7!

It appears that the full standard model range is open for
Higgs boson mass, but a lighth0 requires cosb/cosg;1, or
a fine-tuning of xx'1 ~i.e., MA

x
0'2mx). Therefore, the

Higgs boson is generically a very broad resonance, wh
decays most of the time into top-axion pairs, or intoW andZ
pairs for largeMh0.

C. Light x-axion

The last possible light composite scalar isAx
0 . This is

similar with the lightAt
0 case: for smallmxx the amount of

U(1)x explicit breaking is small and theAx
0 may have a mass

below the electroweak scale. We will callAx
0 the ‘‘composite

x-axion.’’
Recall that there is no region of the parameter space

which bothAt
0 and Ax

0 are light. Therefore the only scala
trilinear coupling relevant at current collider energies is

L35
l

2
vax h0~Ax

0!2, ~4.8!

where the renormalized value ofax is again ;1/Nc . If
Mh0.2MA

x
0, then the branching ratio for theh0→Ax

0Ax
0 de-

cay mode may be large. The width for the Higgs decay i
a x-axion pair is similar with that from the light-At

0 case, and
can be estimated using the value ofl from Eq. ~2.6!:

G~h0→Ax
0Ax

0!;
8p4v2

Nc
4Mh0ln2~Mc /mx!

A12

4MA
x
0

2

Mh0
2 .

~4.9!

FIG. 3. One-loop contribution of the heavy scalars to the tril
ear coupling of the Higgs boson to composite-axion pairs.
4-9
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Since theh0 has standard model couplings to the we
gauge bosons~because the otherCP-even neutral scalar
decouple up toe2), we can immediately compare its width
for the decays intox-axions and intoW or Z pairs:

G~h0→Ax
0Ax

0!

G~h0→WW,ZZ!
'

l2ax
2v4

3Mh0
4 , ~4.10!

where we neglected thex-axion mass and the gauge bos
masses. The dominant decay mode of a Higgs boson lig
than the electroweak scale is intox-axion pairs.

The novel feature of the lightx-axion case is that it place
an upper bound on the Higgs boson mass. The condition
a light x-axion,MA

x
0ueMH6, impliesxxue2, and the Higgs

boson squared-mass becomes

Mh0
2

5v2F4jcosb2
2

xt
1O~1/j2!G . ~4.11!

Because cosb,1/j, we find that the upper bound on th
Higgs boson mass is 2v. This bound is not very stringen
but still relevant for searches at the CERN LHC.

V. COMPOSITE SCALAR COUPLINGS TO QUARKS
AND LEPTONS

The couplings of the light bosons to the quarks and l
tons are model dependent, as in a general two-doublet H
model. All quarks and leptons have to couple to at least
of the two Higgs doublets in order to acquire masses. S
couplings may arise in the low energy effective theory
various ways, depending on the structure of the underly
theory above the compositeness scale. A simple possibili
that there are four-fermion couplings between thet, x and
the light fermions:

1

Mc
2 @~ c̄L

j uR
k !~h jk

u t̄RcL
31h jk8

u x̄RcL
3!

1~ c̄L
j dR

l !is2~h j l
d c̄L

3tR1h j l8
d c̄L

3xR!#1H.c. ~5.1!

For brevity, we show here only the four-fermion operato
involving quarks. The couplings ofx̄RcL

3 and t̄ RcL
3 to the

leptons have the same form. The generational indicesj and l
run from 1 to 3, whilek runs from 1 to 4 because thexR may
mix with the uR , cR and tR weak eigenstates. The above s
of four-fermion operators may be viewed as a parametr
tion of the flavor symmetry breaking effects, whose orig
could be explained in principle within a variety of high
energy theories, as discussed in Sec. II C. The four-ferm
operators give rise in the low energy theory to Yukawa c
plings of theHt andHx doublets to the quarks and lepton

2~ c̄L
j uR

k !~l jk
u Ht1l jk8

uHx!1~ c̄L
j dR

l !is2~l j l
d Ht

†1l j l8
dHx

†!.
~5.2!

The Yukawa coupling constants,ld,l8d,lu,l8u, are propor-
tional with the coefficients of the four-quark operato
hd,h8d,hu,h8u, respectively. The factor of proportionalit
01500
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may be estimated by computing the leading-Nc contribution
shown in Fig. 4, with a physical cutoff atMc , and the result
is

~ld, l8d, lu, l8u!'
jNc

8p2
~2hd, h8d, hu, 2h8u!. ~5.3!

Note that six-fermion couplings and other highe
dimensional couplings can also contribute to the light qu
and lepton masses. Below the compositeness scale, they
rise to terms in the effective Lagrangian involving seve
Higgs doublets and fermions. If they give the dominant co
tribution to some of the fermion masses, then the coupli
of the Higgs boson to those fermions are non-standard@28#.
Another possibility for fermion mass generation is to let
quarks and leptons to participate in a seesaw mechanism
extending the vector-like quark sector@7,29#. In what fol-
lows we will ignore these possibilities, and study the co
plings induced by the Yukawa couplings shown above.

Only the linear combination (Htcosb1Hxsinb) has an
electroweak asymmetric VEV, so that the down-type qu
masses are given by

diag~md ,ms ,mb!5
v

A2
Sd

†~ldcosb1l8dsinb!Td , ~5.4!

whereSd and Td are unitary matrices. A similar stateme
applies to the lepton sector. The only light scalar contain
in this linear combination is theh0, and its induced couplings
to down-type quarks or leptons are standard-model-like u
corrections of ordere. Note that theb-quark mass requires
h33

d cotb1h338
d;0.2, which shows that generically the coef

cients of the four-quark operators responsible for light f
mion masses are indeed perturbative at the composite
scale.

The other linear combination of Higgs doublets,

2Htsinb1Hxcosb5S 1

A2
~1htx

0 cosb2htt
0sinb2 iA0!

2H2
D ,

~5.5!

has couplings which may induce flavor changing neutral c
rents~FCNC’s! in the down-type quark sector. The charg
Higgs induces FCNC’s at one loop level, but is sufficien
heavy to make these effects insignificant. The neutral sta
however contribute to FCNC’s at tree level, and we have

FIG. 4. Leading-Nc contribution to the Yukawa couplings of th
standard model fermions.
4-10
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MINIMAL COMPOSITE HIGGS MODEL WITH LIGHT BOSONS PHYSICAL REVIEW D63 015004
make sure that these contributions are not too large.
couplings of the neutral scalars to the down-type quark m
eigenstates are given by

1

A2
d̄LSd

†~2ldsinb1l8dcosb!TddR@H1
01 iA0

1e~2 icAAt
01 icA8Ax

01cHH2
01cH8 H3

0!1O~e2!#, ~5.6!

wherecH andcH8 are parameters of order one in thee expan-
sion. Notice that theh0 couplings are not affected by thes
terms up to ordere2.

In general, these couplings may be flavor non-diago
because the FCNC’s induced by them are suppressed at
e2. However, in order to avoid too strong bounds one2

~which would correspond to fine-tuning!, it is preferable to
assume that the matrixSd

†(2ldsinb1l8dcosb)Td is ap-
proximately flavor-diagonal. There are many situations
which this happens. For example, when the two matricesld

and l8d are approximately proportional, or when one
them vanishes.

The scalar couplings to up-type quarks are more com
cated due to the mixing with thex. The up-type quark mas
matrix is 434, and has large elements corresponding to
x and t weak eigenstates, given by Eq.~3.3!. The other ele-
ments are given by the Yukawa couplings~5.2! and are typi-
cally small because they are produced by perturbative fo
quark operators at theMc scale or above. Since thex is
much heavier than the electroweak scale, its mixing with
quarks other thant is small. If we ignore this mixing alto-
gether, we have a situation similar with that in the down-ty
sector: theh0 has standard model couplings up to correctio
of ordere2, while theAt

0 andAx
0 have couplings of ordere to

the standard model fermions. On the other hand, the mix
of the up-type quarks with thex could lead to certain flavo
non-diagonal couplings of theh0 which may be allowed by
the FCNC constraints, while producing interesting pheno
ena such as single-top decays of the Higgs boson@30#. Note
also that theh0 has a large coupling, of;j/A2, to the t̄ LxR
quark mass eigenstates.

VI. BOUNDS ON THE COMPOSITE AXION

In this section we study the lower mass bounds on
composite axion. These are sensitive to the axion coupl
to fermions, which are of ordere or smaller, and depend o
its identity (At

0 or Ax
0) only up to an overall constant, as ca

be seen from Eq.~5.6!. The axion-fermion couplings ar
very model dependent and is beyond the scope of this p
to comprehensively analyze the mass bounds in all cases
will rather concentrate on the cases which are most favor
for a light axion.

The tree level axion couplings to light quarks and lepto
have two sources. One of them is the Yukawa couplings
light fermions of the doublet with no VEV, shown in Eq
~5.5!. These may vanish or be very small because they
not restricted by the quark and lepton masses. The o
source is the Yukawa couplings of the composite scalar
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their constituents, Eq.~2.7!. After transforming to the mass
eigenstate basis, these Yukawa interactions induce a
couplings to all the up-type quarks. However, the mixin
between the weak eigenstates of thet or x with u andc are
again unrestricted, and may vanish without affecting
Cabibbo-Kobayashi-Maskawa~CKM! matrix. Notice that in
this case theVts andVtd elements are fixed by theSd unitary
matrix @see Eq.~5.4!#, while Vub and Vcb are combinations
of the transformations in both the up- and down-type sect
Once a predictive and compelling theory of flavor is foun
one can decide whether the aforementioned mixings
couplings are naturally small or vanishing.

Here we will assume they do, so that the only fermio
that couple at tree level to the composite axion (At

0 or Ax
0)

are thet andx mass eigenstates:

i j

A2
~ t̄ L , x̄L! FAt

0S O~e! O~e!

1 0 D 1Ax
0S O~e! O~e!

0 1 D
1O~e2!GGS 2tR

xR
D 1H.c., ~6.1!

whereG is the unitary matrix given in Eq.~3.16!. Therefore,
the composite axion may be produced at colliders throug
t or x loop, but the production rate is too small for placin
bounds even at theZ pole at the CERNe1e2 collider LEP
@31#.

The quarkonium decays could in principle constrain t
composite axion mass. However, the current limit on
branching ratio of the most promising decay mode,Y(1S)
→At, x

0 g, is at the level of 1025 @32#, which is not sufficient
for constraining the composite axion. Note that this dec
occurs through a top-loop, and a suppression factor of o
e2 appears in the width.

TheK1→At, x
0 p1 decay is another usual suspect for co

straining the axions. This again involves a top-loop and
further suppressed byVtsVtd , so that no useful mass bound
can be derived.

More generally, if the axion is coupled at tree level on
to thex and t, it is sufficiently insulated from the light fer-
mions to avoid constraints from usual laboratory search
The astrophysical constraints are harder to avoid. The c
posite axion may be produced in stars if it is light enoug
leading to unacceptable cooling rates. At one-loop, the ax
couples to gluon pairs and to photon pairs. Combined, th
couplings rule out very light axions with a decay consta
below ;1010 GeV @32#. In our model the axion decay con
stant is of orderv/e, implying that a very small value fore is
required, which leads to an exponential fine-tuning. Note t
in the limit where themxt or mxx mass parameter vanishe
the only contribution to the axion mass is given by the QC
anomaly, and it is tempting to solve the strongCP problem
using the composite axion. However, the small value fore is
not encouraging. We therefore do not attempt to solve
strongCP problem, and assume that the Peccei-Quinn sy
metry is explicitly broken by a non-zeromxt andmxx , or by
some higher dimensional operators.
4-11
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The bound on the axion decay constant is avoided if
composite axion is heavier than the core temperature of
stars by an order of magnitude, because the axion produc
is Boltzmann suppressed and the cooling rate is not m
affected. The red giant stars have a core temperature of o
10 keV which impose a lower mass bound of;200 keV on
the axion@33#.

The larger temperature of the supernova 1987A, abou
MeV at the center, appears to yield the most stringent lo
limit on the composite axion mass. However, the cooling r
of the supernova is not affected by our composite axi
because the very high density of the newly formed neut
star reduces the axion emission to acceptable levels fo
axion decay constant below;106 GeV @33#. Although the
axion flux could not affect the supernova cooling, there
constraints due to the absence of an axion signal in w
Cerenkov detectors during the SN 1987A@34#. These impose
a lower bound of a few hundred TeV on the axion dec
constant. We find more reasonable to evade this bound
imposing a lower limit on the composite axion mass
O(100) MeV, such that its production is substantially su
pressed.

If At
0 or Ax

0 has a mass between this lower bound a
2mp'270 MeV, then thep0p0 decay channel is closed, an
the composite axion decays predominantly to photon p
~assuming that the tree level coupling toe1e2 vanishes!. In
this case, theCP-even Higgs boson, which decays most
the time to axion pairs, will have a striking signature at f
ture colliders: two pairs of almost collinear photons.

VII. DISCUSSION

It is instructive to make a comparison of the minim
composite Higgs model~MCHM! presented here with th
minimal supersymmetric standard model~MSSM!. Both
these models have a decoupling limit in which they look li
the standard model, and therefore are consistent with cur
electroweak precision data. Both models include two Hig
doublets, but the composite model requires also two ga
singlet fields resulting in a more complicated Higgs sec
The top quark plays an active role in electroweak symme
breaking within both the MCHM and MSSM.

These two models may be viewed as effective theo
whose parameters have to be determined by higher-en
physics. The MCHM includes four coefficients of the fou
quark operators which are fixed by the gauge couplings
representations of the top andx quarks, and possibly by thei
position in extra dimensions. The MSSM has soft supersy
metry breaking parameters which need to be determi
within a theory of dynamical supersymmetry breaking. Sim
larly, the presence of the gauge invariant fermion mass te
that are present in the MCHM, and them term in the MSSM
are hopefully accounted for by physics at higher energy.

From a more theoretical point of view, both the MCH
and the MSSM can be linked to low energy manifestations
certain features that are likely to occur in a more compreh
sive theory which includes quantum gravity, such as string
M theory. Furthermore, in the presence of extra dimensi
compactified at a scale in the TeV range, the compo
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Higgs model is compatible with gauge coupling unificati
@19#, although this cannot be checked at the level of pre
sion allowed by the perturbativity of the MSSM.

Despite these similar aspects, the MCHM and MSSM
conceptually different. In the MCHM there is no fundame
tal Higgs field. Therefore, the origin of electroweak symm
try breaking is found in dynamical phenomena, as oppo
to the radiative corrections involved in the MSSM. Also, t
phenomenology of the MCHM and MSSM is different. I
the MCHM there are no superpartners at the electrow
scale, but there is a potentially light axion, a heavy vect
like quark, and interesting phenomena at scales in the T
range, associated with the strong dynamics.

An important phenomenological aspect of the MCHM
the dominant branching ratio~if allowed kinematically! of
the Higgs boson decay into composite axion pairs. The
covery of the Higgs boson in this decay mode would be
spectacular evidence for the MCHM. On the other hand
only a light standard model Higgs boson will be discovere
it will probably be necessary to measure its trilinear coupl
or to experiment with colliders at higher energies in order
distinguish between the MCHM, the MSSM, or other mod
with a decoupling limit.

Note added.A related study of a top quark seesaw mod
has appeared while this work was concluded@35#. The focus
of that study is rather different than in this paper. For e
ample, the models discussed there do not have a decou
limit in which the standard model with a light Higgs boson
recovered.
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APPENDIX: EXTREMIZATION CONDITIONS
FOR THE EFFECTIVE POTENTIAL

In this Appendix we list the extremization conditions fo
the effective potential studied in Sec. III. These can be r
from Eq. ~3.1! by imposing the cancellation of the tadpo
terms:

]V~0!

]htt
0

5vcosbFMtt
2 1

lv2

2e2 S r s

tanb

tang
1e2D G50 ~A1!

]V~0!

]htx
0

5vsinbFMtx
2 2

lv2

2e2
~r s2e2!G50

]V~0!

]hxt
0

52
vsinb

etang FMxt
2 1

lv2

2e2 S sin2 b

sin2 g
1e2r s

tang

tanb D G
1A2 Cxt50
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]V~0!

]hxx
0

52
v
e

sinbFMxx
2 1

lv2

2e2 S sin2 b

sin2 g
2e2r sD G

1A2 Cxx50

where we introduced for convenience the following notatio
on

ou
T.

’’
.

ll,

n

ki

. B

n

B
-

01500
:

r s[
sinb

sing
cos~b1g!. ~A2!

Note thatMtx
2 ,0 requires cos(b1g),0, while the expres-

sion for the top mass~3.4! imposes

21,r s,211
1

j2
1O~1/j4!. ~A3!
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