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Minimal composite Higgs model with light bosons
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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, namelyC#-odd neutral scalar. Several other composite scalars are
expected to have masses in the TeV range. If the Higgs boson decay into a galP-ofld scalars is
kinematically open, then this decay mode is dominant, with important implications for Higgs boson searches.
The lower bound on th€ P-odd scalar mass is loose, in some cases as lowH¥) MeV, being set only by
astrophysical constraints.
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. INTRODUCTION However, if the Higgs doublet weretat, bound state, then
a fairly reliable relation between the top quark mamss, and
The standard model is phenomenologically successful age electroweak scale,~246 GeV, can be derivefR—4].
an effective theory below some energy scale where new desjyen the measured value,~ 175 GeV, models of this type
grees of freedonfother than the yet-to-be-discovered Higgs ¢ould produce sufficiently large/ andZ masses only if the
boson should become relevant. Generic evidence for newompositeness scale is exponentially larger than the elec-
physics is provided by the unphysical Landau poles for thgroweak scale, and therefore they require fine-tuning.
quartic, hypercharge and Yukawa couplings within the stan- Thys it appears necessary that some new states play the
dard model, and by the existence of the gravitational interrp|e of Higgs constituents. A minimal choice is to introduce
actions. Barring an unlikely tuning of the parameters, they yector-like quarky, and non-perturbative four-quark inter-
scaleM of new physics that has an impact on the Higgssctions that involve the andt. Consequently, the vacuum

self-energy should be in the TeV range or below. The natur ecomes populated witlyst, virtual pairs which make it

of this new physics remains unknown, and until experimenta‘Epaque to tha andZ, so that the electroweak symmetry is
evidence for physics beyond the Standard Model willyjpan. Furthermore, the and y mix, allowing m,~175
emerge, we should seek plausible explanations or alterng;ey ang ay mass in the TeV range. This is the top conden-
tives to the less compelling aspects of the standard moded,tion seesaw mechanidis]. Below the scale of the four-
One such aspect is that the Higgs doublet isdmocpart of  quark operators, the effective theory contains a number of

the standard model, which fits well the data but does nOéomposite Sca|arsy inc|uding@P_even neutral H|ggs boson

have an intrinsic motivation. This remains true for SUpersyms, hich is mainly a;RtL bound statg6]. This theory has a

metric or grand unified extensions of the Standard Model. B36ecoup|ing limit in which at low energy it behaves as the

contrast, the fermion content of the Standard Model is bettegiandard model, and therefore is phenomenologically viable.
motiyated, due to the anomaly cancellations and chiral sym- The four-quark interactions should be softened at high
metries. energy within a renormalizable or finite theory. Examples of
It is therefore useful to investigate the possibility that thethis type involve new spontaneously broken gauge symme-
Higgs doublet is not a fundamental degree of freedom butries[5—7] or extra dimensions accessible to the glu®9].
rather a bound state that appears only in the effective theory In this paper we study in detail a minimal composite
below the scaleM .. Composite models in which the Higgs model which allows a light standard-model-like Higgs bo-
doublet is made up of some new fermions which belong teson. This model is based on the top condensation seesaw
chiral representations of the electroweak gauge group hav@echanism, and the groundwork for its analysis is the effec-
been known for a long timgl]. Currently, the electroweak tive potential formalism presented in Rg8]. Here we focus
precision measurements constrain tightly the number of newn the low-energy effective theory and its phenomenological
chiral fermions, so that this type of models is disfavoredimplications.
unless there are non-perturbative effects or other phenomena In Sec. Il we discuss the compositeness condition, and we
that reduce the deviations of the electroweak observables. identify a minimal set of ingredients necessary for the exis-
An economical way of satisfying the constraints from thetence of a light composite Higgs boson.
electroweak data is to bind a Higgs doublet out of the known In Sec. Il we write down the effective potential, and we
fermions. The top quark, having the mass close to the elediscuss the Higgs boson spectrum. We establish that, besides
troweak scale, is a prime candidate for a Higgs constituenthe lightest neutraC P-even scalar, the composite Higgs sec-
tor may include only one physical state below a scale of
order 1 TeV. This is & P-odd scalar, which we will generi-
*Email address: bdob@fnal.gov cally call the composite axion.
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The properties of the composite axion and lightest neutral \ /
CP-even Higgs boson are presented in Sec. IV. In Sec. V we YR N xr 7
turn to the Higgs couplings to the quarks and leptons.

. H H

In Sec. VI we study the lower bounds on the composite — — —Q— —— 3 3
axion mass. In Sec. VIl we compare the minimal composite
Higgs model with the minimal supersymmetric standard Y3 /  XR\\
model, and we make some final remarks on phenomenology. / N
In the Appendix we list the extremization conditions for the o ]
effective potential. FIG. 1. LargeN, contributions to the Higgs doublet self-energy

and quartic coupling.

Il. INGREDIENTS OF A MINIMAL COMPOSITE HIGGS —
MODEL —&(PixrH+H.C). (2.2

The Higgs sector of the standard model depends mainlyf ¢ is sufficiently large, then thg contribution to the Higgs
on three parameters: the Higgs doublet squared-rrmés, self-energy may lead to the cancellation of the Higgs kinetic
the quartic coupling\, and the top Yukawa coupling;,  term at a scaléM, which is not hierarchically bigger than
= mt\/i/vml_ The relevant piece of the Lagrangian at them, . However, in this case the renormalization group evolu-

electroweak scale is given by tion is nonperturbativéthe cancellation of the Higgs kinetic
term requires the loop expansion parameter to be of order
it 5 : Nv) o one, and a very precise computation is not within reach.
Lsw(v)=(D"HH(D,H)=My(v)HH— ——(H'H) Fortunately, they is a color triplet, so that we can use an
expansion in M., whereN, is the number of colors. In this
_yt(ﬁtRH +H.c), (2.1 case the leading effects gfon the Higgs parameters are the

same as the perturbative one-loop contributions. Although it

where the Lagrangian is defined at the electroweak sggle, 1S hard to estimate precisely how large are the corrections
is the top-bottom left-handed doublet, and we have chesen from the non-leadind. terms, trading the physical problem
to have hypercharge-1 for convenience. The other cou- Of fine-tuningM./m,>1 for the computational problem at
plings are of little relevance for the renormalization groupMc~m, seems justified. In practice, these two problems
evolution of these three parametéose possible exception May be balanced by considering a small hierarchy between
would be large neutrino Yukawa couplings, which in the Mc andm, , such that the fine-tuning is not excessive while
presence of large Majorana masses yield acceptable neutrifide ¢ Yukawa coupling is not much larger than one.

masses; we will not consider this possibility Here At a scaleu>m,, the Higgs sector takes the form
If the Higgs doublet is a bound state with a compositeness it ) ¢

scaleM,, then at scales abowd ; the Higgs doublet is no Lsms () =Zy(u)(D"HH(D,H) =M (w)HH

longer a physical degree of freedom. Therefore, its kinetic )

term should vanish a¥l.. We will refer to this requirement — TM(HTH)Z—[EE(yttR—F Exr)H

as the compositeness conditi¢@,10]. Note that this is
equivalent with the statement that all the Higgs parameters

blow up atM. if the kinetic term normalization is fixed. MRt H-C, 23

while belowm, the x is integrated out and we recover the
A. The vector-like quark standard model.

The top quark loop correction to the Higgs kinetic term is A Straightforward computation of the one-loop Higgs
negative, diminishing the wave function renormalization,Se|f'enef9y and quartic couplingee Fig. 1 gives

suggestive of the possibility that the Higgs doublet @q

bound statd2-4]. However, the top Yukawa coupling is ZH(M)=1—NC§2In '“_2 '
perturbativey,~1, and the kinetic term may vanish only if 1672 m)z(

the M, scale is exponentially higher than the electroweak

scale, such that the logarithm overcomes the loop factor. Al- Mp)=N)+28[Zy(w)—1],

though a large hierarchy betweén, and the electroweak

scale cannot be ruled out, we will ignore this possibility due &

to a lack of explanation of the exponential fine-tuning re- M2 () =M3Z(v)+— S (pP-v?), (24
quired in that case. 8m

Therefore, the compositeness condition requires new o
physics above the electroweak scale in order to speed up thghere we neglected the top-quark contributions. The com-
running of the Higgs parameters. A simple choice is to in-Positeness conditiorz,(M) =0, yields
clude a vector-like quarky, which has the same transforma- 9
tion properties under the standard model gauge group as £2= kil )
and a massn,>v. This introduces a new Yukawa coupling: NcIn(Mc/m,)

(2.5
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Since the ratiM./m, is unlikely to be exponentially large, tr (XRr)
it follows that &1, suggesting that the Higgs doublet is

mainly a;Rgz/E bound state. But as stated before, keeping a

reasonably small hierarchy betwekh andm, allows more byt ( ¢~<x)
control over the computation. For exampl®l./m,~ 10 ’
— 100 givesé~3.4—2.4. XL
If we impose\ () >0 at all scales below ., so that the i
scalar potential is bounded from below, then the quartic cou- FIG. 2. Tadpole terms for the electroweak singlet scalars.

pling at the electroweak scale, . .
where the scala® is a 3X2 complex matrix,

)\(U)Z)\(MC)+2§2, (2.6 ( H, _HX)
= .

is significantly larger than one, corresponding to a large P Pux

Higgs boson mass, VA (v). After the non-leading contribu-  with the phase of , chosen negative for later convenience.

tions (from finite-N., top quark, electroweak, and QCD ef- Note that theSU(2),,x U(1)y electroweak symmetry is a

fects are taken into account, we expect the Higgs bosoryauged subgroup of this chiral symmetry.

mass to be close to the unitarity bound of 0.7-0.9 TeV. Likewise, the leadindN, contributions to the running of
the quartic couplings between the scajeand w is U(3),

B. Extending the Higgs sector XU(2)r symmetric:

(2.9

So far we have shown that the compositeness condition, Av) )
Zy(M()=0, suffices to prove that the Higgs doublet cannot Lauartid #) = Lquartid v) — TTV[((I’TCD) ] (29

be atwa bound state without exponential fine-tuning, while

it can be ayry? bound state provided the Higgs boson is There are no othet(3), < U(2)r symmetric terms in the
quite heavy. scalar potential.

Next we would like to identify the circumstances which ~ Since thex quark is vector-like, and transforms under the
allow the composite Higgs boson to be light, close to thestandard model gauge group as the we can write two
current experimental bounds. The large quartic coupling is &auge Invariant mass terms:
rather generic feature of a composite Higgs sector. However, _ _
only in the standard model the Higgs boson mass is straight- Mt XLERT sy XLXRT H.C. (2.10
forwardly determined by the quartic coupling. For extended . )

Higgs sectors, the mixing between differ&@P-even scalars 1hese break explicitly the chiral symmetry down to
may drive the lightest neutral Higgs boson significantly be-SU(2)w>xU(1)yXU(1)g, where the last group refers to a
low the standard model unitarity bound. In order to allow aglobal baryon number. The effect of these explicit mass
large scalar mixing, the constituents of the composite Higgéerms is to mduce tadpole terms for the weak-singlet scalars
sector should mix themselves. For the minimal fermion conln the effective potentialsee Fig. 2

tent, i.e. three generations of quarks and leptons plus the

vector-like quarky, the only fields that may have large mix- T (Cudput CydyTH-C). (217

ings with thexg and 7 are thetg andy, . The tadpole coefficients may be estimated by cutting off the

Therefore, we will con5|d_er a composite Higgs sector|OOIO integral atM . For <M,
which involves four scalar fields: two weak-doublets, '

~xr¥? andH~tgy?, and two weak-singletsp,~ trx, N &
and ¢,,~ xrxL - Note that the case where one of the fer- c
mion fields is not a Higgs constituent can be recovered by

taking the masses of the corresponding two scalars to infinanother effect of these explicit mass terms is to induce tri-

ity, but in that case the Higgs boson is hed®9y. linear scalar terms proportional witp,, ,,, due to the
For an extended Higgs sector, a natural formulation of thgargeN, running between the scalesand M. .

compositeness condition is that all scalar kinetic terms van- A generic high energy theory at the scMe gives rise to

ish at the same scale. In the lariyg-limit, the only contri- e most general mass terms for the composite scalars, which
bution to a scalar kinetic term comes from the fermions withg|so preak explicitly theU(3), X U(2)g chiral symmetry

Iarge.Yukawa_l couplings to that cqmposite scalar, namelyown to SU(2)wXU(1)yXU(1)s. Putting together all
frc_>m its constituents. Hence, the chiral symmetry of the conthese terms, the scalar potential for the two-doublet-two-
stituents,U(3) X U(2)r, is preserved by the Yukawa cou- singlet composite Higgs sector has all possible gauge invari-

M2, (2.12

xtoxx™ 872 Mext, xx

plings of the composite scalars: ant terms and is hard to analyze. In order to progress we need
t to make some assumptions about the high energy theory that
2, X))@ "l +He. (2.7 s responsible for binding together the tg and ¢ within
XR the composite scalars.

015004-3



BOGDAN A. DOBRESCU PHYSICAL REVIEW D63 015004

First, we can invoke a small hierarchy between the com- The choice of a gauge group is further restricted if no new
positeness scale and the masses of the composite scalarsch#al generations of fermions are introduced. The represen-
mentioned in Sec. Il A. As a result, the trilinear, quartic andtations of the new non-Abelian gauge group may coincide
higher-dimensional Higgs couplings at tiM; scale are with those ofSU(3)c, as in top colof11], or may corre-
small, sgppressed by powers of tkie /m, raqo. Second, we  spond to some flavor or family symmetfy].
will see in Sec. Il C that the sector of the'hlgh-energ)./ th'eory The Compositeness scale is approxima‘te|y given by the
responsible for binding the composite Higgs sector is likelymasses of the heavy gauge bosons. Belw, the gauge
to preserve a globdl (1), U(1),xU(1)g subgroup of the - po50ns are integrated out resulting in higher-dimensional op-
chiral symmetry. Th|s Symmetry precludgs the presence 0c‘-i\rators, including those listed in E(.13. The four-quark
mass terms that mix the doublets or the singlets in the effeGso o101 with left-left or right-right current-current structure
tive poFentlaI. The quark chgrges under thls_symmet_ry %o not contribute to the effective potential in the lafdg-
dete.m.“'“ed only up to a unitary transformation. A SlmpleIimit (though they do contribute to observables, most impor-
basis is that where onltg and yg are charged unded (1), M
and U(1),, respectively. One linear combination of thesetantly to thep parametef12,13, but these contributions are

X P y. sufficiently small forM. above a few Te\{14]). All other

two U(1)’s has anaxial QCD anomaly, but this effect may . . .
be neglected as we will argue in Sec. V. four-quark operators which are invariant under the standard

With these assumptions, one can easily integrate out th&0del gauge group and involve only thig , tr andy fields
composite scalars at scales abdve, where they can be Violate the globalU(1);xU(1), symmetry, and are not ex-
treated as non-propagatirigpurion fields. This bottom-up Pected to be induced by heavy gauge boson exchanges.

approach results in the following four-quark operators at the Operators of dimension-8 or higher are also induced by
scaleM,: the gauge dynamics. However, their effects are negligible at

scales significantly belowl .. Therefore it is convenient to
ignore them by arranging a small hierarchy betw&enand
the composite scalar masses. Such a hierarchy arises if there
is a second order phase transition in which a continuous
variation of the gauge coupling induces a continuous varia-
— Oy — — tion of the scalar masses. There are various arguments, based
X(trxo) + W(XLXR)(XRXL)' (213 general on the larghk, limit, indicating that a spontane-
¢ ously broken gauge group leads indeed to a second order
phase transitiof13,15. In practice, since we do not require
Altogether, there are seven parameters: the four coefficientsn exponential hierarchy, it is sufficient to have a weakly
of the above operators, the two massgs (andu,:), and  first order phase transition.
the overall scaléM .. The effective potential below the scale  The new gauge dynamics should be flavor dependent, so
M. is sufficiently simple to be analyzed analytically. Before that only the top angy acquire large masses. This can be
doing so in Sec. lll, we will argue in the remainder of this realized in various ways. The strongly coupled gauge inter-
section that the assumptions made here are realistic. action may act only on the third generation quarks and on the
x, While the splitting between thg, t, b masses may be
given by some perturbative interactions. Examples of this
type have been given if5,6]. Alternatively, the strongly
The basic assumption we are making for an extendedoupled gauge interaction may be flavor universal, with the
composite Higgs sector is that all scalar kinetic terms vanisllavor breaking provided by an extended vector-like quark
at the same scale, referred to as the compositenessMgale sector(7].
Therefore, the composite scalars are no longer physical de- Above theM, scale there must be some additional phys-
grees of freedom and they should be integrated out abovies that leads to the spontaneously breaking of the non-
M. This gives rise to higher-dimensional operators which atAbelian gauge symmetry responsible for Higgs composite-
high-energy should be replaced by a renormalizable or finiteess. This may involve new gauge dynamics, or fundamental
theory. scalars and supersymmetry. Yet another alternative may be
A conspicuous direction for seeking such a high-energyprovided by quantum gravitational effects if gravity is modi-
theory is to consider some new gauge dynamics which bind8ed at short distancgl6—18 such that it becomes strong at
the t and y within the composite scalars. Such dynamicsa scale in the multi-TeV range, not far abovk, .
cannot be confining because the top has already been ob- Instead of a new gauge symmetry, the binding of the
served by the CDF and D@ollaborations. On the other Higgs sector may be produced by the standard model gauge
hand, the new gauge interactions have to be rather stronglyosons propagating in extra dimensiof&,9] of radius
coupled at the compositeness scale in order to deeply bintfM . Basically, the exchange of Kaluza-Klein modes of the
the Higgs doublets and trigger the electroweak phase transgiuons induces four-quark operators of the tygel3. Al-
tion. Therefore, unless the new physics is very unconventhough the Kaluza-Klein modes are weakly coupled at a TeV
tional right above the compositeness scale, the new gaugeales, the combined effect of all modes is nonperturbative.
interactions must be asymptotically free. These requirementhis is also consistent with gauge coupling unification at a
single out spontaneously broken non-Abelian gauge theoriescale below 100 TeV19], albeit the theoretical uncertainties

2
(Fte) (trsd) + %&Lw

C

2
Iyt

2
gwx_a — 3
Lei=—% + =
eff Mi(‘/’LXR)(XR'ﬂL) |v|§

2

C. Candidates for physics above the compositeness scale
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are somewhat larger than in the minimal supersymmetridroken by the tadpole terms. The tadpole terms also force the

standard model. ¢, and ¢, to have non-zero vacuum expectation values
Moreover, the extra dimensions allow new explanationgVEVs). For MfX<0, there is a range of parameters where

for flavor symmetry breaking, such as flavor-dependent pothe H, doublet has a non-zero VEV, breaking the elec-

sitions of the fermions in the extra dimensid2€], messen-  troweak symmetry. In that case, the third termMVoprovides

gers of flavor-breaking propagating in the byiXl], or ex-  a tadpole forH,, which acquires a VEV too. Finally, the

ponential suppressions due to renormalization eff(2®.  conditionM2>0 is sufficient to keep the VEVs of the two

The extra dimensions could also provide a natural reason foublets aligned, leaving the photon massless:

the existence of the vector-like quark, becausexttieas the

same gauge quantum numbers as the Kaluza-Klein modes of

thetg. This idea however requires further study. —[vcosB+ hg+i(A°sinﬂ—G°cos,8)]
The gauge theories in extra dimensions are non- Hi= V2 g

renormalizable, so that new physics should soften the inter- H~sinB— G cosp

actions at a scale close to the compactification scale. This

physics may be based on an underlying theory that includes 1

guantum gravity, such as string or M theory. Alternatively, a [vsinB+ h?X— i(AcosB+GOsinp)]
physical cutoff to the interactions of the Kaluza-Klein modes H\ = V2

could be set by the brane recfi#3], potentially allowing the —(H cosB+G sing)
fundamentalstring scale to be substantially higher than the
compactification scale. ;
T L
Ill. THE TWO-DOUBLET-TWO-SINGLET HIGGS \/E € Y
SECTOR

v 0 ,iaD
—ES|nﬁ+hXX+|A ) (3.2

In this section we study the composite Higgs sector which ¢ =— w

includes two weak-doublets; and H,, and two weak- V2

singlets,¢,; and ¢, . The effective potential is determined ) ,
based on the following four assumptions discussed in sedvhere we have written the VEVs in terms of the electroweak

IB: scale, fixed atv~246 GeV, and three other parameters:

(1) The compositeness condition: the kinetic terms of all3:Y € (0,7/2) ande>0. These VEVs are related to the pa-
composite scalars vanish at the same sbéje rameters in the effective potential by the extremization con-

(2) There is a separation between the compositeness scalions listed in the Appendix. Note that the phases of the
and the scalar masses. VEVs for ¢, and ¢, are fixed by the ta_dpc_)le terms, the
(3) The interactions which bind the composite scalars pref€lative phase of the VEVs for; andH, is fixed by the

serve theU(1),xU(1), chiral symmetry of thetg and xg f[hird termin Eq.(3.1),_ and the phase dfl, has been chosen
quarks. in the Yukawa coupling$2.7).

=+ 0
(4) The largeN, limit is a reasonable approximation for G~ andG” are the Nambu-Goldstone bosons that become
computing the effects of the strong dynamics responsible fof€ longitudinalWw andZ. Altogether there are nine massive

compositeness. degrees of freedom, which are characterized by their electric
The effective potential below the compositeness scale i§Narge and P-parity: two charged statds ™, threeC P-odd
given by neutral scalaré\’, Asts A,y and fourC P-even neutral sca-
lars,hg,, hY,, hY andh? . Before dissecting their spectrum,
A let us discuss the constraints on the parameter space.
V= E[(HIHtJr ¢;t¢xt)2+ (H;HX+ ¢;X¢XX)2 TheH  doublet contributes more to the electroweak sym-
metry breaking thard; (this is the motivation for introduc-
+2|Ht‘f|-|X_ ¢j(t¢xx|2]+Mt2tH;rHt+ Mtsz;r(Hx ing the vector-like quark so that tag3>1. Due to the

Yukawa couplings of the scalars to their constituefsise
+M)2(t¢;t¢xt+M)2(X¢;X¢XX+(CXt¢Xt+ Cy v tH.C).  Eq.(2.7)], thet and x mix, with a mass matrix

@D fvsing — — (—ECOI,B 6)(IR
The seven parameters listed at the end of Sec. |l B have been e\2 (teox coty 1/\ xr
replaced by four real squared-mass parameters, two tadpole
coefficients(chosen positive and the quartic coupling. With where the Yukawa coupling is given by Eq.(2.5 in the
the exception of\ which can be computed in the large- largeN, limit. We are interested in the case where ghés
limit and depends only logarithmically ov ., the other pa- heavier than the top, so that the corrections to the elec-
rameters are essentially free, and remain to be determindtbweak observables are small. This implies1. In what
within the underlying theory above the compositeness scaldollows we will often consider the limit in whichy de-

The effective potential iSU(2)yxU(1)y andCP in-  couples, i.ee<1. The physical top quark is the light mass

variant, and has &J(1)xXU(1), global symmetry softly eigenstate of the above matrix:

) , (3.3
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\/Eetany
%%il’(ﬂ-ﬁ- N1+0O(d)]. (3.9 Miozcxt.—[l—EZCAtanyCOSﬂ+O(e4)],
2 t vsing
Therefore, sing+y)~1/¢. For £&2>1 one has tag,tany 2 V2e , 4
>1. More generally, we allovB, y e (7/4,7/2), which also MAS( Crx Smlg[l €*Cacosp+O(e?)]. (3.10

satisfies the cog+ y)<<0 restriction imposed by the extrem-
ization condition written in the Appendix. Finally, the quar- The two dimensionless coefficients
tic coupling at the electroweak scale is related to the Yukawa
coupling byx ~2£2 in the largeN,, limit, because the quartic Cam cosgtany
coupling at the compositeness scale is assumed to be negli- A 1-(C,;/Cp)tany’
gible [see Eq(2.6)].

Let us proceed with the computation of the scalar spec- cosp

trum. The charged Higgs bosoH,”, has a mass Ca= 1-(C,,/Co)’ 311
A tan where
Mﬁ+=§v% . A —1) (3.5
eftany Ad tang
. . . 0=—== ——Sing, (3.12
This sets the scale for the heavy composite scalars. In addi- 2\2¢3 tany
tion, this is roughly the scale for the vector-like quark, whose
mass is given by are defined such that the mass eigenstates ofCtReodd
neutral scalars take a simple form:
sin28 )
M=M=\ 5 gl 1+ O )], (3.6 AD=A%+ €(CpAY—CpAT )+ O(€?)
AP =Ad — ecpA%+ O(€?)
A. CP-odd neutral scalars
From the effective potential one can find the squared- AY=A) +ecpA%+O(€?). (3.13
mass matrix for the thre€ P-odd neutral scalars\°, Agt, o L _ , _
0 . is inclu i A i u-
and A The A] state is included predominantly in the Higgs do
blets. In the smalk limit, it belongs to a linear combination
o2 cod B of Higgs doublets, namely {Hsing+H,cosp), whose
Mf'i+ T) 1+ €2 Uodiagl,0,0)Ug VEV vanishes. The other states of this linear combination
cos y are the charged Higgs and @P-even neutral scalar. The
\/— degeneracy of these states is lifted only by electroweak sym-
diag0,C,tany, C,,). (3.7  metry breaking effects. As a result, the mass splittings
5'”:8 among these states are proportional with/M? .~ €2,

which explains the first equation in E(B.10.
The A? andA? are predominantly the imaginary parts of
C0S0,c080, —sinf, COSO, SN b, the Weak—singlet fiel_ds. They are the Nambu-Goldstone
. . . bosons associated with th#(1),XU(1), global symmetry
Up=| sindicosd cosfy sindisind, |, (3.8)  of the effective potential, which is spontaneously broken at a
—siné, 0 cosb, scale of ordew/e. The tadpole terms from the effective po-
tent|al break theU(l)tx U(1), symmetry explicitly, so that
would define the mixing angles if the,; andC,, were zero  the A and A acquire squared-masses proportionalCtg
(we will see below that this would not be a viable daSéhe  and CXX, respectlvely This explains the second and third
angles; , 6, < (0,/2) are given by equations in Eq(3.10.

Up to anSU(2) transformation, the matrix

tand; = ecosB tanvy, B. CP-even neutral scalars

tan#,= ecosf cosb; . (3.9 The composite Higgs sector includes faliP-even neu-
tral scalars. The two states belonging to the Higgs doublets,
The mass matrix of th€ P-odd states is diagonal in the htt,h?X, do not mix in theeeo limit with the two states
e—0 limit. Therefore, we can diagonalize it by expanding in from the Higgs smgletshXX, . This allows us to identify
e, and we obtain the following squared-masses of thémmediately the mass elgenstates to leading ordet s a
CP-odd neutral scalars: result we learn that it is convenient to write the squared-mass
matrix for CP-even neutral scalat(svithout expanding ins)
in the basis ¢sing hg+cosg hp), (cosg hf+sing hy),

0 0 .
hX andhXX.

2

0
Al

M 14 €?

tany
cosﬁ(cAtany+c’A)+— +O( 4)]

tang

g2
_MH
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~ [tanB
diag ——, 2¢€? eB
ME A’ e + ﬁfd' 0,0,C .t C 3.1
=— ———dia an )
h o2 . . sm2,8 S|r12,8 vsinB 90,0.Cutany, Cy) (314
eB I' dia 22
sin2y © smzy

where the X2 matrix B depends only o8 and v,

B sinﬂ( sin(2B+y) cog2B+7y) 31
~ siny| —2cosBcogB+y) 2sinBcogB+y))’ 319
andI’ is a unitary matrix,
siny  cosy
:(—COSy siny)' (318

From the mass matrix it can be seen that one of the mass eigenst%ms predominantly the {sing h .+ cosp h )
state. Up to mixings of ordex, H forms together wnlAO andH* a weak-doublet with a zero VEV. As dlscussed in the case
of A%, the mass splitting among these states are given by electroweak symmetry breaking effects which show up in the heavy
scalar spectrum only at ordef:

2
MH(l)zMﬁt[lnLO(ez)]. (3.17
This can also be checked directly from the expression/\ﬂ)ﬁ.

Two other scalars are linear combinations of the real parts of the weak-singlets ande @derixtures of the neutral

components of the weak-doublets. The third and fourth lines and rovg ﬁ)fgive their masses to leading order df
2

sin 2B
HO Mﬁ
23 sin 2y

M ———[1+X+ X, = V(1+ X=X, ) > = 4(X—X,)Sin? y ][ 1+ O(e?)], (3.18

where we used the notation

. M*o
sin2y A,
= >0. .
Xt, x 23|n2,8 MH‘: 0 (319

It is straightforward to check thaﬂao are positive everywhere within the parameter space.

The onIy remaining mass elgenstate which we l&els predominantly (cog h (+sing h ). Its mass cancels at leading
order in€?. This is due to the fact th&t® sits mainly in the only combination of Weak doublets which breaks the electroweak
symmetry. Hence, for fixed theh® mass does not depend epwhereas the other scalar masses scaleead &/computeM o
we have to go to the next-to-leading order in thexpansion. Fortunately, we do not need to diagonalize thé Mﬁ matrix.

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

DetM f=M{joM oM oM. (3.20

The result is fairly simple:

X;Sir? B+x,cos B+ sir?(B+
MZo=Av?| 1—cof (B+7) ST B X A (B ’Y)+O(62)}. (3.21)
XX, + X;SIM? y+X,C0& y
The mass eigenstate corresponding to this eigenvalue may also be derived by expanding in pewers of
h®=sing hY +cosp hy+e(cphd+cphd ) +0(€?), (3.22
where the two dimensionless coefficients are defined by
c siny coq B+ X,C0SB3 siny
( h): _ y cosh+ ) ( - )+Sin(ﬁ+y)( ) . (3.23
Ch/  sinB(XX, + XS y+x,c08 y) L | —XsinB —cosy
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We are now in a good position for discussing the vacuunfactor 1£2. This means that the extremization conditions
stability. The extremum conditions written down in the Ap- listed in the Appendix require a fine-tuning of orde.
pendix are automatically satisfied because they have been Due to the current agreement of the standard model to the
used to replace the four mass-squared parameters from tegperimental data, it follows that the minimal composite
effective potential with four new parameters. Therefore, theHiggs model discussed in this paper is viable for sneall
vacuum defined by Ed3.2) is a local minimum if and only The strongest boundk=0.2 comes from the parameter,
if all four eigenvalues of\1 2 are positive. We have seen that which receives corrections due to thg mixing [5,6]. This

three of themM2 M2 andMao are always positive. The bound is loose enough to avoid worrisome fine-tuning, but
3

0, 0,
. & _H_2 2 _ L sufficient to make the decoupling limit a reasonable approxi-
only remaining conditionM (>0, is restrictive. For ex- mation.

ample, if bothM 0 andMA?( were of ordemw or lighter, then Since the standard model is the decoupling limit of an

x; and x, were of ordere?, and M7, would be negative. underlying theory with dynamical electroweak symmetry

Thus, at most one o1 ,0 andM 40 may be as light as the breaking, the I_-|iggs boson mass is a function of the param-
t X eters of the high energy theory. Hence, one has to check
electroweak scale, the other one having a mass of @iler \ynether there are restrictions on the Higgs boson mass in

or Iarger.. 2 addition to the usual standard model upper bounds from uni-
ImposingM,c>0 ensures that the vacuum that we studyarity and triviality, and the lower bounds from direct

is a local minimum of the potential, but not necessarily asearches. Note that the indirect upper boundvinfrom the

global minimum. An inspection of the extremum conditions g|ectroweak data is not constraining unless the scale of new

shows that there is only one other candidate for a 9|0babhysics is very highi25]. Also, the constraint from vacuum

minimum, namely that obtained by taking—0 andv/e  stapility at large field is easily relaxed in the presence of new
>0. This is easy to understand, because the tadpole termghysics[26].

always give rise to VEVs fop and, , . Itis clear that the From the expression favl%, in Eq. (3.21) it is clear that

v_%o m|n|mumfwh|chﬁwg stludly here Ij deepgr thar: the fthe upper end of the standard model range can be reached
M 1t seoms hard 1o compte analytioaly the crical value o1ty L which cortesponds to large values fa
o

for M2 . so that we do not derive the condition for having aand'u“' By reducingx; andx, continuously we can cover

tx the whole mass range of the standard model Higgs boson.
completely stable vacuum. Note however that even a local |t js useful to find out in more detail the situations in
minimum is likely to be very long lived, barriers with sizes hich M, 0 may be as light a€(100) GeV. To this end, we
of order TeV implying lifetimes typically longer than the age \yould like to expresd o in terms of the parameters of the

of the universe24]. effective potential. For simplicity we will consider the “see-
saw limit,” tan>1, in which only theH, doublet is re-
IV. LIGHT BOSON SPECTRUM sponsible for the bulk of electroweak symmetry breaking,

nd the top mass is produced almost entirely via the seesaw
echanism. To leading order in 1/tBnand €2, the Higgs
boson squared-mass takes the form

In the previous section we have seen that the charge
Higgs, three of the&C P-even neutral scalars and o@é-odd
neutral scalar are always heavy, with masses of oyder e,

in the TeV range. The only remaining physical states are the 2 M4
CP-evenh®, and theCP-odd A} andA? . Furthermore, the MZo= 5 ~| (M2 —MZ)+ z—tXZ
vacuum stability condition implies that only one Af and Mix—3Mi, M~ 3Miy

A?( may have a mass of orderor smaller. Therefore, there 4 1

are three possible contents for the composite Higgs spectrum % ( 14— % |40 _> ] (4.1
below a TeV scale: =M &2

(1) Only theh?;
(2) theh® andA?;

In deriving this equation we have used 1£<1, which
(3) theh® andA). ; R A

follows from the expressio(8.4) for the top quark mass, and

In this section we analyze these cases in turn. A=2¢2. The leading order in & has been derived previ-
ously in [6], where it is argued that there may be natural
A. Standard model in the decoupling limit situations in which the underlying theory above the compos-

If the only scalar lighter than a scale of order 1 TeV is the/teNess scale dictates a partial cancellation betVM§P and
CP-even Higgs bosonh®, then the low energy theory has M¢, , making a light composite Higgs boson a distinct pos-
precisely the standard model field content. The correctionsibility. In practice it is sufficient that this cancellation is of
due to the heavier states are of ordér Therefore, the stan- Order 1£°~10%. To see this, let us define a parametgr

dard model is obtained in the decoupling limit where1.  ~O(1) by

However, in practicee cannot be smaller than one by many

orders of magnitude if we want to avoid an exponential fine- 2 d

tuning. Note that the mass terms in the effective potential %:1+ —'\2" (4.2)
have coefficients of orderp, which is larger thawm? by a Miy 3

015004-8



MINIMAL COMPOSITE HIGGS MODEL WITH LIGHT BOSONS PHYSICAL REVIEW D63 015004

and assume for simplicity thal f(t»MtZX. The Mﬁo depen- P 7 A
dence ondy,, s
MZo=~(1—dy)v?, 4.3 R ©< N
~
shows that the Higgs boson mass can easily be below the ~ A9

electroweak scale in this case.

One may wonder how large are the radiative corrections FIG. 3. One-loop contribution of the heavy scalars to the trilin-
to the Higgs boson mass. In fact we have already includegar coupling of the Higgs boson to composite-axion pairs.
the leading largeN. loop corrections when we derived the

effective potential. The corrections from the quartic and tri- 2 2.2 aM2,
linear scalar couplings are in general significant given that I'(h°— APA) = vTay N (4.6)
the quartic coupling in the effective potential is large. How- Y 320M0 5 '

ever, these contributions are of ordeNg/compared to the

ones we included, and we will assume that their effects dgs of the order of the Higgs boson mass for a light Higgs
not change qualitatively our results. boson, and decreases for lardéro.

Although in the decoupling limit the low energy effective  The Higgs boson mass has a simple form when the top-
theory looks like the standard model, the minimal compositesxion is light. To show this, we remark thaWIA0<v
Higgs model has a distinctive feature: the trilinear and quar-_ M- implies x.= €. Then, using the expression for the
tic Higgs boson couplings are large and rather mdependent €Mp= IMp ht 2y~ 9 pre he Hi
of the Higgs boson mass. The quartic coupling is given b)}OD masg3.4) with y, =my2/v~1, we may write the Higgs
\/8 while the trilinear coupling is-\v/2. If the Higgs boson boson squared-mass as
will be discovered, it is conceivable that its trilinear coupling
will be measured at futures collidef27], and therefore the M2 = (co§ﬂ+ i +O18?)|.
minimal composite Higgs model will be tested even if all cos y xxgz
other composite states happen to be heavier than the reach of (4.7
those collider experiments.

21_

It appears that the full standard model range is open for the
B. Light top-axion Higgs boson mass, but a ligh? requires cog/cosy~1, or
a fine-tuning ofx,~1 (i.e., MA2~2mX). Therefore, the
Higgs boson is generically a very broad resonance, which
decays most of the time into top-axion pairs, or ikit@andZ
pairs for largeM po.

If the amount ofU(1), explicit symmetry breaking is
small, namerCXt<|(¢>Xt>|3 then theA? is much lighter
than theH™=. From Eq.(2.12 we find that theA? has a mass
of the order of the electroweak scale or below for

3 C. Light y-axion
4.9

v

U= ——.
X 2176M§

The last possible light composite scalarA’% This is
similar with the IlghtA0 case: for small,, the amount of
In the limit whereg, =0, theA? receives a small mass only U(1), explicit breaking is small and th&) may have a mass
from the QCD anomaly Although such an extreme case ibelow the electroweak scale. We will cal]’( the “composite
ruled out(see Sec. V| we will refer toAt as the “composite  y-axion.’

top-axion,” because it couples to the right-handed top. Recall that there is no region of the parameter space in
The h® has a large trilinear coupling rA? pairs: which both A? and A?( are light. Therefore the only scalar
trilinear coupling relevant at current collider energies is
A
L3~ =va, h%(A%)?2. (4.5 A
2T £3=Zva, h(AY?, 4.8

At tree level,a,~ € because to leading order i) the h® )
belongs to the Higgs doublets, whereas Afleis part of the ~Where the renormalized value @, is again ~1/N. If

M po>2M »0, then the branchin ratio for tHé)—>A°A° de-
¢, singlet. There are however large one-loop contributions; A 9
as shown in Fig. 3, due to the>1 quartic coupling. These cay mode may be large. The width for the Higgs decay into
give a,~1/N.. The contributions from more loops which a y-axion pair is similar with that from the light? case, and

involve the quartic coupling are suppressed by more powergan be estimated using the valueofrom Eq. (2.6):
of 1/N., so are unlikely to change the order of magnitude of

A " . . . Bty 4M 7o
This large trilinear coupling is very important for Higgs I'(h9—s APA®) ~ T 1— X

boson searches Mho>2MA?. The width for the Higgs bo- XX NéMhOInZ(Mc/mX) Mﬁo '

son decay into top-axion pairs, (4.9
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Since theh® has standard model couplings to the weak tr (xr)
gauge bosongbecause the othe€ P-even neutral scalars
decouple up te?), we can immediately compare its widths - = O
for the decays intge-axions and intd/V or Z pairs: He, (H) -
L
0 . pOAD 2,24
Fh=AAY %k Y , (4.10 FIG. 4. LeadingN, contribution to the Yukawa couplings of the
I'(h°—~WW,z22) 3Mﬁo standard model fermions.

where we neglected the-axion mass and the gauge boson may pe estimated by computing the leadMg€ontribution

masses. The dominant decay mode of a Higgs boson light&,own in Fig. 4, with a physical cutoff &, and the result
than the electroweak scale is ingeaxion pairs. is

The novel feature of the lighg-axion case is that it places
an upper bound on the Higgs boson mass. The condition for

a I|ghtX—aX|on,MA§< eMy+, impliesx, < €, and the Higgs (N N79 N N~ § ;(_ 2 =Y. (5.3
boson squared-mass becomes 8w
2 _ 2 4 2 Note that six-fermion couplings and other higher-
Mho=u"| 4écosp Xt +OLE | (4.17 dimensional couplings can also contribute to the light quark

] and lepton masses. Below the compositeness scale, they give
Because cog<1/¢, we find that the upper bound on the rise to terms in the effective Lagrangian involving several
Higgs boson mass isu2 This bound is not very stringent, Higgs doublets and fermions. If they give the dominant con-

but still relevant for searches at the CERN LHC. tribution to some of the fermion masses, then the couplings
of the Higgs boson to those fermions are non-stan{28dl
V. COMPOSITE SCALAR COUPLINGS TO QUARKS Another possibility for fermion mass generation is to let all
AND LEPTONS quarks and leptons to participate in a seesaw mechanism, by

extending the vector-like quark sectpf,29. In what fol-
Tows we will ignore these possibilities, and study the cou-
ings induced by the Yukawa couplings shown above.
Only the linear combinationH;cosB+H,sing) has an

The couplings of the light bosons to the quarks and lep
tons are model dependent, as in a general two-doublet Hig
model. All quarks and leptons have to couple to at least on
of the two Higgs doublets in order to acquire masses. Sucglectroweak asymmetric VEV, so that the down-type quark
couplings may arise in the low energy effective theory inmasses are given by ’
various ways, depending on the structure of the underlying
theory above the compositeness scale. A simple possibility is
that there are four-fermion couplings between thg and v

diag mg,ms,my) = —=S}(\%cosB+\"IsinB) Ty, (5.4

the light fermions: 2
%[(%LUE)(WTKTMWEJF 77j,ku;R¢E) where Sy and T4 are unitary matrices. A similar statement
Mg applies to the lepton sector. The only light scalar contained
— R J— in this linear combination is thi®, and its induced couplings
+(ydp)ioa( 75 Yitrt w5 Yixr) 1+ H.C. (5.1 to down-type quarks or leptons are standard-model-like up to

For brevity. we show here onlv the four-fermion o eratorscorrections of ordek. Note that theb-quark mass requires
. vy, only the . P 73,00t B+ 735~ 0.2, which shows that generically the coeffi-
involving quarks. The couplings ofry/i and tryi’ t0 the  cients of the four-quark operators responsible for light fer-

leptons have the same form. The generational indieg&ll  jon masses are indeed perturbative at the compositeness
run from 1 to 3, whilek runs from 1 to 4 because thg may  gcgle.

mix with the ug, Cr andtg weak eigenstates. The above set  The other linear combination of Higgs doublets,
of four-fermion operators may be viewed as a parametriza-

tion of the flavor symmetry breaking effects, whose origin 1

could be explained in principle within a variety of high- — (+h° cosB—hsinB—iA°
energy theories, as discussed in Sec. Il C. The four-fermion-H,sing+H cosg= \/E( uCoSB=Nysing )
operators give rise in the low energy theory to Yukawa cou-

plings of theH; andH, doublets to the quarks and leptons: —H

(5.9
ok u ru Al dpgt rdyt
(WLURIOHE )+ (U Rl o2(MjiHcE A Hf‘5)'2) has couplings which may induce flavor changing neutral cur-
' rents(FCNC'’s) in the down-type quark sector. The charged
The Yukawa coupling constants?,\"9,\!Y,\"Y, are propor-  Higgs induces FCNC'’s at one loop level, but is sufficiently
tional with the coefficients of the four-quark operators, heavy to make these effects insignificant. The neutral states,
79,79, 9%, 'Y, respectively. The factor of proportionality however contribute to FCNC'’s at tree level, and we have to
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make sure that these contributions are not too large. Ththeir constituents, Eq2.7). After transforming to the mass
couplings of the neutral scalars to the down-type quark massigenstate basis, these Yukawa interactions induce axion

eigenstates are given by couplings to all the up-type quarks. However, the mixings
between the weak eigenstates of the y with u andc are

1_ again unrestricted, and may vanish without affecting the
EdLsg(—Adsin,BJrA’dcosﬁ)TddR[H?JriAO Cabibbo-Kobayashi-Maskaw&€KM) matrix. Notice that in
this case th&/;s andV,4 elements are fixed by th&; unitary

+e(—icaAY+icpAd+eyHE+eHY) +O()], (5.6

X

+H.c., 6.9

matrix [see Eq.(5.4)], while V,, and V., are combinations
of the transformations in both the up- and down-type sectors.
, . Once a predictive and compelling theory of flavor is found,
V\{herecH gnch are p(?rametgrs of order one in thexpan- ;o' .51 decide whether the aforementioned mixings and
sion. Notice that t?eh couplings are not affected by these couplings are naturally small or vanishing.
termsgue?utecr)a?r?ﬁ:sé couplings may be flavor non-diagon Here we will assume they do, so that the only fer(r)‘nions
because the FCNC's induced by them are suppressed at or?ghrrat couple at tree Ie\{el to the c.omposne axidy or A
2 ) . e thet and y mass eigenstates:
€?. However, in order to avoid too strong bounds eh
(which would correspond to fine-tuningit is preferable to
assume that the matrig}(—\Ysing+\'%cosp)Ty is ap- ¢ . _ o[ Ole)  O(e) o[ Oe) Ole)
proximately flavor-diagonal. There are many situations inﬁ(tLaXL) At( 1 0 ) ( 0 1 )
which this happens. For example, when the two matrices
and 'Y are approximately proportional, or when one of —tg
them vanishes. +0O(€?) F(
The scalar couplings to up-type quarks are more compli- XR
cated due to the mixing with the. The up-type quark mass
matrix is 4X 4, and has large elements corresponding to thevherel is the unitary matrix given in Eq3.16). Therefore,
x andt weak eigenstates, given by E®.3). The other ele- the composite axion may be produced at colliders through a
ments are given by the Yukawa couplin@s2) and are typi- t or y loop, but the production rate is too small for placing
cally small because they are produced by perturbative foursounds even at th& pole at the CERNe*e™ collider LEP
quark operators at th&. scale or above. Since the is  [31].
much heavier than the electroweak scale, its mixing with the The quarkonium decays could in principle constrain the
quarks other than is small. If we ignore this mixing alto- composite axion mass. However, the current limit on the
gether, we have a situation similar with that in the down-typebranching ratio of the most promising decay mo¥&1S)
sector: theh® has standard model couplings up to corrections_>A? 7 is at the level of 10° [32], which is not sufficient
of ordere?, while theA? andA? have couplings of orderto  for constraining the composite axion. Note that this decay
the standard model fermions. On the other hand, the mixingccurs through a top-loop, and a suppression factor of order
of the up-type quarks with thg could lead to certain flavor ¢? appears in the width.
non-diagonal couplings of the? which may be allowed by TheK+_>A8 x”+ decay is another usual suspect for con-
the FCNC constraints, while producing interesting phenomstraining the axions. This again involves a top-loop and is
ena such as single-top decays of the Higgs b¢80h Note  further suppressed by,sV,q, SO that no useful mass bounds
also that then® has a large coupling, of £/1/2, to thet_ yg  can be derived.
guark mass eigenstates. More generally, if the axion is coupled at tree level only
to the y andt, it is sufficiently insulated from the light fer-
V1. BOUNDS ON THE COMPOSITE AXION mions to avoiq constraint; from usual Iaboratqry searches.
The astrophysical constraints are harder to avoid. The com-
In this section we study the lower mass bounds on theosite axion may be produced in stars if it is light enough,
composite axion. These are sensitive to the axion couplingkading to unacceptable cooling rates. At one-loop, the axion
to fermions, which are of order or smaller, and depend on couples to gluon pairs and to photon pairs. Combined, these
its identity (A? orAg) only up to an overall constant, as can couplings rule out very light axions with a decay constant
be seen from Eq(5.6). The axion-fermion couplings are below ~10' GeV [32]. In our model the axion decay con-
very model dependent and is beyond the scope of this papstant is of ordev/e, implying that a very small value far is
to comprehensively analyze the mass bounds in all cases. Wequired, which leads to an exponential fine-tuning. Note that
will rather concentrate on the cases which are most favorabli the limit where thew, or u,, mass parameter vanishes,
for a light axion. the only contribution to the axion mass is given by the QCD
The tree level axion couplings to light quarks and leptonsanomaly, and it is tempting to solve the stro@d problem
have two sources. One of them is the Yukawa couplings taising the composite axion. However, the small valueefes
light fermions of the doublet with no VEV, shown in Eg. not encouraging. We therefore do not attempt to solve the
(5.5. These may vanish or be very small because they arstrongCP problem, and assume that the Peccei-Quinn sym-
not restricted by the quark and lepton masses. The othametry is explicitly broken by a non-zem,; andu,, , or by
source is the Yukawa couplings of the composite scalars tsome higher dimensional operators.
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The bound on the axion decay constant is avoided if thédiggs model is compatible with gauge coupling unification
composite axion is heavier than the core temperature of thgl9], although this cannot be checked at the level of preci-
stars by an order of magnitude, because the axion producticsion allowed by the perturbativity of the MSSM.
is Boltzmann suppressed and the cooling rate is not much Despite these similar aspects, the MCHM and MSSM are
affected. The red giant stars have a core temperature of ordeonceptually different. In the MCHM there is no fundamen-
10 keV which impose a lower mass bound-e200 keV on  tal Higgs field. Therefore, the origin of electroweak symme-
the axion[33]. try breaking is found in dynamical phenomena, as opposed

The larger temperature of the supernova 1987A, about 3® the radiative corrections involved in the MSSM. Also, the
MeV at the center, appears to yield the most stringent lowephenomenology of the MCHM and MSSM is different. In
limit on the composite axion mass. However, the cooling ratdhe MCHM there are no superpartners at the electroweak
of the supernova is not affected by our composite axionscale, but there is a potentially light axion, a heavy vector-
because the very high density of the newly formed neutrotike quark, and interesting phenomena at scales in the TeV
star reduces the axion emission to acceptable levels for amnge, associated with the strong dynamics.
axion decay constant below 10° GeV [33]. Although the An important phenomenological aspect of the MCHM is
axion flux could not affect the supernova cooling, there arehe dominant branching ratiGf allowed kinematically of
constraints due to the absence of an axion signal in watehe Higgs boson decay into composite axion pairs. The dis-
Cerenkov detectors during the SN 198[@¥%]. These impose covery of the Higgs boson in this decay mode would be a
a lower bound of a few hundred TeV on the axion decayspectacular evidence for the MCHM. On the other hand, if
constant. We find more reasonable to evade this bound bgnly a light standard model Higgs boson will be discovered,
imposing a lower limit on the composite axion mass ofit will probably be necessary to measure its trilinear coupling
O(100) MeV, such that its production is substantially sup-or to experiment with colliders at higher energies in order to
pressed. distinguish between the MCHM, the MSSM, or other models

It AY or AY has a mass between this lower bound andwith a decoupling limit.
2m_~270 MeV, then ther®«° decay channel is closed, and ~ Note addedA related study of a top quark seesaw model
the composite axion decays predominantly to photon pair§as appeared while this work was conclu@@g]. The focus
(assuming that the tree level couplingdgbe™ vanishes In of that study is rather different than in this paper. For ex-
this case, theC P-even Higgs boson, which decays most of ample, the models discussed there do not have a decoupling
the time to axion pairs, will have a striking signature at fu- limit in which the standard model with a light Higgs boson is

ture colliders: two pairs of almost collinear photons. recovered.
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these models have a decoupling limit in which they look like

the standard model, and therefore are consistent with current

electroweak precision data. Both models include two Higgs APPENDIX: EXTREMIZATION CONDITIONS
doublets, but the composite model requires also two gauge FOR THE EFFECTIVE POTENTIAL
singlet fields resulting in a more complicated Higgs sector. , ) ) L »
The top quark plays an active role in electroweak symmetry In this _Appendlx_we list _the_extremlzatlon conditions for
breaking within both the MCHM and MSSM. the effective potential studied in Sec. Ill. These can be read

These two models may be viewed as effective theorief®M Ed. (3.1) by imposing the cancellation of the tadpole

whose parameters have to be determined by higher-enerd§™™ms:
physics. The MCHM includes four coefficients of the four-

quark operators which are fixed by the gauge couplings and V(O N
representations of the top aydjuarks, and possibly by their ( )=vcos,8 Mfﬁi( rsiﬁ +e2||=0 (A1)
position in extra dimensions. The MSSM has soft supersym- ohS 2¢% | Ctany

metry breaking parameters which need to be determined
within a theory of dynamical supersymmetry breaking. Simi-
larly, the presence of the gauge invariant fermion mass terms aV(0) _
that are present in the MCHM, and theterm in the MSSM o =vusing
are hopefully accounted for by physics at higher energy. ey

From a more theoretical point of view, both the MCHM
and the MSSM can be linked to low energy manifestations of
certain features that are likely to occur in a more comprehen-

2

\v
2 2y | —
MtX— —262(rs—e) =0

NV(0)  using

) )\_02<Sil’12,8+ 5 tany)

) oo . . - €r
sive theory which includes quantum gravity, such as string or ah?(t etany| X' 2.2\ gi? y Stang
M theory. Furthermore, in the presence of extra dimensions
compactified at a scale in the TeV range, the composite +\/§CXt=O
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N0O) v , NP[sifg _sing
— — _qj - | <= —"CO + ). A2
e _sing3 MXX+2€2 ey €ryg == Siny B+ (A2)
_ Note thatMtZX<O requires cog+ y)<0, while the expres-
T \/ECXX—O sion for the top mas§3.4) imposes

1
_ _ _ _ —1<re<—1+ —+O(1/%). (A3)
where we introduced for convenience the following notation: &2
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