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The top condensate seesaw mechanism of Dobrescu and Hill allows electroweak symmetry to be broken
while deferring the problem of flavor to an electroweak singlet, massive sector. We provide an extended
version of the singlet sector that naturally accommodates realistic masses for all the standard model fermions,
which play an equal role in breaking electroweak symmetry. The models result in a relatively light composite
Higgs sector with masses typically in the rangé40—700 GeV. In more complete models the dynamics will
presumably be driven by a broken gauged family or flavor symmetry group. As an example of the higher scale
dynamics a fully dynamical model of the quark sector with a GIM mechanism is presented, based on an earlier
top condensation model of King using broken family gauge symmetry interadtizatsmodel was itself based
on a technicolor model of GeongiThe crucial extra ingredient is a reinterpretation of the condensates that
form when several gauge groups become strong close to the same scale. A related technicolor model of Randall
which naturally includes the leptons too may also be adapted to this scenario. We discuss the low energy
constraints on the massive gauge bosons and scalars of these models as well as their phenomenology at the
TeV scale[S0556-282(99)07609-2

PACS numbdps): 12.60.Fr, 12.60.Cn, 12.60.Nz

I. INTRODUCTION A possible alternative is the combination of top condensation
as the source of a large dynamical top quark mass and tech-
The electroweak symmetEWS) of the standard model, nicolor as giving most of the EWS breaking. In this scenario,
which is a chiral symmetry of the fermions, is spontaneoushknown as top-color assisted technicold], the extended
broken by some as yet unknown mechanism. The introducdechnicolor interactions give the top quark only a small frac-
tion of an elementary Higgs scalar is technically unnatural. Aion of its mass. On the other hand, it is still necessary to
natural explanation for the breaking of chiral symmetry is ahave a large number of techni-doublets in order to obtain the
higher scale repeat of the dynamical breaking induced b{orrect pattern of light quark masses. A variety of models of
QCD. This idea spawned technicolor modél§ of EWS his type as well as their phenomenological consequences

: - ; -have been studied in the literati@].
breaking but these models ran into trouble since they typi- .
cally introduce many extra electroweak doublet fermions Recently Doprescu and HJ] have proposed a model in
which a dynamically generated mass for the top quark does

whose presence is naively irl conﬂic_t with precision eXperi'generate the full electroweak symmetry breaking scale but
”?e”ta' dat"?‘ from the CERN. N coll!der LEP and SLAC the correct top quark mass is obtained as a result of a seesaw
Linear Collider (SLC) [2]. With the discovery of the large 1o panism with a heavy fermion sector. Perhaps of more
top quark mass it was proposed that a top quark condensalgyificance, the model allows the origin of custodial sym-
[3], generated by some chiral symmetry breaking but nofnetry preaking to be deferred to an EWS singlet sector
confining interaction(most likely a gauge group broken yhere it cannot contaminate theparameter. In their model
close to its critical scale for chiral symmetry breaking the top quark is treated in a unique fashion, its condensation
might be responsible for EWS breaking. However, the valugyeing driven by a broken color interaction unique to third
of the top quark mass is too small to generate the EWgeneration quarks. This essential non-universality disrupts
breaking scale. Introducing extra fermions in this fashion the SU(3) family symmetry of the standard mod@&M) in
again leads to a conflict with electroweak precision measurethe absence of fermion masses. As a consequence, it is not
ments. A further problem, also found in technicolor, is thatobvious how to feed the top condensate down to provide
attempts to generate the top-bottom quark mass splittingnasses for the leptons and lighter first and second generation
typically give rise to large custodial isospin violating effects quarks.
in the massive sectof4]. Such effects are harshly con- In this paper we propose a mechanism analogous to the
strained by the precision measurements of ghgarameter. top condensate seesaw mechanism but which can naturally
accommodate all the fermion masses and generation struc-
ture. An interesting aspect of the resulting models is that all
*Email address: burdman@pheno.physics.wisc.edu the SM electroweak doublets play an equal role in breaking
"Email address: nevans@budoe.bu.edu EWS. The result of this universal involvement in EWS
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breaking is that the models give rise to a relatively fight =(1-10) TeV. The fact that their interactions give rise to
composite Higgs sector with a typical mass scale of ordethe weak scale =246 GeV naively suggests fine-tuning of
(400-700 GeV. The SM fermion mass splittings are the the order of(1-10%. In fact in the underlying models we
result of mass terms in an EWS singlet sector, which at thipresent, where the dynamics is more complete, a stronger
stage of model building is not explained dynamically butdegree of fine-tuning is probably required both because
simply put in by hand. In Sec. Il we present the simplestgauge couplings do not run linearly with momentum scale
version of the model in which the dynamical symmetryand because several gauge groups become strongly coupled
breaking is driven by strong four fermion interactions. De-at essentially the same scale. Although the reader may still
pending on the flavor structure of the four fermion interac-find these tunings uncomfortable, they are clearly much less
tions driving EWS breaking, different patterns of pseudosevere than those of the SM. We do not make any judge-
Nambu-Goldstone bosofiBNGBS result. We discuss in de- ments and simply wish to explore this paradigm of model
tail one possible pattern in Sec. Il which is analogous to thébuilding. Thankfully in these matters we will eventually be
spectrum of a one family technicolor model, and another onénstructed by experiment. One of the successes of the flavor
in the model of Sec. IV where there are no unabsorbediniversal models is that they allow direct condensation of all
PNGBs at the weak scale. the electroweak doublets and hence masses for all the SM
The simple model of Sec. Il is in fact inspired by a more fermions without increasing the fine-tuning. In the original
complete model of the dynamics of top condensation of Kingop condensation models, to generate the electron mass by a
[8], which in turn was derived from a technicolor model by direct condensate would have involved fine-tuning of the or-
Georgi[9]. In Ref.[8] the four fermion interactions are the der of m./A; the suppression of the mass in the present
result of a broken gauged family symmetry. The biggest sucmodels is the result of the smallness of mass terms in a
cess of this class of models is that they have a Glashowsinglet sector. The structure also does not require very large
lliopoolos-Maiani (GIM) mechanism above the weak scale singlet masses to seesaw the electron mass small which again
which protects them from flavor changing neutral currentwould have been a source of fine-tuning since it would have
(FCNOQ even with family gauge bosons with masses of thedriven the upper cutoff higher.
order of 1 TeV. This is achieved by gauging the full chiral
family symmetry, the symmetry responsible for the SM GIM
mechanism. The model does have a number of possible
flaws, including a non-trivial assumption about vacuum  Our flavor universal seesaw model can be thought of as an
alignment and potentially light PNGBs coming from the sin- extension of the top condensate seesaw model of Dobrescu
glet sector. Nevertheless, it is useful to elucidate the idea adnd Hill [7], which we briefly review next. That model, in
a universal seesaw mechanism. The model is also suggestiggdition to the top quark double®, =(t, ,b,) and thetg
of the gauge structure that is likely to underlie the universakontains the electroweak singlejg ,xgr which have the
seesaw model suggesting experimental searches. In Sec. $4me QCD andl/(1)y charges as thi;. The EWS breaking
we revive the model by reinterpreting the dynamics whernis driven by the four fermion interaction
several gauge groups become strongly interacting at the
same scale. The model then produces the flavor universal
seesaw masses. The full model has additional interesting dy-
namics as a result of the massive, strongly interacting flavor- =~ ] ) »
ons of the family gauge symmetry group and colorons ananWh'Ch_v if the couplingG is above crltlc_al, generates an EWS
gous to those of the model of Ref[10]. Their breaking mass betyvee(p,_ and yg. This can be seen in the
phenomenology, together with that of the scalar and pseudd@rgeN approximation to the gap equation
scalar sector originating from the breaking of the fermionic
chiral symmetries, is discussed. The inclusion of leptons in 1
that model is non-trivial. A related technicolor model of G 442
Randall[11], which more naturally includes the leptons, may

be adapted to provide a low energy flavor universal EW%NhereA is the scale above which the dynamics generating

breaking model where the strong four fermion in.teraction'sEq. (1) resides, andn is the dynamically generated mass. In
result from a larger gauged flavor symmetry. We discuss this

model, its flaws and its phenomenology in Sec. IV. addition all EWS invariant masses are allowed, thatixig,
Finally, we must address the matter of fine-tuning in top@ndxrx. . The resulting mass matrix below the EWS break-
condensate models. In these models we will assume that tHeg scale is then
interactions responsible for EWS breaking are broken gauge
interactions with gauge bosons with masses in the range o 0 My /tg
(texo) ( ) 3

Il. FLAVOR UNIVERSAL SEESAW MECHANISM
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We refer to Higgs boson masses in the few hundred GeV range . .
as light, compared to the unitarity bound of approximaterThe value Ofthx needed to provide all the EWS breaking

=1.2 TeV. A large class of models of a strongly coupled EWSvacuum expectation valug¢¥EVs) may be estimated using
breaking sector saturates this bound. the Pagels-Stokar formu[d 2]

115005-2



FLAVOR UNIVERSAL DYNAMICAL ELECTROWEAK ... PHYSICAL REVIEW D 59 115005

N A i i i j j j
22 c 2 _ UL x WL X U
v mthXM( mXX). 4) % R * o \l{{ X L 5 R
MU
Thus, for instance for/m,,~0(10), m; ,~600 GeV. By ij

appropriate choices of the remaining two masgeg. m_,
=1 TeV andm_XX=3 TeV) the lightest mass eigenstate of
the mass matrix comes out as 175 GeV, whereas the Mogl,ss structure that can reproduce the SM fermion masses.
massive is 3 TeV. In fact by su_ltable ch0|ces of the tWOoThe mass matrix takes the form
singlet masses the value of the lightest eigenstate mass and
the electroweak breaking mass may be maintained even in
the limit of decoupling they fermion by takingm, — . 0 m O tr
Note that the electroweak breaking mass in that limit |s_only QL. xL ¥ M 0 mg XR (6)
for the left handed top quark doublet and so does not violate 0 m MY
il iS0SDi 4 ¥r
custodial isospin.

There is a crucial difference between the top seesaw
model and previous top quark condensate models. That wherem, is the EWS breaking mass. In general the matrix is
that the EWS breaking VEV of the left handed top is with ancomplicated but the pattern of masses resulting can be seen
EWS singlet not the right handed top quark. The rightby taking the decoupling limit. We imagine that the largest
handed top quark also has a mass with a singlet sector femasses arez andm, which bind they and y fermions into
mion. The SM top quark mass results from the mass mixingwo heavy Dirac fermions. We may then treat the remaining
in the singlet sector indirectly connecting the left and rightmasses as perturbations. The SM top quark mass results from
handed top quarks. The size of the top quark mass is nthe diagram in Fig. 1 and the mass is proportional to the
longer a direct consequence of its role in EWS breaking businglet masv V.
simply of some singlet mass structure. The top quark is This singlet sector mass structure is more readily convert-
therefore in this sort of model no longer the essential fermiorible to include the other SM fermions. We will write the SM
to be involved in EWS breaking. Any SM fermion could quarks afQ| , Ui andDy wherei is a generation index. We
play the same role. In the seesaw mechanism of(8gthe  may endow the fields and ¢ with a generation index and
light mass eigenstate is essentially givenrb,¥thRX/mXX. the mass matrices; —m, andMY with structure in the gen-
Using the same seesaw but generating e.g. the electron ma&&tion space. A four fermion operator of the form of Eg).
would require a very large value af,, . The upper cutoff for each left handed doublet will break EWS through a con-
on the theory would have to be raised and with it the degre@ensate for each flavor. We shall assume that these operators
of fine-tuning required to generate the weak scale. To avoi@ive rise to flavor universal VEVs since we expect the four
this we will enlarge the singlet sector. Consider for exampldlermion operators to arise from some flavor universal broken
the generation of the top quark mass. We introduce the addauge interaction. The precise way in which this dynamics
ditional electroweak singlet fieldg, , yg but alsoy, , ¢g. will be implemented depends on the choice of broken gauge
We assume that these extra singlets are all colored under tig¢gmmetry and we will discuss two possibilities: a gauged
usual SW3) QCD group and have the same hypercharge a§mily symmetry and the gauging of the compldtavor
thetg. The model then induces four fermion interactions ofSymmetry. The dynamical implementation of these models

FIG. 1. The mixing that produces the up quark sector masses.

the form (suppressing color indicks and their consequences are discussed in detail in the next two
sections.
- — The important point of the present structure is that the
QuxrXRQL - ) masses of the light eigenstates are proportional to the singlet

. _ . ___mass matriM . Thus, the suppression of the up quark mass
In analogy with Eq.(1), these interactions become critical relative to the top quark mass only requires us to have a
and break EWS. We also allow the singlet mass tergys relatively smaller mass element in tilemass matrix. The

and Similarly;L'JfR and;R‘//L- Finally we include the mass heavies_t fermion massem§3m4) do not contribute to the
termMUZ,_sz which provides the only connection between generation of the structure in the SM masses and hence the

the left and right handed top quarks. Note that we have notPPEr cutoff of the theory can bg left unchanged even when
included all possible singlet masses compatible with th € mco_rporate the lightest fermlor_1 Masses. _There IS ther_e-
gauge symmetries; effectively we have included one massiv re no increase in the degree of fine-tuning in the model if

fermi h | h d h . the up quark participates in EWS breaking. At least at this
ermion ()LL‘/’R) that couples to thé, and another massive stage in the model building, the three generations of singlet

fermion (xry) that couples to thér. The two massive fermionsy reflect the same mass hierarchy problem present
fermions then have small mass mixings from thiegr  in the spectrum of SM fermions. The important point is that
masses which are the only couplings between these sectothe origin of the symmetry breaking mass splittings has been
Although this may seem somewhad hocat this stage, the deferred to this EWS singlet sector. It is not our intention to
models of Secs. Il and Il naturally produce this mass strucaddress their origin here, though one could imagine generat-
ture. The important point here is that there is some singleing these masses dynamically, via additional interactions re-
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siding at even higher energies, such as some singlet sector When the EWS breaking is driven by four fermion inter-
extended techincolor model or tumbling gauge structure. actions it is easy to include the leptoris| (, N; andEy) in
Extending this scenario of mass generation to the isospithe same pattern as the quarks. Additional EWS singlets are
—1/2 quark sector is straightforward. We introduce the elecintroduced analogous tg', ¢', »' and £ but with the SM
troweak singletsw; , wg, as well as§, , &, all with the interactions of the right handed leptons. Four fermion inter-
same hypercharge assignments as right-handed down quarkstions analogous to those of E&) drive condensates in-

A four fermion interactiona'LwiRaRQjL will dynamically ~ Vvolving LiL and the massive singlet sector. The standard

generate the condensd®, wg) contributing to EWS break- Model lepton masses come again from the mass matrices
ing. The singletst have a mass matriMiD- which gives the linking the singlety fields. If the leptons participate equally

connection between the left and right handed down-quar? the EWS breaking condensates, tép=6N+6 in the

sectors.Mﬁ generates the pattern of down quark masse agels-Stokar formula, and the Higgs boson masses are con-

. g rolled by a even lighter scalen(,;=400-650 GeV).
through diagrams analogous to the one in Fig. 1. One of the benefits of this class of models is that there are

In this naive model with a four fermion interaction and .
only very small deviations from the SM values of elec-

explicit singlet masses, a Cabibbo-Kabayashi-Maskaw o .
(CKM) matrix may be easily incorporated. There are in total?roweak precision varlablt_es such as thandT parameters. :
The S parameter essentially counts the number of elec

seven chiral family symmetries of the singlet fermions bro- :

R . : troweakdoublets The flavor universal model has only extra
ken by six singlet mass matrices. These matrices canng . , 4

; . i . electroweaksinglet fields and so makes no extra contribu-
therefore in general be diagonalized simultaneously and thﬁon By taking the singlet mass termsi{,m,) as very large
model contains mixing angles that will feed into the SM - BY 9 9 msig, My ylarg
one may decouple them from the low energy dynanges-
sector. : . .

haps at the expense of increased fine-tuning to geneyaie
quivalently we may say that the physical heavy fermions

The electroweak singletg, and ¢ in the up sector and
and ¢ in the down sector, have large masses relative to th .

ave only a very small admixture of the electroweak dou-
blets in them. In this limit the isospin breaking of the heavy

weak scalgof the order of a few TeYand may be consid-
ered to be decoupled. The dynamical breaking of elec;

ermions decouple from th& parametef7], leaving just the
Lrg\r,\vde:é( ?er:]nrpoitgy 2%/ dthte;];ondznsz;tierz]zll;tet\;\g?emr?otgs ?v'?l/: Iefgzontribution from the light SM fermions with the standard
R R

generate a scalar sector of the low energy thdly The masses. As this limit is relaxed all the mass eigenstates, the

precise form of the scalar sector is model dependent. We wicl"ea\/y and t_he !'ght’ will contribute @ W'th. by _far the
discuss two examples of this sector in the following two argest contribution from the top quark and its singlet part-

. > c ners. The calculation of is very similar to that of the top
sections where the origin of the dynamics is more concretel . Lo X

. .. ; . Seesaw model and the additional contribution$ &re easily
specified. However, it is possible to make a general poin

. controlled to be of the order the experimental bounds for
about the mass scale governing the masses of the scalar se€¢- : .
. ! ! values of masses for the heaviest fermions of the order of
tor in relation to that of the top see-saw model. The |mpor-(1_5 Tev
tant difference is that the EWS breaking VEV is flavr uni- ' . o
R . In the next two sections we present specific examples of
versal. In order to see this difference we notice that the[ : .
o he flavor universal seesaw mechanism, where the broken
Pagels-Stokar formula is given by Co S .
gauge dynamics is made explicit. In one case it results from
a broken gaugethmily symmetry, in the other from a larger
broken gaugedlavor symmetry. A crucial aspect of theories
with gauged flavor symmetries is to avoid the tight con-
straints on FCNC. We will provide models that achieve this
by maintaining a GIM mechanism above the electroweak
scale and provide existence proofs that such gauge dynamics
is possible. We also discuss the phenomenology of these
models, considering the consequences of the broken flavor
symmetry as well as the scalar and pseudo-scalar sector of
the models.

v2=—mfln(£), 7)

whereN; denotes the number of fermion flavors forming a
condensate. For the top condensate modei N, and we
recover Eq.4). On the other hand, for example in a model
where all the quarks participate equally in EWS breaking
N¢=6N.. For instance, for Ilh/mz=0O(1) one obtainan,
=360 GeV, whereas larger values of the ratibm; result

in m;=250 GeV or even lighter. This EWS breaking mass
is approximately 3 times smaller than in the top seesaw
model. If one naively computes the Higgs boson mass as in Qur first explicit example of a flavor universal EWS
the largeN approximation to the four fermion theory, the breaking model will assume that the family symmetry of the
Higgs boson mass may be extracted from a bubble resumeft handed SM fermions is gauged and broken at a scale of

Ill. DYNAMICS FROM BROKEN FAMILY SYMMETRY

mation and is found to be a few TeV. For simplicity we will restrict ourselves to the
quark sector. Thg andwy, fields are assumed to also trans-
m,=2my, (80  form under this gauge group. The broken gauged family in-

teractions result in the four fermion interactions

implying Higgs boson masses in the rangm, — = = =
=(500—700) GeV. QLXRXRQL + Q| wrwkQL ©)
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where the family index is summed over. These interactions 3 M 3
will generate the EWS breaking VEVs between the left w\\
handed quark multiplets and the singlet fermions. . *
X . % %

The singlet sector masses are assumed to be in place to @ 3y
generate the quark mass matrices discussed in Sec. Il.

The scalar sector of the theory is expected to be large. The
qguark condensates are breakingd(6), X SU(6)g chiral

symmetry of the quarks angg , wg fields to the vector sub-
group. To represent this as a Higgs model we must have a

Higgs field transforming as a (6),8under the flavor group.
There are thus 72 real scalars. As a result of the chiral sym-
metry breaking there are 35 NGBs of which three are ab-
sorbed to give masses to thé and Z gauge bosons. The  F|G. 2. A dynamical model of the universal seesaw mechanism
remaining 32 pseudo-scalars are naively massless but acquigg the quark sector displayed in moose notation.
masses through SM gauge interactions. They correspond to a
color-octetSU(2), singlet and a color-octedU(2), triplet.  circled number[N for SU(N)] and left-handed fermions
Their masses, due to the strong interactions, can be contransforming in theantifundamentalfundamental represen-
puted to be 13] tation of that group as lines witfoutwargd inward pointing

- ) arrows. Global symmetry groups are un-circled numbers. For

mz=3asM*, (10) simplicity we only consider the quark sector of the theory
until the end of this section.
In Ref. [8] the dynamics was assumed to occur in the

following fashion. We concentrate on the isospiri/2 sec-
tor for ease of discussion. TI®U(3)y “hypercolor” gauge

As discussed in Sec. Il the non-NGB scalars are expecte%roulo under whichy and s transform was assumed to get

to have masses in tH{§00—700 GeV range. One of these, a SIrong, generating the condensa@wR) and (xg) and
pseudo-scalar, is the would be NGB of 4¢1),, symmetry: breaking the two chiral family symmetigU(3) groups into
the remaining 36 scalars break down into the same g\@lobal groups. The formation of these condensates is not the
gauge multiplets as the NGBs. We leave a more precise confréferred breaking pattern when the family symmetry groups
putation of the spectrum analogous to tha{®f for future &€ Weakly coupled_. However, t'here is some evidence t_hat
investigation since it will be involved. the effective potential favors this pattern when the family
At the level of Eq.(9) the leptons may also be included in SYmmetry groups are strongly coupled at the symmetry
the interaction that breaks EWS. If the leptons participate iPe@king scale. This hypothesis was first put forward by
EWS breaking, then the flavor symme®y(8)x SU(8) is Georgi[9], elaborated on in Ref14] and disputed in Ref.
broken to the vector subgroup and there are 63 PNGBs di5]- We shall assume that this pattern of condensation is

which again only 3 are absorbed. The additional 28 PNGB&OITect. In the model of King these condensates were the
consist of two electroweak triplets and two singlet lepto-ONly ones to form at this scale and served the purpose of

(3o, )}

L

where M is a high energy scale. For instance, fit
=0(1) TeV, we obtain m,=(500-600) GeV. They
couple to SM quarks with couplings proportional to
my/f, (f,is the PNGB decay constantv).

quarks with masses breaking the family gauge groups, leaving strongly coupled
“flavorons.” The flavorons of the two chiral family groups
m2 :fa M2 (11) mixe_d th_rough tha//Lz//R mass matri_x and_ the result was four
T3S ' fermion interactions between the isospitil/2 quark sector

with the strongest channel proportional to the largest eigen-
that is m,=(300-400) GeV, there is also a triplet and avalue of theyy mass matrix. This strongest interaction was
singlet of color neutral PNGBs. These latter PNGBs do not, ¢ med to generate a top quark Condef‘(ii_at@z%
receive masses from the SM gauge interactions at one 100p \ye now propose an alternative possibility. Since the fam-
and. are pqtentially in conflict with experimer_n: This may be”y symmetry groups are strongly interacting and close to
an indication that the leptons do not participate in EWSieir chiral symmetry breaking scale when the hypercolor
breaking but instead receive their mass by some radiativgroyp preaks its chiral symmetries, it is not clear that the
mechanism from the quark sector. In addition in this casgynq fields should be integrated out of the dynamics of the
there would be 65 massive scalars. family gauge groups. It is very plausible that the condensates

(UkxL) and{U| xg) form as well. If we assume this, then
the strong dynamics immediately produces the pattern of
In order to provide a more explicit, and renormalizable,masses needed for the flavor universal seesaw model. Pre-
model of the flavor universal seesaw mass pattern describaisely how large the three different condensates are is a sen-
in Sec. Il we revive a model of top quark condensation bysitive matter of the three gauge group interrelated strong in-
King (in turn based on the technicolor model of Ged®@j).  teractions. We shall assume that by appropriate choices of
The model is shown in “moose” notation in Fig. 2. Recall couplings at the hypercolor group’s strong scale the desired
that in moose notation a gauge group is represented by walues can be obtained. There is of course, as in all top

A. Dynamical model of the universal seesaw mechanism
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condensate models envisaged to date, a serious problem left and right family gauge groups that lead to four fermion

fine-tuning in the assumption that many gauge groups besperators between the ugdown-) type quarks mixing

come strongly interacting at almost an identical scale. WéhroughMP(MY) which rotations on those fields cannot di-

offer no excusegthough it might be more natural if the agonalize. The leading such term contributing\t8=2 pro-

gauge dynamics is walking in natQrbut put forward this cesses is for example

model as a simple existence proof of dynamics that might

give rise to the required effective theory. — QUMUMYT), QL QE(MUMYT) QL. (12
The existence of these additional condensates also breaks Ag

the SU(3) color group and the hypercolor group to their

vector subgroup that then plays the role of the low energ

CD group. There are thus flavor universal colorons analo-"" . X
QCD group mixing matrix element over 50 GeV to the fourth power.

gous tg those in the mOd_?l ?f R4fL0]. The NG_BS associ- They are therefore much smaller than the SM contributions.
ated with the condensa{@rx, ) are absorbed in the break-  The inclusion of leptons in the model is not so straight-
ing of these two groups to the vector subgroup. The NGB$orward. Naively one would simply repeat the model of the
from the condensatéU| (xg+ wR)) are those already dis- quark sector with the SM leptons transforming under the
cussed above. Finally there are the 36 NGBs associated wigtame family symmetry groups. However, this would intro-
the (x#) condensates of which 16 are absorbed to giveduce unacceptably large lepton flavor violating effe@tsy.
masses to the two sets of family symmetry group gaugd®—ew) since two multiplets would now transform under a
bosons. The remaining NGBs will acquire masses from theingle family symmetry group only broken at the few TeV
explicit mass matrixMiLj’ and the family gauge interactions scale. As an alternative, one could simply replicate the whole
that explicitly break the chiral symmetry group. However, moose model for the lepton sector. Additionaandw fields

the mass matrix is off diagonal in the basis of the condensatééansforming under their own hypercolor groups would need
and the gauge interactions chiral; so these symmetry breako be added and the lepton mass matrices would come out
ings will only contribute to the PNGB masses at second orproportional to the mass matrix put in between the new
der. These EWS singlet PNGBs may therefore only havdields. The only problem is that to cancel anomalies the hy-
masses of the order of a few GeV. We will live with their percolor group must be @(1) group which is not asymp-
existence since they only occur in the singlet sector of thigotically free. Rather than make the model more baroque to
model, which is in any case only intended to illustrate theforce the leptons in, we will leave the model at this point
concept of a flavor universal seesaw mechanism. We do ngince the similar model of the next section succeeds more
believe they are necessarily a robust signature of this class e@turally in including the leptons, although not without simi-

);n addition to the suppression by the gauge boson mass these
contributions are suppressed by a factor of the SM mass

models. lar problems.
The bottom quark sector of the model behaves similarly
to the top quark sector and the relative mass differences in B. Phenomenological considerations

the final spectrum are trivially the result of different mass
matrices included by hand for thg and ¢ singlet fermions
of the two sectors. Including mixing angles is non-triigJ.
They will result if the singlet fermion mass matrices in the

up and down sectorS\/IiLjJ and Mﬁ, are not simultaneously

In this section we discuss the phenomenological con-
straints on the family symmetry generated flavor universal
seesaw model as well as its potential signatures at future
experiments. Here we concentrate on the model giving quark

diagonal. As shown in Fig. 2 the model has sufficient globalmasses and EWS breaking, leaving the discussion of lepton

. . . . masses for the next section. The model described in the pre-
symmetry to simultaneously diagonalize both mass matrlCe\?ious section contains several new states. There are the fer-

fmg tfr]oetglee:/nvnkla b?nglt driT:XIngetarr]}glﬁsr. Q]ne?tte;gztletod rﬁ?rﬁidcymion singlets,y, r and | g connected to the up-quark sec-
p y 9y 9 9y y or and w r and & g to the down-quark sector. As

can be found in Re{9]. We wish to defer questions of such entioned in Sec. lll, these acquire large masses as a result

high scale dynamics and simply hote that the_re does N%t the condensates formed among them, induced by the
e e e 92" Song up and down yperclar oups. T, ogeler i
glet sector g ang the fact that they are electroweak singlets, implies that they

The model has flavor symmetries gauged at a relatively. not relevant_ to the low energy phenomf_enology. They are,
low scale,O(1) TeV, which might naively be expected to %t this stage, simply conduits to communicate between the
' ' . left- and right-handed quark sectors and to mix with the left-
generate FCNC. Howe_ver, as promoteq in Ref, the handed quark doublets and generate EWS breaking at the
model has the same chiral flavor symmetries as the SM ev

ef
above the weak scalghat is[ SU(3)x U(1)]%) and hence a tht scale.
GIM mechanism that allows the neutral current to be written
in diagonal form. FCNC effects will be generated with the ) )
inclusion of the generic mass matrice’/Pij but the lead- The breaking of the three gauged family grods(3), ,
ing effects are through the quark masses themselves, aM(3)u, and SU(3)p, by the formation of the necessary
therefore simply correspond to the SM contributions. Thesinglet fermion condensates implies the existence of three
largest additional contributions are from mass mixings of thenew sets of massive gauge bosons. These are family octets

1. Flavorons
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coupling separately to left-handed quark doublets and rightjets. At energies below the flavoron mass these excesses
handed up and right-handed down quarks. The masses afimic the behavior of contact terms with specific chirality.
these “flavorons” are expected to be similar and are deterThe limits from the Tevatron run | data as well as the reach
mined by the scale where the hypercolor groups break thef run Il are currently under study.

family symmetries. The presence of strongly coupled gauge bosons may be
The couplings of the flavorons to the SM fermions areconstrained by their contributions to the parameter. As
given by pointed out in Ref[4], this is so even when the interaction
_ . _ ' itself is isospin conserving. The exchange of the new gauge
Li=—g L,Qy* tﬁ Ql—au Rle 'Ry“rﬁU’R bosons gives a two loop radiative correction to the isospin
_ A violating contributions to the parameter coming from one-
—gp R, Dry*s|Dk, (13)  loop diagrams involving the SM fermions. We first notice

that these types of contributions Toare induced only by the
whereL,, R} andR?, are the flavorons corresponding to the gauge bosons that couple to left-handed fermions. Thus, only
gauge family groupsSU(3)., SU(3)y, and SU(3)p, re-  one of the three flavorons must be considered. The relevant
spectively, and?, r” ands” are their respective generators, contribution to theT parameter is given by
with A=1, ... ,8.They simply aretf} =rf;=s} = \{}/2, with

A" the generators oSU(3). The fact that flavorons are _ Am Iy (mg,mp) Iy (me,my)
flavor-octet gauge bosons seems to indicate the existence of S20,,c2OyM2 2 4 '
non-diagonal vertices. However, these do not result in FCNC (16)

processes due to the presence of the remnant gobEB)
family symmetries after the breaking of the gauged oneswhere II (m;,m,) and II,, (m;,m,) refer to the left-
These approximate global symmetries allow us to implemenfianded vacuum polarizations involving one top and one bot-
the GIM mechanism along the lines of the models of R&f. tom quark, and two top quarks in the loop respectively, and
and are only broken by fermion mass terms. they are evaluated at zero momentum transfer. Follojdng
The flavorons acquire masses at the scejewhere the we will approximate the calculation of the two-loop diagram

hypercolour groups break the family symmetry. Thus, theyby a product of two one-loop diagrams obtained after shrink-
are expected to be in the TeV range. On the other hand, theiing the flavoron propagator. Then, the vacuum polarizations
couplings to fermions must be strong enough to generate th&fe
(QLxr) and (Q, wg) condensates that break the EWS, as A2
well as the(Ugx, ) and{Drw,) necessary to obtain the SM (m,,m,) = — mf( |Og_f) ﬂ'
qguark masses. We compute the criticality condition in the 4 163 my Mé
Nambu—Jona-Lasinio(NJL) approximation. Definingx, 17
=g2/4m, with a=L,U,R, the couplings must satisfy

II(m;,m,) 1

where the vacuum polarizations were approximated by their

N divergent behavior given by the leading logarithm. This re-
Ka=2m| —— |, (14)  sultsin
Ng— 1
4 2
mt 1 (l Af) KL (18)
hereN, refers to th ber of tions. Th dition, == S -0 —-
whereN, refers to the number of generations. The condition 2 0y/2OgME 812 gﬁ B

Eq. (14), has important phenomenological consequences. For

instance, it gives a lower bound for the productpq CTOSSrhis constraint is compatible with ; being of the order of

, . She TeV scale. For instance, if we take Iag(mg)=1, and
that the flavoron widths are rather large. For mstance_tthe assumen,~1 TeV, then the induced parameter is
flavorons coupled to the left-handed quarks have a width

given by K
T=0.06—5. (19)
FfngF, (15

The current determination of from electroweak precision
which implies that the minimum width, given by the critical measurements givegl6] T=(—0.11=0.16), assuming a
value of x , is approximately 40% of its mass, making it 300 GeV Higgs boson mass. Thus, we see from(f4). and
difficult for them to be detected as clear mass bumpgpn Eq. (19) that flavoron masses in the 1 TeV range and above

collisions at the Tevatron. The situation is somewhat bettef"® N0t in contradiction with the electroweak precision data.

for the flavorons coupled to the right-handed up and down
qguarks. Their minimum widths are about half that of Eq.
(15). On the other hand and for all cases, the large couplings The flavorons induce four-fermion interactions between
in Eq. (14) ensure large excesses in hadronic production ofjuarks and singlet fermions which are supercritical and result
all flavors. The fact that flavorons are chirally coupled mayin EWS breaking as well as in the breaking of the hypercolor
produce a very distinct signal in high transverse momentungroups in such a way thaBU(3)yXSU(3)y X SU(3).

2. Colorons
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breaks down to ordinary QCD interactions. This breaking
pattern leaves two sets of color-octet massive gauge bosons,
the “colorons,” each of them coupling separately to the up
and down quarks.

The two sets of colorons in this model present some simi-
larities with the massive color-octet gauge boson in the y Q D,
model of Ref.[10]. As with the flavorons, they will give
contributions to the renormalization of SMparameter. The
resulting bounds are similar to those discussed for the flavor- 1 1
ons and are in the TeV rangdloreover and similarly to the _ _
case of the flavorons discussed above, the coloron couplings FIG. 3. A flawed dynamical model of the universal seesaw
must be supercritical in order for the hypercolour groups tq echanism resulting from broken flavor symmetry displayed in

. : . . oose notation.
generate mass terms in the singlet sector. This constraint,

here once aga"?- will imply !arge prqduction Cross seCtion%ude. Additional information fronb—sl*|1~ decays, to be
but also large widths. The width of either of the color OCtetSavaiIable in the near future from the next generationBof

is given by kc M, with «c, the coupling of the corre- ; . . : . L

. . . . physics experiments, will elucidate this possibility. On the
sponding coloron, reflecting the em_beddlng of QCD In theother hand, th&,, bounds are not affected by the these can-
hypercolor group and above the critical value. The main OIIf'cellations. For instance, theo3constraint on the color-octet

ference with the flavoron case is that colorons interfere with,, . (assuming equal masses for scalars and pseudo-
the QCD gluon-mediated processes. The consequences gf

this interference at hadron colliders were first studied in Ref alars translates into a mass limit of 700 GeV. However, if
[17] in the context of top-color models, and later investi atedthe central value R, is taken to be the SM one, the mass
. P - 9 constraint is considerably smaller, although still a few hun-
in Ref.[10] for the case of flavor universal color-octet gauge dred GeV

bosons. The phenomenology of the coloron sector of the

model is very similar to the one described in this latter work.
IV. DYNAMICS FROM BROKEN FLAVOR SYMMETRY

—

3. Scalars and PNGB There is an alternative possible flavor structure for the
Finally, in the model of Fig. 2 the breaking of the four fermion interactions driving EWS breaking that allow

SU(6), X SU(6)x chiral symmetry under whicl, , xg and the leptons to condense and hence acquire masses but with-
g transform, by a four fermion interaction, implies the ex- OUt giving rise to the light PNGB found in Secs. Il and Il

istence of a (6,p Higgs boson. The 72 real degrees of free—aboveh T?alf IS to .ab'l'OW thefl?dex?n Qf'l- Ur andDRhto run q
dom split into 3 NGBs absorbed by thg andZ bosons, 32 over the full possible set of fermion flavors. In other words,

color-octet PNGBs with masses estimated above to be in th'(ra1 this model the index runs over the fullSU(12) flavor

few hundred GeV range, one PNGB acquiring a large masgymmetry of the SM where the 12 flavors are three families

due to theU(1) anomaly, and 36 scalars in the Higgs sectorOf three colors of quarks and the three families of leptons.

; e i i i i
with masses estimated to lie in the ran@@0-700 GeV. We introduce additional’ (') and ¢ (&) electroweak

These states couple to the SM fermions through Yukaw inglets with a similar pattern of singlet masses to those of
interactions of ordem;/f_. In fact they are precisely the e model of Sec. Il. The color and hypercharge interactions

lightest states found in a one family technicolor model With-?regﬁﬁglésﬂaugi?c;ibgrn%u?ﬁeoélfcﬁglﬁégf\é?r: Slgtmsrggors
out techni-leptons, and are subject to the similar low energ Y P 9 '

constraints. The most significant bounds on this scalar SEC'[OIhe four fermion interaction

come from the measurements I6(Z—bb) and theb—sy Q xxkQl + Q! whwkQ! (20)
branching ratio. The dominant contributions correspond to

the color-octet scalars and pseudo-scalars. For instance, theives electroweak symmetry breaking through the conden-

effecF pf considering one of th.ese coIor;octets inthe sy sate(Ql (xk+ ). TheSU(2)X SU(2) chiral symmetry of
transition, when combined with the03|nt¢rval 'from the  the fermion doublets is broken to the vector subgroup pro-
most recent CLEO measurement of the7|‘rl1clu5|ve fa®,  gucing three Goldstone bosons that are all absorbed bythe
Br(b—sy)=(3.15£0.35+0.32-0.26)X10"",  translates gng z posons. In this case there are two charged Higgs
into a lower bound of 440 GeV on the mass of the chargegyosons, two neutral Higgs and a massive pseudo-scalar, as in
states. The effects of adding all the scalar and pseudo-scalgr siandard two Higgs doublet model, with masses of the
states may tighten the bounds, depending on the scalgqger of (400-650 GeV and no PNGBs, which makes this
masses. However, large cancellations are also possiblgggel phenomenologically more appealing than the one in
among the various contributions and the ®M:sy ampli-  ipe previous section.
It is natural to promote this idea to a moose model based
on that of Sec. Illl. One might propose the moose model of
2The essential difference between the two cases resides in the fakig. 3, a variant of the technicolor model of Rg¢L1]. We

that the same colorons couple to left and right handed fermions. Aexpect again that the dynamics is such that $té{X) hy-
a result, the effect in Eq19) is larger by a factor of 3 for colorons. percolor groups become strong and break their chiral sym-
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metries in the few TeV range. The chiral flavor groups arethe mass bound by a factor of 2. On the other hand, some-
also assumed to be strong at this scale. Amid these dynamigghat more stringent limits come from neutral current pro-
the condensateéQ, (xg+ wg)), (UrxL) and (Drw|) are  cesses involving effective contact terms of the folimq.
assumed to form. Mass matrices put in by hand foritend  We concentrate oh=e where most of the experimental in-

¢ fermions provide the left-right connecting structure necesformation is. The effectiveeeqq interactions are param-
sary to produce the SM fermion masses. This is just thetrized by the standard expressidi®]

universal seesaw mass scheme. The SM gauge interactions
result as the vector subgroup of the gaugdd(12) chiral
flavor symmetries and any weakly gauged subgroup of/ithe
and ¢ fermions globalSU(12) symmetry groups. We do not

Lnc= % {nE3eLy,e0)(aLy aL) + 7EK ery,.er)

show these weakly gauged subgroups in the figure for ease x(aRy”qRH nﬁg(ay#eL)(EquR)
of display. The electroweak symmetry breaking VEVs do not cq — _
generate any PNGBs since the 3 NGBs arising from the + 7R1(erY,.ER) (ALY aL)} (21)

breaking of theSU(2), X SU(2)g chiral group are absorbed i

by theW and theZ gauge bosons. However, the hypercolorThe exchange of th&U(12) flavorons gengrates the first
dynamics will generate 575 NGBs, corresponding to thdWo terms, whereas theR and RL terms arise only as a
breaking of theSU(24), X SU(24) chiral symmetry of the ~consequence of one loop mixing of the and R gauge

x's and they’s. Of these, only 286 are absorbed by the POsons, which is suppressed by two powers of the masses,
broken flavor symmetry groups. The remainder are, just as ifglative to theLL and RR coefficients. TheLL and RR

the quark moose, potentially light although they are singlet§0efficients take the form

under the SM interactions. As in that model, these light

states are a result of the particular implementation of the eq_ KL 29
. . L 2 1 (22)
singlet sector and not an automatic consequence of the flavor 6M¢
universal models. The model again has a GIM mechanism -
that suppresses FCNC. -
A more serious problem with the present model resides in ﬁgdaz 2R ' (23
the fact that anomaly cancellation for the gaudgd(12) 6M Fr

groups requireX=1. Attempts to make these groups non-

Abelian by the inclusion of new EWS singlet fermions trans-whereg=u,d. The SU(2)_ relations naturally resulting in

forming under theSU(12) groups give rise to additional this model imply that theRR interactions of theu quark

PNGBs, which may be unacceptably liglsee Ref[11] for  involve neutrinos instead of charged leptons. This mismatch

attempts in these directions results in potentially dangerous contributions to which
We present Fig 3, although it is unsatisfactory, because i@tomic parity violation(APV) as well as neutrino scattering

helps to visualize the dynamics we envisage might be behinéxperiments are especially sensitive. The most constraining

the model presented first at the four fermion level. A flavorbounds come from the APV experiments. The resulting con-

universal EWS breaking scenario is possible without PNGB4ribution to the atomic weak charge is given [30]

and will most likely be associated with a large, broken, chi- )

ral, gauged flavor symmetry of at least the left handed SM AC :U_( eq _ ped) (24)

fermions. The hypercolour dynamics is not essential to the a” 2 VIRRT L)

basic idea and may at least temporarily be replaced by Higg_ls_ ) )
bosons in the absence of model building ingenuity. hus, assuming that the couplings and masses of the left and

The broken flavor symmetry model is much cleaner atight handed sectors are similar, the effect largely cancels in
low energies than the model of Sec. Ill. There are no unabthe eeddinteractions. This is not the case feeuu From
sorbed NGBs associated with EWS breaking. The dynamicte most recent measuremef§] we obtain the 3 bound
is expected to give rise to four scalar Higgs bosons and a eu_( 22 (25
pseudo-scalar each with mas$460-650 GeV which cor- ML=

respond to a standard two Higgs doublet model with the ratiQuich, for the critical value of the flavoron coupling, trans-

of Higgs VEV, tang=1. . _lates intoMg>1.2 TeV. Looser bounds oMy are ob-
The massive flavorons are similar to those of the previougyineq from thewN scattering experiments, as well as from
model except that they now also mediate interactions involVi,o pESY collider HERA. LEPII and Drell-Yan processes at

ing leptons. The GIM me(jc_hani;m of rt]he model SLrj]ppresdseﬁqe Tevatron. Thus, a scale of a few TeV for the dynamics of
FCNC. One important modification with respect to the modely,ig el is not in contradiction with experimental observa-
of the previous section is the criticality condition. The COU- tions.

plings g obey conditions similar to Eq14) but with N
replaced byN=12. As a result the necessary couplings are
considerably smaller than in the previous cases, which has
important consequences in the phenomenology. For instance, We have presented model building ideas that extend the
the minimal flavoron contributions to thieparameter in Eq. top condensate seesaw model of R&l.to include realistic
(19) can now be smaller by roughly a factor of 4, relaxing mass generation for all the SM fermions. In these models alll

V. CONCLUSIONS
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the electroweak doublets of the SM play an equal role in Both scenarios involve extensions of the gauge sector and
breaking EWS, with their mass differences resulting fromimply the existence of massive gauge bosons associated with
different mass mixings in a heavy EWS singlet fermion secthe breaking of either the family or flavor symmetries, the
tor. This effectively separates the questions of EWS breakinflavorons. These are strongly coupled to the SM fermions
and the origin of fermion masses, deferring the latter toand thus have a very rich phenomenology at present and
higher energy scales. As a result, the origin of the dynamicfuture high energy colliders. We have seen that the mass
of fermion masses is removed as a source of contaminatioscale of the flavorons can be as low as a few TeV and still
of the precision electroweak variabl&and T. The mass satisfy all existing phenomenological bounds. Therefore, the
mixings of the EWS singlet fermions, which are the seed forexperiments to take place at the Fermilab Tevatron Collider,
the standard model fermion masses, may be generated as well as the CERN Large Hadron Collid&HC), will be
much higher scales than the weak scale without inducingensitive to a variety of signals associated with these states,
further fine-tuning in the production of the weak scale. as well as with the colorons already present in other models
We presented two classes of models, based on brokesf dynamical EWS breakinf21].
gauged family symmetry in one case and broken gauged fla-
vor symmetry in the other. In both cases the resulting com- ACKNOWLEDGMENTS
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