PHYSICAL REVIEW D 69, 015002 (2004

Fermion masses and mixing in extended technicolor models

Thomas Appelquist* Maurizio Piai®" and Robert Shrok
!Physics Department, Sloane Laboratory, Yale University, New Haven, Connecticut 06520, USA
2C. N. Yang Institute for Theoretical Physics, State University of New York, Stony Brook, New York 11794, USA
(Received 11 August 2003; published 23 January 2004

We study fermion masses and mixing angles, including the generation of a seesaw mechanism for the
neutrinos, in extended technicol@TC) theories. We formulate an approach to these problems that relies on
assigning right-hande®= —1/3 quarks and charged leptons to ETC representations that are conjugates of
those of the corresponding left-handed fermions. This leads to a natural suppression of these masses relative to
the Q=2/3 quarks, as well as the generation of quark mixing angles, both long-standing challenges for ETC
theories. Standard-model-singlet neutrinos are assigned to ETC representations that provide a similar suppres-
sion of neutrino Dirac masses, as well as the possibility of a realistic seesaw mechanism with no mass scale
above the highest ETC scale of roughly®I&V. A simple model based on the ETC group (SUis con-
structed and analyzed. This model leads to nontrivial, but not realistic mixing angles in the quark and lepton
sectors. It can also produce sufficiently light neutrinos, although not simultaneously with a realistic quark
spectrum. We discuss several aspects of the phenomenology of this class of models.
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I. INTRODUCTION In this paper, we explore in a similar way the generation
of all the fermion masses and mixing angles. This is a very
The hypothesis that electroweak symmetry breakingambitious task. Grand unified theori@SUT's) are less am-
(EWSB) is triggered by a Higgs potential in which the qua- bitious in this respect, since they do not incorporate a dy-
dratic termu?¢ ' ¢ has a coefficient.><0, leads to the well- namical theory of generations, but instead put these in as
known hierarchy problem, the radiative instability of Higgs copies of the GUT group representations. A variety of free
sector with respect to a much higher fundamental scale. Varparameters is available to accommodate measured masses
ous approaches to this problem, such as the incorporation @nd mixing angles. Extended technicolor theories gauge the
supersymmetry, have been suggested in which the Higggenerations and must dynamically produce all the fermion
field remains elementary to energies well beyond the elecmasses, the generational hierarchy, the fermion mixing
troweak scale. However, in two cases where scalar fieldangles, etc. Our work on this problem has met with only
have been used successfully to describe spontaneous symnpartial success. Nevertheless, it seems worthwhile to report
try breaking in the real world, namely the Ginzburg-Landauour results and discuss open problems.
free energy functional for superconductivity and thenodel We begin by reviewing the problem of fermion mass and
for spontaneous chiral symmetry breaking in hadronic physmixing angle generation in ETC models. The intragenera-
ics, the scalars are clearly composite at the relevant energietipnal mass splittings and Cabibbo-Kobayashi-Maskawa
representing bilinear fermion condensates. (CKM) mixing have been long-standing challenges for these
These facts have motivated an alternative approach baseieories. In this paper we propose a mechanism that succeeds
on dynamical EWSB driven by a strongly coupled gaugein generating both. We explore this mechanism in an explicit
interaction, associated with an exact gauge symmetry, deeTC model based on the ETC gauge group(3UIt incor-
noted generically as technicol¢fC) [1-6]. The EWSB is  porates a generational(8), and as the S(%) breaks sequen-
generated by the condensation of technifermion bilinearsjally, it leads naturally to a generational hierarchy and a
and the masses of quarks and charged leptons then arise vi@maining, unbroken SU(2¢ group. A key feature will be
extended technicolofETC) interactions[2]. It has seemed the assignment of right-hand€x= — 1/3 quarks and charged
possible to understand some of the fermion mass scales Isptons to ETC representatiorf@ that are conjugates of
this way, although the very light neutrino masses present ghose of the corresponding left-handed fermions. This leads
newer and perhaps more challenging problem. Two of ugo a natural strong suppression of these masses relative to the
have shown, however, how light neutrino masses and leptoQ@ = 2/3 quark masses.
mixing can be obtained in extended technicolor models The representations of the SM singlet neutrinos are such
[7—9] containing a set of standard-mod&M) singlet neu- that at all but the highest ETC symmetry breaking scales, the
trinos. This involves a strong suppression of both Dirac andeft- and right-handed components also transform according
Majorana neutrino mass terms, along with a seesaw mechg mutually conjugate representations. Thus the elements of
nism that does not involve any superheavy mass scales. the Dirac mass matrices for neutrinos are also naturally sup-
pressed3,5]. This suppression, together with the dynamical
generation of Majorana mass terms for other SM-singlet neu-
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technicolor framework, focusing on the problem of fermion conjugate fundamental representation of Bg{) and the
masses and mixing, including the generation of the quarkisual representations o6gy=SU(3)X SU(2). X U(1)y.
and charged lepton mass hierarchies and mixing angles dhe Ny are SM singlets.
well as the typical presence of new, heavy degrees of free- To generate the quark and lepton masses, this theory must
dom. The corresponding discussion of neutrino masses artie embedded in a larger, extended technic(arC) theory,
mixing angles is postponed to Sec. IV. taken here to be SWErc). Constraints from flavor-
The models of Refd.5,7-9, are the immediate anteced- changing neutral-current processes require that the ETC vec-
ents of the model to be presented in this paper. They share tar bosons, which can mediate generation-changing transi-
common the feature of having two asymptotically-free gaugdions, must have large masses. We envision that they arise
interactions that become strong at high scales: Spys) from self-breaking of the ETC gauge symmetry, which can
X SU(2)4c, Where the latter is a new interaction designated®ccur if ETC is a strongly coupled, chiral gauge theory.
as hypercoloHC). Referenced7] presented a mechanism Egch fermion with standart;i—model interactions is embed-
for obtaining realistically light neutrino masses and leptond€d in @ fundamental or conjugate fundamental representa-
mixing. Reference$8,9] showed how this could be imple- tion of the ETC gauge group such that the first three compo-

mented in theories with extended strong-electroweak groupg'.ems. are the successive generations of th.'s fermlor_1, anc_zl the
. : . remaining components are the corresponding technifermions
We review these models briefly in Sec. Ill.

Section IV is the core of the paper. We begin by describ-W'th the same SM quantum numbers. This entails the relation

ing the ingredients of our model, including the use of rela- Nere=Ngent+ Nre=3+Nrc. (2.0
tively conjugate ETC representations. We discuss generally

the structure of the neutrino mass matrices and the possibkdditional standard-model-singlet fermions, some of which
appearance of a seesaw mechanism. Two possible symmetmjil play the role of right-handed neutrinos, will also be in-
breaking sequences are then described, each leading to titfeduced. The three generations are formed by the sequential
unbroken SU(2)c group. In each case, suppressed neutrindreaking of the SU{grc) gauge symmetry to the residual
masses emerge naturally, as do quark and charged lepté¥act SUNc). We denote the mass scale at which each
mass splittings and mixing angles. The general structure dftage of breaking takes place/as, where theth generation
the mass matrices is elucidated by a set of selection rules thagparates off from the other components of the ETC repre-
follow from residual global generational symmetries. Forsentations.

both sequences, however, the success is only partial, with A particularly attractive choice for the technicolor group,
mixings that are not fully realistic and an inability to achieve used in the explicit model to be studied here, is SY¢2)
simultaneously the right level of suppression for both Diracwhich minimizes the TC contributions to i parameter
neutrino masses and down-type quark and charged leptdd0—12 and can yield walking behavior, allowing for en-
masses. hanced quark and charged lepton masses. From(ZE#),

In Sec. V we discuss some phenomenological aspects dhis choice of Nrc=2 implies that our ETC group is
this class of models. These include the constraints from preSU(5)erc. With N¢=16 chiral technifermion doublets, as
cision electroweak data, flavor-changing neutral current proabove, studies suggest that the SUheory could have an
cesses, and ETC-instanton-induced violation of lepton num@pproximatginfrared fixed point(IRFP). The theory would
ber. We also discuss global symmetries and associatdee in the confining phase with spontaneous chiral symmetry
Nambu-Goldstone bosons. An interesting generic predictiolreaking, but near to the phase transitias a function of
of models that incorporate the mechanism proposed in RefNs) beyond which it would go over into a non-Abelian Cou-
[7] for the origin of light neutrino masses, and in particularlomb phasg13,14. This approximate IRFP provides walk-
of the class of models discussed here, is the existence &g behavior, enhancing the technifermion condensates that
neutrino-like mass eigenstates that are predominantigontrol the quark and charged lepton masses. This choice of
electroweak-singlets with masses that lie in the range from &ltc=2 also plays a crucial role in our mechanigi for
few hundred MeV to a few hundred GeV. We comment ongetting light neutrino masses and our present approach for
experimental implications of these particles. We also remarlexplaining intragenerational mass splittifds].
on possible candidates for dark matter.

In Sec. VI, we summarize our work, listing the successes B. Conventional ETC mass generation for fermions
and shortcomings of the mechanism employed. We suggest

possible directions for future study. The conventional ETC mechanism for the masses of

quarks and charged leptons relates these masses to the TC
condensate through ETC gauge boson exchange. An estimate

. GENERAL FRAMEWORK of the resultant masses is
* 7(FF)
M?Z

(2.2

A. Technicolor and extended technicolor M)~ ( Jetc
i T\ T A
v2

For general discussion, we take the technicolor gauge
group to be SUl+c). The set of technifermions includes . .
one family, viz.,Q =(p)., L.=(8)., Ur, Dgr, Ng, Er,  wherei is the generation index,FF)=(Z;_,sFF') for a
with each field transforming according to the fundamental ortechnifermionF (sum on TC indices, no sum on color indi-
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ces in the case whefeis a techniquark M~ (getd/4)A; is Since the ETC theory is strongly coupled, we cannot cal-
the mass of the ETC gauge bosons that gain mass at scalalate precisely the relation betwebh and A;. We take

A;, whereggrc is the running ETC gauge coupling at this

scale. The quantity; is a renormalization group factor given _agerch

by Mi=—%— 2.7
du where the constard is expected to be of order unity. Sub-
n=ex TY[C'TC(:“)] (23 stituting in Eq.(2.2), we get
i 3
reflecting the running of the bilinear operafdr between the MW~ LAZTC (2.9
technicolor scale and the relevant ETC scale, wheigthe " A

anomalous dimension for this operator. For a technicolor ) ) .
theory that exhibits full walking behavior betwedncanda ~ Wherex=8/3a” [=8n/3 with a=O(1)]. This rough value

scale denoted\,,, so thaty=1, it follows that for « will be used in all of our mass estimates.
Suppose that three separate ETC scalesy A,>Ag,
Aw emerge from the dynamical breakin@his will be the case
n= A_TC (2.9 in the first of the two symmetry breaking sequences in the

model to be described hey&hen, with the SU(2) theory

Since only the SU(2). theory is taken to walkj,, is the ~ Walking up toAg,
lowest ETC scale.

2
To evaluate Eq(2.2), we use the approximate relation Mi(iU)z KA/ISA3, i=123. (2.9
12 !
gl 3
(FF)=4mfg N_Tc> ; (25 To compare this to the experimental values of @e 2/3

quark masses, in particular, the top quark, we may neglect

wheref is the technipion decay constant. We note that theoff-diagonal entries ifM(“), at least for the higher two gen-
corresponding QCD expressiolqgq)=4mf3(3/N.)*? is erations, so that the diagonal elements give the actual quark
quite accurate. Herégq) includes a sum over color for each Masses. With the ETC breaking scales
quarkg. With f .=93 MeV, one has a value ¢216 MeV)® _ _ _
for {qq). This may be compared to the current-algebra rela- A1=10° TeV, A,=50 TeV, Ag=4 Tev (2.10
tion f2m2=(m,+my)(uu+dd)=2(m,+my)(qq), where '
m, andmy are the current quark masses and we have useith the above formula(2.9), we get m=175GeV, m,
the isospin symmetry of QCD to equat@u):(dd) =1.3 GeV, andn,=3 MeV [18]. Since our ETC theory ap-
=(qg). The values of thes and d current quark masses Pears capable of generating the top quark mass, we shall not
contain significant theoretical uncertainty; estimates rang8eed to use other approachisg.,[19,20,8) for this pur-
from m,+my=15 MeV from older current algebra methods Pose. The consistency of these choices of ETC scales with
[16] to 9 MeV using lattice method4 7]. Using the illustra- ~ Precision experimental constraints will be discussed in
; ; — prp Sec. V.

+ ~ = . .
t;v(eZl\ial\Izl :V)g(m;‘n grgc(’))d a?gl;/elzi\r/r; enct’r\]/(vaithﬁtrr]lisaiali)%/iz (dd) Thus while walking fromA+¢ to the lowest ETC scale

Next we recall that for a technicolor theory with one SM ﬁwa;sssuggev?/zflrlgs %igir?teemg Sumﬂzmlymggsg tt?]?s 2?;;‘”?6
family of technifermions, ' Ppq , p

mechanism cannot be the entire story. It does not account, for

2 example, for quark and charged lepton mass splittings within

(N.+1)f2, (2.6)  each generation. We next discuss this problem briefly, and
introduce the mechanism designed to address it.

g
m\%V:Z
whereg is the electroweak coupling arfg@ is the technipion
decay constant. This yieldg=125 GeV. It is convenient to
express various quantities in terms of the energy skajeat A long-standing challenge for dynamical theories of fer-
which the technicolor interaction gets sufficiently large tomion masses has been to obtain the splittimgsm,, m._
cause technifermion condensation. In QCO,=93MeV  andm>m, m,, [21]. The fact thatUg, Dg, Eg, andNg

and A ocp=180 MeV so thatAocp=2f,; using this as a have different hypercharges provides one source of split-
guide to technicolor, one inferd ;=250 GeV. If one re- tings, and the fact that the techniquarks have color interac-
gardsN.=3 andN+.c=2 as being sufficiently large so that tions while the technileptons do not provides another. How-
one should include factors yielding the correct respectiveever, these interactions are too weak at the scajg to
largeN, and largeNtc behaviors, then one would write explain the observed splittings without fine tuning.

C. Intragenerational mass splittings

Agcp=2f V3N and hence\ r¢c=2 f/3/Nc=300 GeV. The approach here is to assign right-handed components
We include these factors here, and hence u%e:.  of the Q=—1/3 quarks and charged leptons to representa-
=300 GeV. tions of the extended technicolor group that are conjugates of
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the representations assigned to the rgspective left-haQded th Vtz
= —1/3 quarks and charged leptons, i.e.,
R(f)=R(fr), for f=d,e, (2.11)
retaining the conventional assignment ﬁ: ;}tz ;}J f:f
R(up)=R(Ug). (212

FIG. 1. Graphs generatirig, M{/ 'tk wherei =1,2,3, assuming
. that the indicated one-loop mixings of ETC gauge bosons occur, for
Here we use the notatian_, Ug, di, dr, €., e [and, for the case in whicH, andfg both transform according to the same

the SU(2) ,dOUble,tS’QL ’ L].to refer to the full SU(Sgrc (fundamentalrepresentation of SU(%}c. The indext takes on the
representations with the indicated quantum numbers, encoMyzyes 4 and 5. Here! is an up-type quark for £i<3 and a

passing in each case the three generations antNt@e2  techniquark fori = 4,5.
technifermion components. Thus, for example, writing out

Q. explicitly, we have and the Cabibbo-Kobayashi-Maska}a2] (CKM) quark
mixing matrix V defined by the charge-raising weak current

ul,a u2,a u3,a u4,a u5,:11
QL:( la 2a 3a 4a 5,a) Nge“- .
ar, A AT d, J)\:,E Ui Vijydi (2.16
ua, Ca, ta’ U4,a, U5,a hi=1
“lga s pa p%a psa 213 s given by
b L 1 1 L
- v=uMu@r, 2.1
Note that we thus use synonymously the notafips F' for Lot 17
i=4,5 andy=L,R. Similarly, for leptons, we have, e.g., If both right- and left-handed quarks are placed in the
L ) 5 A 5 same representatiorithe fundamental or conjugate funda-
L — n., ns, n5on5,on mental representation of SU(5y) in the present modgl
L7 lel, e?, €3 et €° . and there are no other interactions affecting the quark mass

matrices, then it is not difficult to see that no quark mixing is
Ve, Vyuy Vi N4, N° produced. As the ETC group breaks sequentially, a set of
= e P - E* ES (2.14 massive E_TC bosons is generated, with itﬂyegenerat_ion of
' ' ' ' L quarks being connected to the corresponding techniquarks by
the ETC gauge bosoné,, i e{1,2,3, te{4,5. If there is

The condition(2.1]) is similar to the devic¢3] employed - -
to suppress Dirac neutrino masses in Réf. Note that this no miXing among the ETC bosons of thg fo'.’ B Vi W'th
# ], then the only type of mass generation is that of Fig. 1.

can only be done while maintaining a nonzero technicoloﬂl_h i for both th dd ks i
condensate if the technicolor group is SU{2, correspond- e mass matrix for both the up- and down-type quarks is

- ; L diagonal, so there is no quark mixing.
ing here to the ETC group SU(Byc, since only in this case . - L
can one form a TC-gauge-invariant bilinear of the form To remedy this problem, the requisite combination of

— — = ETC b iXi tb ted. For th -
(€'Fi LFj r) or (&;F_FL), wherei,j are the S(2) TC indi- galge hoson Mixings must e generaied, For e up

type quarks, with the conventional assignméhtl?), inter-
ces(and the color indices on the techniquarks are implicit ype 4 gnment.2

: . N enerational mixing will exist, provided that
In this approach the diagrams giving rise to the masses of th% g P

Q= —1/3 quarks and charged leptons require mixing of ETC VitHV{ . 1,je{1,2,3, i#] (2.18
gauge bosons, which leads to strong suppression of these

masses. In contrast, the masse®ef 2/3 quarks are gener- exists, wheret=4,5 is a TC index. For the down-type
ated in the conventional ETC manner, without any mixing ofquarks, with the unconventional assignménill), intergen-
ETC gauge bosons. As we will show, this naturally producesrational mixing will require the presence of

large intragenerational mass splittings with acceptable viola-

tion of custodial S2) symmetry. But in the models we have Vye V2, VieVE ijell,2,3. (219
analyzed so far it leads to excessive suppression of the down- o ) )
type quark and charged lepton masses. In either case, the mass matrix will contain off-diagonal as

well as diagonal elements. The differences between the off-

diagonal elements iM ™ andM(® and hence in the unitary

transformationd) ¥ andU(® then produce nontrivial quark
Another challenge fotextended technicolor models has mixing as specified in E¢2.17).

been to generate the observed, intergenerational quark mix- In the model to be described in Sec. IV of this paper, the

ing. In general, the mass matrM (") (f=u,d,e) is diago-  breaking of the ETC gauge group is driven by a set of SM-

D. Quark mixing

nalized by a biunitary transformation singlet fermions, and this produces both sources for off-
diagonal entries in mass matrices given in E@18 and
f) _(f f)t
Miiag=U1""MUg) (219 (2.19. The model take®R(u, ) =R(ug) to be the fundamen-
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V4 Vi fore lead to CKM mixing among the quarks and explain why
m:>m,, m, and m>mg, m,. The same mechanism has
+ (4 PN 5) been used to suppress th_e_elements of _Dira(_: mass matrices
for the neutrinog3,5], providing an ingredient in a possible
> > > new type of seesaw mechanism. This will be discussed in
dir dsr d3  dY Sec. IV.

FIG. 2. Graphs generatingj , M{"d; z wherei=1,2,3, assum- IIl. PROGENITORS

ing that the indicated, one-loop mixings of ETC gauge bosons oc- . ]
cur, for the case in whicli, anddg transform according to the The model to be described in Sec. IV evolved from two

fundamental and conjugate fundamental representation ogarlier models, designated here as AT9%and AS0Z7]. In
SU(5)erc. Hered' is a down-type quarktechniquark for 1<i addition, an embedding of AS02 in models with an extended
<3 (i=4,5). As indicated, the graph with the indices 4 and 5standard model gauge group was described in H&f9].
interchanged also contributes. Since these models use the same representation for the left-

and right-handed components of all the quarks and charged
tal representation of SU(5)c. Graphs that produce the off- leptons, they do not lead to nontrivial quark mixings. We
diagonal mass matrix elements for up-type quarks in thigeview their ingredients briefly to set the stage for the model
case are shown in Fig. 1. of Sec. IV.

For the down-type quarks, the model of Sec. IV takes A basic condition for building any of these models is the
R(d,) to be the fundamental representation of SU&)and  cancellation of the SU(%yc gauge anomaly. The SM-
R(dgr) to be the conjugate fundamental representation. Witthonsinglet fermions and technifermions contribute the fol-
N1c=2, so that the SU(2). condensates can still form, bi- lowing terms to this anomalgwritten for right-handed chiral
linears for these quarks arise via diagrams that necessariyomponents A(Qg)=—2N.=—6, A(LR)=—-2, A(UR)
involve ETC gauge boson mixing. The down-type techni-=A(dg)=N.=3, andA(eg) =1, for a total of—1. It follows
quark condensate is of the fOffﬂijai,a,LDja,R), where here that the contributions of the right-handed SM-singlet fermi-
i,j anda denote technicolor and color indices. This generate®ns must be
off-diagonal elements iv1(? via Eq.(2.19. The mass ma-
trix for the down-type quarks, generically of the form Z A(fr)=1. (3.1)

R

di M{fd; g+ H.c., (2.20
We describe below the ingredients of each of these models.
is generated by the graph of Fig. 2. The indicated ETC mix-The breaking patterns are discussed in the original refer-
ing will be shown to exist in the model of Sec. IV. ences. We then note that the incorporation of Pati-Salam
For the charged leptons, there are two possibilities. The symmetry, used in two of these models, is not compatible
e fields of a given chiralityy=L,R can transform according with the approach of the present paper.
to the samdS) or conjugate(C) ETC representations as the
down-type quarks and techniquarkk,We have considered A. AT94
both possibilities, and we label the two classes of models as
DES and DEC, respectively. The model of Sec. IV will be of
the DEC class, witlfiR(e_) taken to be the conjugate funda-
mental representation of SU(5)., andR(eg) taken to be
the fundamental representation.

In this model then, the technifermion condensates take theGAT94: SU(5)grcX SU(2) e X SU(4)psx SU(2) X U(1)g
following forms: 3.2

(€'DjaDR)y  (€jELER) (2.21)  where SU(4)s is the Pati-Salam group, which gauges
) ) N ) baryon minus lepton number U(4d), and combines it with
(together with their Hermitian conjugateshere, as before, color SU(3).. This yields quantization of electric charge and
i,j are technicolor indices anal are color indices. Since the partial unification of quarks and leptons. The Uglis an
repregentations of SB) are(pseudgreal, the technicol'or in- R-charge Abelian group. Thus the gauge group involves two
teraction, by itself, would produce the same magnitude fogyayge interactions that become strong at high energies: ex-
all of the techniermmn condensates, both the ones in Edended technicolor SU(5}c, and one additional strong
(2.21) and the(U; , Ug?) (for each color, in the case of gauge interaction called hypercol¢iC), SU(2),c. The lat-
techniquarks Diagrams analogous to those in Fig. 2, with ter is included in order to produce the desired sequential
obvious changes in the DEC case, give rise to the chargedrauge symmetry breaking.
lepton mass matri ,‘f’ The fermions in this theory are listed below, in a notation
This mechanism will lead to off-diagonal mass matrix el-where the numbers indicate the representations under
ements for the down-type quarks and charged leptons th&U(5)g1cX SU(2)ycX SU(4)psX SU(2),, and the subscript
are different from those of the up-type quarks. It can theregives the U(1) charge:

In Ref.[5] an ETC model was constructed that explicitly
demonstrated the sequential self-breaking of the ETC group,
producing three generations of SM fermions. This model was
based on the gauge group
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(51,420, (51,411, (5141 3R, G=SU(5)ercX SU(2) ycX Gz (3.10

(1,1,6,905, (1,2,6,D9r where
Gaoo=SU(4)psX SU(2) X SU(2)r (3.11

51,100r, (10,1,1,20g, (10,2,1,305. (3.3 _ _ o _
( bor: Yor: Yog. (33 and SU(4)sis the Pati-Salam group. This achieves a higher

(In [5] these were written equivalently in left-handed holo- degree of unification, as compared with E8.7). Here the
morphic form) fermion content is

A sequential breaking pattern was described in AT94,
yielding some of the features of the quark and lepton masses.
The (Dirac) neutrino masses, although much smaller than the —
qguark and charged lepton masses, were still much too large. (5,1,1,1,Dr,

(514,23, (514,125,

(10,1,1,1,2¢, (10,2,1,1,35. (3.12

These two models explain ho®, g and G,,, break to
B. AS02 SU(3):XSU(2).XU(1)y, and why this takes place at a
In Ref. [7] it was shown how one could get realistically scale &10° TeV) large compared to the electroweak scale,
light neutrinos in a model with dynamical electroweak sym-but much smaller than a GUT scale. We note, however, that
metry breaking. The model used the ETC and HC gaugé¢hey are not compatible with the approach of the present
groups of Ref[5], together with only the SM gauge group: paper where the left- and right-handed components of the
Q= —1/3 quarks and charged leptons are placed in conjugate
G=SU(5)ercX SU(2)cX Gsm (34  ETC representation§Eq. (2.11]. The SU(2) X SU(2)
symmetry would imply thatR(u_g)=7R(d_g). Since the
choiceR(u ) ="R(ug) is necessary to provide conventional
Gey=SU(3)X SU(2), X U(1)y. (3.5 mass ETC mass gene_ration for Qe 2/3 quarks, the use of
conjugate representations for tQe= — 1/3 quarks would not
The fermion content of this model is listed below, wherebe allowed. The inclusion of SU(43 symmetry as inG,,
the numbers indicate the representations under Si5) would also prohibit the use of conjugate representations for
X SU(2)ucx SU(3):x SU(2). and the subscript gives the the charged leptons.
weak hypercharg¥:

(51,3213, (51,3 043r, (51,30 23g

where

IV. AMODEL FOR QUARKS AND LEPTONS

A. Ingredients

(51121, (5113 3g, We employ the same gauge groGpas in Ref[7], given
_ in Eqg. (3.4), and use relatively conjugate ETC representa-
(10,1,1,20r, (10,2,1,20g- (3.6)  tions for the left- and right-handed components of
) ] o Q= —1/3 quarks and charged leptons. All of the non-Abelian
Two sequential breaking patterns were studied in Réf. factor groups inG are asymptotically free. There are no bi-

linear fermion operators invariant undérand hence there
C. Models with extended strong-electroweak gauge groups are no bare fermion mass terms. The SWz23ubsector of

Reference$8,9], enlarged the model of Ref7] by em- SU(5)erc, :_:md the SU(2)c interactionl, are vectorial. The
bedding the SM gauge theory in two models with an ex-"éPresentation content for the quarks is
tended strong-electroweak gauge group. These, too, are bro- ) :
ken dynamically. The first is based on the group Qui (513213, Urt (5,13 Dasp,

G=SU(5)grcX SU2)ucX g 3.7 9R(5:13.D-2m- D

The representations for the charged leptons are
where

GLr=SU(3)cX SU2) X SU2)rX U(L)g .. (3.8 Lt (B.112-1p, ert (511D, (42

so the model is of DEC typEEq. (2.11)].

The fermion content is The model also contains SM-singlet fermions, constrained

(51,322,013, (51,3,1,213r by the absence of an SU(5): gauge anomaly. We denote
A e the contribution of a given chiral fermiofy, written as a
(51,1,20 1., (511,12 ;g right-handed field, to this anomaly, A¢fg). The quarks and

techniquarks make the contributiodg Qg)= —2N.= —6,
(51,11,90r, (10,1,1,1,30r, (10,2,1,130g. A(ug) =~ A(dg)=Nc=3. In a DEC-type modelA(Lg)
‘ ' ’ 3.9 =2, A(eg) =1, while for a DES-type modelA(LRg)=—2,

' A(egr) = — 1. The totals for the contributions from these SM

The second uses the group fermions are—3 and—9 for models of DEC and DES type,

015002-6



FERMION MASSES AND MIXING IN EXTENDED.. .. PHYSICAL REVIEW D69, 015002 (2004

respectively. In order that a model should have zercchannel R;XR,— Ry iS taken to be AC,=C,(R,)
SU(5)erc gauge anomaly, the contributions of the right- + C,(R,) — C,(Reong), WhereR; denotes the representation

handed SM-singlet fermions to this anomaly must be under a relevant gauge interaction &{R) is the quadratic
Casimir invariant.
S Afg= 3 for DEC-type models As the energy decreases from some high value, the
SM singlet fr R 9 for DES-type models. SU(5)etc and SU(2),c couplings increase. We envision that

atE=A,=10° TeV, agrc is sufficiently strong14] to pro-
Since SU(2)¢c is used for the hypercolor group, it is free duce condensation in the channel
of any local gauge anomaly; the constraint of no global _
anomaly requires that there be an even number of doublets, (10,1,1,20£%(10,1,1,2g—(5,1,1,D (4.9
and this is satisfied for our model, since it has hypercolored
fermions transforming as a I@ntisymmetric rank-2 tenspr With  AC,=24/5=4.8, breaking SU(Sc— SU(4)erc.
or SU(5)rc and two doublets under SU(2J. With no loss of generality, we take the breaking direction in
There are a variety of solutions to the constraint @),  SU(5)erc asi=1; this entails the separation of the first gen-
and we have studied a number of these. Here we focus o@ration of quarks and leptons from the components of
one relatively simple solution. For the SM-singlet fermions SU(5)erc fields with indices lying in the s€®, 3, 4, §. With
we take respect to the unbroken SU (&), we have the decomposi-
B B tion (10,1,1,1)r=(4,1,1,1yr+(6,1,1,1g. We denote the
Yt (101,120, ¢§“: (10,2,1,29R, fundamental representation (4,1,54)and antisymmetric
tensor representation (6,1,15%) as agEl//g for 2<i<5
and p=yp  for 2<i,j<5. The associated
SU(5)erc-breaking, SU(4grc-invariant condensate is then

wlrt 2(1,2,1,0r (4.4)

where 1=i, j<5 are SU(5} ¢ indices,a=1,2 are SU(2)c

indices, angp= 1,2 refers to the two copies of the  field. g Togkly gy g23 T pA5_ 24 T 35, 425 T 234
The SM-singlet fermions in this model thus involve three (enijnén  CER)=8(¢R R4k Rt &R §R)-
types:(i) ETC-nonsinglet, HC-singlets, viz., the antisymmet- (4.6)

ric rank-2 tensoryg; (i) ETC-nonsinglet, HC-nonsinglet, This condensate and the resultant dynamical Majorana mass
viz., the §'“ field, which transforms as an antisymmetric terms of orderA; for the six £} fields in Eq.(4.6) violate
rank-2 tensor representation of SUEgg and a fundamental  total lepton number a\L|=2. The actual mass eigenstates
representation of SU(2}, and (iii) the ETC-singlet, HC-  are linear combinations of these six fields involving maximal
nonsinglet fieldsvy z, which transform as fundamental rep- (+7/4) mixing of [£,,g) With |£3s5r), |£34r) With [£25R),
resentations of SU(2) [we include an even numb@=2  and|&,3r) with |£45R), respectively, with respective eigen-
of copies to avoid a global SU(Z3 anomaly. The subsector values* A, (where in the case of negative eigenvalues, one
comprised of theyd and {4’ is similar to the SM-singlet redefines fields appropriately so as to obtain positive
sector of the model discussed in REf]. One can see that massep
condition (4.3 is satisfied and, more generally, that this At energy scales belowA;, depending on relative
model is free of any gauge and global anomalies. strengths of couplings, various symmetry-breaking se-
In a theory in which lepton number is not gauged, it is aquences with different condensates are plausible. As all the
convention how one assigns the lepton numbef the SM-  condensates develop, there will naturally arise relative
singlet fields. We assigh=1 to ¢} so that the Dirac mass phases among them, leading in general to the presence of CP
termsﬁir_b”_ ,p%{j that will form conservel. One could, alter- Violation ir? both the quark and neutrino seqtors_. We postpone
natively, assigrL=0 to !, so that the Dirac mass terms a0 analysis of these phases and of CP violation from topo-
transform asAL=1. Indeed, in the models of Refgs,9], logical terms in the gauge sector an_d th_e a§SOC|ated strong
whereL is gauged, this is the way that thel =2 violation CP pr_oblem for later work, concentrating in this paper on the
of the lepton number arises. The lepton number assigned {agnitudes of the condensates and the resultant pattern of

the ¢ and wg is also a convention; since they have no Masses and mixing angles.
Dirac terms with the electroweak-doublet neutrinos, we leave

these assignments arbitrary. C. Neutrino mass matrix
Having described the SM-singlet sector of our model and
B. Symmetry breaking: The first stage the first stage of symmetry breaking at scAlg, we are now

Symmetry breaking down to the TC scale is driven com-n & position to discuss the general structure of the neutrino
pletely by the SM-singlet sector of the model. We identify mass matrix and the possibility of a seesaw mechanism. The

plausible preferred condensation channels using etails will then depend on which lower-energy symmetry

generalized-most-attractive-chanf@MAC) approach that reaking sequence is favored.

takes account of one or more strong gauge interactions at 1he full neutrino mass term for the model is

each breaking scale, as well as the energy cost involved in 1 M M nC
producing gauge boson masses when gauge symmetries are _Lm:_(ﬁLFL)( : - D)( R) +H.c., (4.7
broken. An approximate measure of the attractiveness of a 2 (Mp)" Mg/ xR
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wheren = (ve,v,,v;,Ng,N 5)L and)(R is a vector of theng  will not form bilinear condensates and resultant mass terms

SM- smglet fields, mcludmgy , L , andwy . Since  with hypercolor-singlet fermions. Hencd has a block-

(M)T=M_ and MR)"=Mg, the fu|| (5+n o)X (5+ny)  diagonal structure, and it is convenient to group the HC-

neutrino mass matrid in Eq. (4.7) is complex symmetric  singlet blocks together a#l,cs and the HC-nonsinglet

and can be diagonalized by a unitary transformatignas ~ blocks together asvi,,c. The matrix of primary interest,
Mycs, is defined by the operator product

M giag=UIM(U)". (4.9
ng
. . . : 1 R
ThIS yields the .neutrmo mass_es_ca?d transformattjgrrelat- —»CHcs— (L e ) ,g OMucd | +Hec. (412
ing the group eigenstates = (n, x*), and the corresponding £
mass eigenstates, | , according to R
54ng so that
ViL= kzl (Uv)jka,m,Lr 1<js5+ng (4.9 M, (Mp)r (MD)Fg
. o . —[ (Mp)L (™ M
[the elements,);, connecting techni-singlet and technicol- Mucs=| (Mo (MR)aa (Mlag | (4.13
ored neutrinos vanish .identica]IyThe lepton mixing mgtrix (MD)%g (M R)lg (MR) ¢
for the observed neutring23,24 v,  =U v, is then given
by This matrix has many vanishing entries arising from the fact

that the SU(2)c symmetry is exact. It, too, could therefore
) be written in a block—diagonal form by clustering the seven
Uik:zl (Ul,L)ij(Uv)jki 1=<i=<3, 1sk=5+ng TC- Singlet fermions [(nC) (nC) (nC)B 12 a3 é_—23 §45]
: .10 =(ve,v; 150%™ %), in one group, and the TC-
doublet ferm|ons in a second group. This block-diagonal
whereU,=U,y, etc., and where the diagonalization of the structure will be evident in many of the exact zeros in the
charged lepton mass matrix is carried out by the biunitarywarious matrices displayed below.

transformation in Eq.(2.19 for f=e. Thus the charge- Within Mycs, the most important Dirac submatrix is
lowering leptonic weak current is given by (Mp)ne . defined by the operator product
3 5+n — 1
NLL(Mp)nalij o (4.14
:; Z Uik(Pm)k.L (4.11) LR el TR

with 1=<i<5, 2<j=<5. This matrix has the general form
wheree; denotes théth charged lepton mass eigenstate and

vy is the (5+ng)-dimensional vector of neutrino mass by, big 0 O
eigenstates. by, b,z 0 0
The complex symmetric mass mati of neutrino-like
(colorless and electrically neutjadtates is 3% 39, with ng (Mp)na=| baz b3z 0 0. (4.19
=34. Of the 39 neutrino-like chiral components of fermion 0O O 0 ¢
fields, Nge=3 are the observed left-handed neutrinige 0 o0 c. 0

=2 are left-handed technineutrinos, and the other34 are

electroweak singlets, comprised of the 10(1,1,1)r, the  The vanishing entries are zero because of exact technicolor
20(10,2,1,1)r, and the four fermions in the pair of gauge invariance. The entpy represents a dynamical mass
(1,2,1,1yr. All of its entries arise as the high-energy phys- directly generated by technicolor interactions corresponding
ics is integrated out at each stage of condensation fhgm to
down toA1c. Composite operators of various dimension are
formed, with bilinear condensation then leading to the — 1
masses. The nonzero entries Mf arise either directly, as E ijnLaR .,
dynamical masses associated with various condensates, or
via loop diagrams involving dynamical mass insertions onsg that
internal fermion lines with, in most cases, mixings among
ETC gauge bosons on internal lines. The different origins for [ci|=A+c. (4.17
the elements oM give rise to quite different magnitudes for
these elements; in particular, there is substantial suppressidn Fig. 3 we show graphs that contrlbute_@b”a for i
of the second class because the diagrams involve ratios ef1,2,3 andj=2,3 if the indicated mixings of ETC gauge
small scales such ad+c and lower ETC scales to larger bosons occur. Which of these ETC gauge boson mixings do
scales such a4 ;. occur depends on the symmetry-breaking sequence.

In the two symmetry breaking sequences to be considered The submatrix ¥g),.. Which, depending on mass
here, either the SU(2). symmetry or a U(1)c subgroup scales, can play a key role in a seesaw mechahigmis
will remain unbroken. Therefore the hypercolored fermionsassociated with the operator product

(4.19

i,j=4
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‘/15
Tded) + (4o 5)
15 7; . . . .
« i,L > > » >
R | | 2 i Nsr  NiL = Vel
FIG. 3. Graphs generatinﬁ’Lbijoz%zJ for i=1,2,3 andj=2,3, (a)

provided that the indicated mixings of ETC gauge bosons occur.
(?)tir”—ag=ag TCrijag. (418)

With the usual ordering of the components in the 4 of
SU(4)etc, Viz., (a? a3 o '), this matrix is

oo, s 0 O

rs rss 0 0 15
= R
(MR)aa 0 0 0 0 . (419)
0O 0O O O

~ FIG. 5. Graphs that yield contributions to the Dirac bilinear
As before, the zeros are exact due to technicolor invariancei,d; j ¢X for j,k=4,5 and(a) i=1, (b) i=2,3. In the latter case,
If the 22 r;; submatrix has maximal rank, it could provide the mixing of ETC gauge bosons that is necessary is indicated.
the seesaw which, in conjunction with the suppression of the . - . . .
Dirac entries;; discussed above, could yield adequate sup2"'>€ only indirectly, via loop diagrams and are highly sup-
pression of neutrino masses. Thesubmatrix plays this role pressed. The§e elgments 4 6)n; have or_1|y a small effect_ :
becausery,x and aysk are the electroweak-singlet technis- on the neutrino elgenvalue_s because in the characteristic
inglet neutrinos that remain as part of the low-energy eﬁecpolynomla_l for the fullhnleutrlno mass maltrllﬁ, they occur
tive theory below the electroweak scale. In Fig. 4 we show?S corr_ectlons to much larger terms involvi 4
graphs that contribute toy In Figs. 5a) and b) we show the one-loop diagrams that
. ; . i A . . £k P = R

The other submatrices iM do not have as important an E’nt”bu“istonLdl,kaR for j,k=4,5 and (@) '_1'4[5-9-’ to

effect on the primary mass eigenstates in the observed netfe d14s6r” and (b) 1=23, ie., to v, dysfR’ and

trinos. The second Dirac submatrix in £4.13, (Mp)nzis v, ds g . For thei=1 case shown in Fig.(8), no ETC

associated with the operator product gauge boson mixing is necessary, but for tke2,3 cases
, shown in Fig. %b), one needs the mixing¥!— V! for t
AL (Mo el kol (420 Tpo " i
with 1<i<5 and 2<k<n=<5 and has the general form Th_e_ entriesc, andcs in the matrix(4.21) correspond to
the bilinears
d1,23 dl,45 0 0 0 B L
dopz doys O O 0 i ;45 €ni &R, i ;45 enttégr, (422

and are allowed by technicolor invariance, but they cannot
occur directly as TC-scale dynamical masses since é&he
0 fields gain masses of order; from the condensaté4.6).
(4.2)  They might be induced by higher-order processes, but we
will not pursue this in detail, since they are not important for
the light neutrinos.
The submatrix Mg) ., corresponding to the bilinear

0 0 0 o
0 0 -c, O

0

0
(Mp)pe=| d32s d3ss O O O O

0 c3

—c

Again, the zeros are exact and follow from technicolor in-
variance. Because thgfields decouple from the theory at
scales belowA ;, they cannot directly condense with the

fields at lower scales. Thus the nonzero elementsvi ) ?ﬁiwli,jkflﬁkzag TCWli,ijEf (4.23
V41 Vf’ has the general form
+ (4 - 5) Wip23 Wipgs O 0 0 0
(Mp), o Wigo3 Wizgs O 0 0 0
> > > > R at™
o ® o 0 0 0 ¢ 0 ¢
0 0 -c4 0 —-c5 O
FIG. 4. Graphs for X2 Cr . (4.24
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V43 V15 symmetric, is again asymptotically free. As the energy de-
creases through a scala,=10 TeV, the SU(4}rc and
+ (4 PN 5) SU(2)yc couplings become sufficiently strong to lead to-
gether to the condensation
2 PR YA Y (4,2,1,99£%(6,2,1,39r—(41,1,1) (4.26
FIG. 6. Graphs that contribute to the Majorana bilinear with AC,=5/2 for SU(4)rc and AC,=3/2 for SU(2)4c.
ar TCwig €27 in symmetry-breaking sequence 1. This breaks SU(4c to SU(3)rc. The condensate is
Again, all zeros in these matrices are exact and follow from( €ap€1z R " TCLRP)=2(€eqp( (R TCLRP

SU(2)¢ invariance. In Eq(4.249 the £c, and £ c5 entries 14a T 435R , +15a T 5343
refer to bilinear fermion operator products that are allowed R CLRTHERT CRT)),
by the exact SU(2) invariance, namely (4.27)

° and the twelvez)'® fields in this condensate gain masses

5
iZ4 6123jaci'§l|g:i24 enajar 'CEY, k=23 =A,. (To be precise, linear combinations of these fields
= - (4.2 form eigenstates with definite masges.

' The fact that the neutrino-like fieldsy transform as a 4

Since thegl} fields pick up dynamical masses of ordef ~ Of SU(4)erc, while the left-handed neutrinos and tech-
and then decouple, there are no technicolor-scale condemineutrinos transform as a, 4vill lead to a strong suppres-
sates of the fOfn‘iEi‘r’,j:ﬁlzaj ar TC&N) with k=2,3. How-  sion of relevant entries in the Dirac submathib, [3,5]. This
ever, these terms can, in general, be induced by higher-ordétppression depends only on the fact that the left- and right-
processes similar to those that can inducevifjg; shown in hand_ed components of the neu_trinos transform according to
Eqg. (4.24. In Fig. 6 we show graphs that can contribute torelatively conjugate representations.

do so in the first sequence to be described below the SU(2),c interactions are asymptotically free, so their

To summarize, the full 38 39-dimensional neutrino mass Couplings continue to increase as the energy scale decreases.
matrix, M, factorizes into one diagonal block involving the At @ scaleA;=4TeV, these interactions together are envi-
HC singlet fields and another involving the HC nonsinglets.Sioned to lead to a condensation in the charimélere the
The former can be seen to block-diagonalize furiraplicit ~ numbers give the representations under SgE{g)
in the above discussiorinto one block involving the TC- X SU(2)ucX Gswl
singlet fields and another involving the TC-nonsinglets. The —
characteristic polynomialP(\), associated with the diago- (3.2,1,30r%X(3,2,1,20r—(3,1,1,19 (4.28
nalization ofM and the determination of its eigenvalugise )

with AC,=4/3 for SU(3)rc and AC,=3/2 for SU(2),¢.

masses of the neutrino-like statetherefore factorizes into ; g
four parts, one of whichP,cs.1cd\), is associated with the This breaks SU(33;c to SU(2);c. Without loss of general-

HC-singlet and TC-singlet fields. The roots of the other thredl, We may use the original SU(gjc gauge symmetry to
factors range in magnitude from, down toAc. The fac- orient the condensate so that it takes the form

tor Pycs.ted\) contains two large roots of orddr; and five 2@ T 72k By _ 240 T 7258
other roots. These five roots will be of primary interest here (€129c€aplR @ CLR)=2€aplr™ "CLRT)- 4.29
since they contain three that form the mass eigenstates in the '
three eIecFroweak-doubIet neutrino interaction eigenstates, | the low-energy effective field theory belows, the
to_gethe_lr_%/vnrgj twa tr:ja} are prlrfnar:lly electlroweqkl—sflnglet n(au'massless SM-singlet fermions then consistZpf* with ij
trinos. The detalled forms of these polynomial factors de-_ 45 53 andwg g With p=1,2. In this energy interval the

pend on the symmetry-breaking sequence and will be dis;: f .
cussed below. SU(2)yc coupling continues to grow, as does the SUR)

. . . coupling. When the couplingzyc becomes sufficiently
This general formalism can now be applied to any SYMstrong, the hypercolor interaction can naturall rodirte-
metry breaking sequence. We discuss two plausible se- 9. yp yp

: . ingle) condensates of the various remaining HC-doublet
ggsgﬁr?gss depending on the relative strength of ETC and H ermions. In each casedC,=3/2. Since the condensate

(4.29 was formed via a combination of both SUg3¢ and

SU(2)y¢c interactions, while the present condensates are

formed only by the SU(2)c interaction, and have the same
This sequence, leading to two further, distinct stages ofalue of AC,, it follows that the scale at which they form,

ETC-symmetry breaking, is related to the one den@gdn denotedA ¢ [wheres denotes SU(2)-singlef satisfiesA

Ref. [7], but has further structure resulting from the addi-<A3. There are six condensates of this type:

tional wy  fermions not present there. In the effective theory 120 T 4238

below A;, the ETC interaction, which is SU(#)c (€aplrR ™ CLR™), (4.30

D. Symmetry-breaking sequence 1
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<EaB§1R2ﬂ Tng &, p=1.2, (4.30) estimate is very similar to that of E¢2.9) with i=3, but
’ suppressed by the ratio of the gauge boson mixing to the
(%,35%3'“ TngR>, p=1,2, (4.32) mass-squared of the heavieh {-scale ETC boson in the

graph. With the TC theory walking up to the scalg, the
integral will be dominated by momenta of that scale, and the
gauge boson mixing estimate of E@\9) may be used. We
utilize the expression, Eq.2.7), with a=1, for the ETC
gauge boson masses and thus estimate

<faﬁwf,RTcw§,R>- (4.33

With these condensations, the 20 fields® and the four
wy r fields condense out of the effective theory at energie
below Ag, just as the siX;; r condense out of the theory at kA2.A3
energies belowA;. In what follows, we shall takeAg My = AZAL
=Aj. This is reasonable, since the condens&e30 and 182
(4.32 have the same symmetry behavior as the condensa _ : (u)
(4.29 that forms atAs, i.e., all three of these break Hihere x~8/3. The result is of order {3/ A,)M{y. The
SU(3)erc to SU(2)e.

The condensates involving the  fields are important in

(4.39

off-diagonal elementd (" with ij different from 13 and 31

vanish identically, as a consequence of a residual global sym-
. . . i low. With the ET ki I f EQ.

the generation of the quark and lepton mass matrices. Wit metry described below. With the ETC breaking scales of Eq

; ' (u) -
out them, as we will describe shortly, a residual unbrokenz'm' this structure oMj;” leaves the up-type quark masses

. - consistent with experiment.
global symmetry would prevent the formation of some desir For the down-type quarks and charged leptons, because

able matrix elements. The fact that the generational structur\t,ave emplov relativelv coniuaate ETC representations for the
of the model is determined in this way by generation- ploy y U9 P

dependent global symmetries is a feature of dynamical symI?ft' and right-handed components, all the elements of their

metry breaking, in which only gauge bosons are responsiblgq"’ISS matrices, diagonal and nondiagonal, will be sup-

for the communication of the breaking from the SM singlet.pressed’ vanishing were it not for the ETC gauge boson mix-

: e ing. The relevant nondiagonal ETC gauge boson 2-point
fermion sector to the visible sector of the theory. fu?\Ctions are of the fornV-“?—>Vj andV-5<g—>V? (see the A p
Finally, at the technicolor scal&é¢, the technifermions . i i 4 P
condense, breaking SU@XU(1)y to U(1)er. (Vacuum pendM. The graphs_ that yield a down-type quark_mass term
alignment arguments motivate color and electric charge con'—n, this modgl are g'v(?';] by the appropriate special 'cases of
servation by the technicondensatf25]) The condition !9 2. We find tha;;” for f=d,e has nonzero entries for

A7c<As is natural since, although both the TC and Hcall (i) except(12), (21), (23), and(32). ,
groups are S2), the leading coefficient for the beta func- We estimate these entries, as above, by taking the theory

tion in the HC group belowA 5 is larger than that for the TC {0 walk up to the lowest ETC scalks. We note again that
group. Explicitly, with B(a)=—boa?2m+---, we have the results will be given by the conventional ETC estimate of

_ _ _ Eq. (2.9), but suppressed by the relevant ratios of mixings to
bo=(11/3)Nyc— (2/3) (1/2Np=6 for the SU(2),c theory ’ ; ,
and bO:.(11/3)NTC_(2/3)(1/2)\“.0(1:2 for the SU(2)}e ﬁ]/la(l;%;a tzl?hson square_d masses. l§Zon5|der f_wst the e_stlm_ate of
theory, since there amd ;=4 chiral SU(2),c-doublet fer- 13- The appropriate gauge boson mixing term is given
mions Loa pase L0 R) and Ng=16 chiral DYy EQ.(A8), and the full estimate is similar to that for(y:

SU(2);c-doublet fermions active in this energy interval. 2
kATcAs

M (e ~
. . 13 2
E. Fermion mass matrices for sequence 1 Al

The diagonal entries of the up-type quark mass matrix Turning next to the diagonal elemeM@® we make
MW are the conventional masses generated by the ET i 22

ij - _ ¢ g y Gse of the mixing term of Eq(A1l), which is suppressed
mechanism, as given above in EQ.9). The off-diagonal  (e|ative to the previous mixings bis/A,. We find
entries inM i(j”) are generated by ETC gauge boson mixing of
type (2.18. The general set of ETC gauge boson mixings e kAZ:AG
generated by the SM-singlet condensates listed above is ana- Moy ™= A
lyzed in the Appendix. Here and throughout the text we use 2

the results of this_ %”a'VSiS- In the present case, the Only.ETq;he two other diagonal entries are estimated in much the
gauge boson mixing of type2.1§ that is generated iS game \way, making use of the gauge boson mixing terms of

1, \/3 \ith +— e A ; :
Vi Vi with t=4,5. This gives rise to nonzero off-diagonal gqs (A15) and(A16). Recall that these involve iterations of
elementsM i(j”) only for ij =13,31, which, in this approach, previous mixings. The results are

are equal in magnitude, as a consequence of (B47).

(4.35

(4.39

Other off-diagonal entries will be shown to vanish from glo- kAZ:AS
. . M (de) _ (4.37
bal symmetry considerations. The above ETC gauge boson 11 Aéll : .
mixing is described by a mass mixing functigfi 3(0) with
t=4,5, as described in the Appendix. A2 A
. L - KATcA3
The simplest graph contributing to the bilinear M%e): — (4.38
U, 1 M{Qui?is shown in Fig. 1, withf=u, j=3,i=1. The A7
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There is mixing only between the first and third eigenstatesseesaw is not attainable for ayy<A . This problem will
The resultant quark masses ame=M{) and my~m, be alleviated in sequence 2, allowing a neutrino seesaw, but
”—“M(fv,)- With the A; choices of Eq.(2.10, these arem; ~ hot at the same time generating realistic quark masses.
=0.2 MeV andmy=m,=1 MeV. Clearly, the down-type It is useful to exhibit the structure of the characteristic
quark masses are suppressed far too much by this mechanigi@lynomial P(x) of M. Recall thatP()\) factors in general
and, in addition, do not exhibit a full three-generation struc-into four parts, only one of whichPcs.tcd)), has some
ture. roots smaller thark . These occur as five of its seven roots
The diagonalization oM™ and M@ yields the quark (the other two are the masses of linear combinationsé?)f
mixing matrixV/, according to Eq(2.17). This mixing arises and &g, of orderA;). Pycs.red\) takes the form
almost completely from the diagonalization of the down-
quark mass matrix, so that=U{? T Although the model Prcs-regM) =APs(M), (447

does produce quark mixing, thieb mixing angle is close to  where the zero eigenvalue is the massyof Since the ex-
w/4 and hence not phenomenologically acceptable. The sanyerimental data indicating neutrino oscillations only deter-
structural features apply to the charged lepton mass matrigines the differences of squares of neutrino massess,)

To leading order, the charged lepton masses are given by the,qxm2 it allows the lightest eigenvalue to vanish. How-
same formulas as for the correspondlng dOV\_/n-type quark%ver’ the model with this symmetry-breaking sequence is too
however, color effects for the quarks will modify this equal- gjmpje to reproduce another feature from the data, namely

ity'For the neutrinos, sequence 1 yields nonzero entries in thge fact that, mixes with v, andws to form the interaction
' enstates. The factétg(\) is a polynomial of the form
Dirac submatrixb;; for ij =13,22,33. A general relation in ¢ o(M) poy

the present class of models is 6 .

Ps(\)= 2, pg;\, (4.42

bj=M{®® for i=1,23; j=23. (4.39 1=0
where for this sequencgs s=pss=Pe1=0, SO thatPg(\)

(Reca” that there are Only two I’ight—handed, SM'Singlet: P(_)\) and the roots come in opposite_sign pairS. The
states belowArc, and therefore there are fje=1 entries)  nonzero coefficients in Eq4.42) are

This equality is due to the fact that both the down-quark

masses and the Dirac masses for the neutrinos are generateflg 4= — (A5+b2s+ b3, + b3+ d? 4ot d5 4st 155+ W5 59,
in the same way, employing relatively conjugate representa- (4.43
tions for the left- and right-handed components of these 5 o 2 2.2 '
fields. Thus Eq(4.39 holds for any symmetry-breaking se-  Ps2= (D13t byt b3atr39) AT—2wy5 24 b1y 45

guence in the present model. It is a defect of the present class 2 (h2 2 2 2 2 .2
of models, since it means that these models have difficulty in T Datds 49 Ay + D213 T D) + A1 4 D22t D3t 12)

simultaneously producing sufficiently large masses for +d§y45(bf3+ b§2+r§3)+wia,2:«£b§2+ di45+ d§45)
down-type quarks and charged leptons on the one hand, and
sufficiently small masses for neutrinos on the other hand. —2b13b3301 43 45 (4.44

Focusing on the neutrinos alone, the Dirac madggs nd
could play a role in a seesaw mechanism, provided that g

corresponding X2 Majorana mass matrix for the SM sin- . — 2 1(p2 4+ p2,)A2— 2w b +b A
glets[ther;;'s of Eq. (4.19] is formed with the right mag- 60 24 (013¥ D3 A 1324 D1ty a5t Datlz a9

nitude. The 23 elements of this matrace formed in se- +b203 45t 0307 4ot W5 od AT 45t d3 40
guence 1 via Fig. 4, but with a magnitude much smaller than
the Dirac terms. The reason for the smallness is that the ~ 201303501 e 48] (4.49

fermions and gauge bosons of Fig. 4 have masses of order
A1, and the gauge boson mixing is soft above the smallegJe
scaleA;. The relevant mixing, estimated in the Appendix,
arises from a combination of the mixings of Figs. 8 and 10
The only scale entering this combinationAs;, leading to
the estimate

As noted abovesee Fig. %, while d; 45 is nonzero in
neral, in order to get a nonzeitp,s with i =2,3, one needs
the ETC gauge boson mixing}—V! with i=2,3 andt
'=4,5 to occur. In the present sequence, we have the mixing
V&*)Vg and hencels 45is also nonzero. Botld; 45 andds 45

are estimated to be of orderA2.A5/A%, while d, 45 and

A8 d; o3 for i=1,2,3 vanish. The graphs that yiei} ; ,3in this
= —— (4.40  sequence are shown in Fig. 6. This entry; ,3is estimated
A3 to be of orderkA%/A3. The otherw;;  entries vanish. Be-

cause thed; 45, d3 45, andwsz,3 terms enter together with
For the above choices d¢f,=10° TeV andA;=4TeV, r,;  much larger terms in the various coefficients, they have a
is well below any of the nonzer;;’s. This problem is alle- negligible effect on the eigenvalues. Dropping negligible
viated asA ;/A ¢ is increased, but sinck, can be no smaller terms, PuycstedN)=ANAN—A)(A+A;)P4(N), where
than a few hundred GeV to adequately suppress flavorP,(\), evident from Eqs(4.42—(4.45), gives the nonzero
changing neutral current procesdaege Sec. Y a realistic  eigenvalues of magnitude less thARc.
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F. Residual generational symmetries in sequence 1 Wij i entries are nonzero, but, as discussed above, the non-

The presence of zeros in the fermion mass matrices fof€"0di jx @ndwi;,q do not play an important role in deter-
sequence 1 is not due to the approximations made in th&ining the neutrino mass eigenvalues.
estimates. The zeros are exact, as a consequence of residualThe full theory with thew; , fermions produces the two
global generational symmetries. To see this, we first considefondensatefEqgs. (4.31) and(4.32)] which are formed with
the model without th@ngfermions, in which case sequence the ¢ fields. These conde_nsates are not_mvanant under
1 reduces to the sequence dendBgdn Ref.[7]. ThenMi(j“) U(L)t However, _the loop (.j'agrams res_ponS|bIe for the ETC
is nonzero only for the diagonal entrigs=11,22,33M i('d) i gauge bo_son mixings require the |.nsert|on of an even number
nonzero only forij = 13,31.22, the Dirac neutrino ma{ss ma- of dynamical masses corresponding to Fhese additional con-
trix i nonzero only foﬁj,=i3 éz and the 2 2 right-handed densates, half of which are complex cor_ljugates Qf the others.
Majorana neutrino mass ma’trix, vanishes identically Thus the charge under U(f.lpf such dlagram§ Is always
The reason for the zeros is that all the eIemen.ts of th fwice the charge of the single condensate involved, and

. . Sherefore a residual discreté symmetry, generated by
above matrices, other than the diagonal eIementMﬁ?‘?, e™Tt remains. This symmetryzforbids the 12, 21, 23, and 32

require ETC gauge boson mixing, and the allowed mixingSyyies of quark and charged lepton mass matrices, and the
are in turn determined by global symmetries. The requirey; 53 anq 32 entries of the Dirac neutrino mass matrix. But
ment of mixing for the Dirac matrices has already been exy g,y the 13 and 31 entries of the up-type quarks, the 11 and
pla[ned. That mixing IS necessary for thec2 .rlght-.handed 33 entries of the down-type quarks and charged leptons, and
Majorana neutrino mass matrix will be explained in the gen+he 33 entry of the Dirac neutrino mass matrix are nonzero.
eral discussion of the seesaw mechanism in Sec. IV H. Th?his is a consequence of the fact that the mixings- V3
relevant global symmetry is a certain subgroup, Y(19f with t=4,5 andVieVe and V3V (plus the analogotus

the generational global symmetry UG&)SU(5)erc acting o : o ; )
on the first three ETC indices. It is generatedeb¥ f where ;Z&ngj\/r\]’;’ér :2: dm?rlfetirﬁ a?(;j ;;ntgzi?fgrgﬁ (\e/ige;nec;
T is a combination of diagonal generators of S X o ' ' i 5

f gonald R VSV with i =1 andi=3.

1 Similarly, from the structure of the condensate at the scale
Ti=5diag1,0,-1,0,0). (449 A, in conjunction with the condensates at the lower scales
A, and A5, it follows that the entryr,;3=r4, of the (sym-

Although this U(1) is broken by the condensates in the metric 2X2 Majorana neutrino mass matrix is nonzero,
hile the diagonal elements,, andr sz vanish. But as dis-

G, sequence, the ETC gauge boson masses and mixings P&t _
main invariant under it. Since only the mixin(sy§<—>vg and cussed above, these elements are far too small to drive the

Vi VE, Vi VA respect this symmetry, only these are gen_seesaw mechanism. Finally, the presence ofufig fermi-

erated. To see that the ETC gauge boson masses and mixino'g,S and their condensates allows a few more of ({hss

are invariant under U(%) we first consider the condensate, i/aﬁic;rrg?r?g) entries shown in Eqg4.21) and(4.24) to be non-

Eq. (4.6), that forms at the highest scalk;. It is not '

U(1)¢-invariant, but the ETC gauge boson masses that )

emerge at this scale, arise via loop diagrams with internal G. Symmetry-breaking sequence 2

fermion lines carrying the insertions of the dynamical mass \We turn next to another symmetry-breaking sequence

terms corresponding to these condensates. Each involvggich becomes plausible depending on the relative strengths

only £ fields, but every loop of these fields requires an everof the ETC and HC couplings. It is related to the sequence

number of insertions of the dynamicglmass term. Each denotedG, in Ref.[7], but has further structure resulting

insert requires a corresponding insert with conjugate fields ifrom the inclusion here of the ETC-singlet; ; fermions.

order to close the loop, and this renders these diagrams ifike sequence 1, it does not lead to completely realistic

variant under the global U(} }ransformation. masses and mixing angles, but it has some attractive features
At the lower scales\, and Ag, it is the £ fields that  not present there.

condense with each other, producing the lighter ETC gauge At the first stage of breaking) ;, the SU(5 )¢ breaks to

boson masses as well as the ETC gauge boson mixings. B{y(4).,. just as in sequence 1, driven by condensation of

one can see by inspection that all the condensates that forfRe ¢ fields. As the energy decreases beloky, the

[Egs.(4.27), (4.29, and(4.30] are U(1} invariant. Hence  gy(4).;. and SU(2)c couplings increase, and now, at a

so too are the ETC gauge boson masses and mixings.  gcaleA 5 c<A, (BHC=broken HQ, the SU(4 )¢ interac-

The mixings allowed by the U(})global symmetry de-  tjon produces a condensation in the channel
termine, in turn, the allowed down-quark, charged-lepton,

and neutrino mass matrices. Only the diagonal up-type quark (6,2,1,20r%(6,2,1,D9p—(1,3,1,1. (4.47)
masses, the 22, 13, and 31 mass matrix entries for down-type

quarks and charged leptons, and the 22 and 13 entries for tiWith respect to SU(45rc, this channel hadC,=5 and is
Dirac neutrino mass matrix, can appear. The Y(@)mme-  hence slightly more attractive than the initial condensation
try also forbids the appearance of any nonzero element of th@.6) with AC,=24/5 for the SU(5¢ interaction, but it
2X 2 right-handed Majorana neutrino mass matfix This  can occur at the somewhat lower scalg,c because it is
symmetry can also be used to understand whigfy and  repulsive with respect to hypercoloAC,= —1/4). This re-
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quires the HC coupling to be strong, but not so strong as to TABLE I. Elements of fermion mass matrices for the two
combine with the ETC interaction to produce the sequence $ymmetry-breaking sequences, denoted S1 and S2. For comparison,

condensation Eq4.26). results for the two analogous sequen&sand G, without the
With no loss of generality, one can orient the SU{2) @ fields, are also listed. For each entry, a “y” and a blank indi-
axes so that the condensate is cate that the entry is nonzero and zero, respectively. The symme-
triesM{)=M{/") are implicit.
eniju Cht TCLR D +(1-2). 4.4
(eridn” CLr7)+(1-2) (448 Matrix element G? s1 Gy s2
Since this is an adjoint representation of hypercolor, it breaks M y y y y
SU(2)yc—U(1)yc. We let a=1,2 correspond to the o)
chargesQyc= =1 under the U(1)c. This gives dynamical M(lf) y y
masses~ Agyc to the twelve/ fields involved. M(lf) y y y y
At a lower scaleA ,3, a combination of the SU(4}c and M(Zﬁ)
U(1)yc attractive interactions produces the condensation ij) y y y z
33
4X4—6 (4.49 M5 y y y
M3, by
with AC,="5/4 for the SU(4}+c interaction and associated MS?, b y y
condensate M | b, y y y
M(Z%'e) y b23 y y
12a T 13
(€apli ™ TCLRY). (4.50 ME9) | b, y y
.
The contraction withe,; is included not to yield an 2
. . . . M23 y y y
SU(2)yc-invariant product, since this symmetry has already (s

been broken, but instead to yield the requisite antisymmetric

product SU(4rc (4% 4)anisym=6. The condensatét.50

is U(1)yc-invariant and breaks SU(4)c to the direct prod- . ia dia _ i

uct of SU(2)¢ and a local U(1) symmetry generated by d?iublets prl?’ient_a&TC, viz., uy®, 47, e fory=L, Rn.,

U(6)=€ T4, where T, is a certain linear combination of %% @ndZ{g™ with i=4,5, =12, and one has the addi-

diagonal SU(53c generators,T4=(1/2)diag(0,1;-1,0,0). tional technicondensate

[Here, we use the standard notation d@ag(.a,) for the _

matrix with the given elements on the diagonal and other (€123k€aplR® TCLRP)=2(€apli™ TCLRP).

elements zerg. (4.53
The strong U(1)¢ interaction can also produce a number

of additional condensates between fermions with opposit@ote that the presence of theg  is not due to the SU(2):
U(1)uc charge(i.e., different values of the HC index  symmetry, which is broken, but rather represents the auto-
=1,2). Since the U(1)c interaction is not asymptotically matic antisymmetrization of the operator product in Eq.
free, this should occur at the scale,;. The condensates (4.53 on the indicesa and B due to the contraction with

include eight involving and » fermions, €123k and Fermi statistics.
. The fact that the hypercolor-doublet technicolor-doublet
({R'" "Copg), 1=23; p=12; a#B (45)  fermions K, ¢8> do not form hilinear techniconden-
] ] sates with hypercolor-singlet technicolor-doublet fermions
and four that involve only. fields, follows from the exact U(1)c gauge symmetry. The pres-

« T B L ence of these two additional chiral technidoublets means
(0prCop p)y 1=p,p'<2; a#B. (452  that, when the technicolor theory is expressed in vector-like
form [as it always can be, since &) has only(pseuddreal
Each of the condensaté$.51) breaks the local U(T)sym-  representatiorjsthere areN;=9 rather tharlN;=8 vectori-
metry, leaving a residual SU(29< U(1)ycX Ggy continu-  ally coupled technifermions transforming according to the
ous local symmetry. fundamental representation. Because of the strong-coupling
Since this model involves only two ETC symmetry- nature of the TC theory, we consider that this fermion con-
breaking scales), andA »3, it does not obviously lead to a tent is again consistent with the assumed existence of an
full hierarchy of three fermion generations. It is, neverthe-approximate infrared fixed point in the confined phase, with

less, of interest because of its different quark and leptomssociated walking behavior up to the lowest ETC sk
mixings and because it exhibits the mechanism proposed in

Ref.[7] for the origin of light neutrino masses. )

The technifermion condensation at the lower scelg is H. Quark and charged lepton mass matrices for sequence 2
similar to that in sequence 1, with the difference that since The fermion mass matrices for sequence 2 can be ana-
the technidoubletr ', i=4,5 is not involved in any higher lyzed in the same way as for sequence 1. The zero and non-
condensations, there are 18 rather than 16 chiral Sk4(2) zero entries are summarized in Table I. The diagonal entries
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of the up-quark mass matrix are given by the general formula X x 0 0
(2.9). But now, with only the two ETC-breaking scalds KATC
andA,3, we have M (@)= 0 1 pg (4.60

' A 0 1

KAZGA kA2 P
TC/A23 TC
M{=———, My=My= , (459 -
11 A2 Ass wherepy=0(1) and
7
where we recalk=8/3. . Azs (4.61)
Off-diagonal elements df/li(j“) are generated for the case AFcA A g .

ij=23,32 by the ETC gauge boson mixings of the form
Vi~ V¢ with t=4,5(see the Appendix The scale associated  with A ;=4 TeV, m. is suppressed relative to, by ap-

with this mixing isA 53, and therefore the off-diagonal terms proximatelyA2/A 2, the right order of magnitude. The fact
are of the same order as thie=22 and 33 terms. The esti- hat the lower right-hand 22 submatrix ofM(@® has all

mate isM%=M§)=p,M8) with p,~O(1). Thus M  entries of comparable magnitude means that the correct

takes the form value ofm,, could also emerge, but possibly involving some
s o fine-tuning. The same respective values are obtainednfor
5 AdAT O O andm,. Recent lattice determinations of the current quark
M(u):K_TC 0 1 pul. (455 ~ Mmassmg (i.e., the running mass evaluated at a scale well
23 0 oy 1 aboveAqcp, say at 2 GeVyield values close tan, [17],

the prediction of this model thas=m,, is a successful one.
However, the corresponding prediction thef=m_ means
thatm, is too small by a factor of roughly 2 to 3. The elec-
tron massm,, and the down-quark massy, are given by
Eq. (4.57), and are much too small.
k(1% p) A2 For f=u,d, the matricesM(f_) can be diagonalized by
m,, mczﬂj_ (456  respective unitary transformations as in H&.15 with
Ags Ud)=u("). These unitary transformations have similar

o ] forms and involve large mixing between the generation
These are implicitly defined at the same momentum scale- 5 3 interaction eigenstates to form mass eigenstates in each

say m;. If we take A,3=4 TeV, thenm, can be fit as in charge subsector. Hence in the prodviet U{"U(® T which

sequence 1. In order to fi; one would need to havey, i the ohserved quark mixing matrix, one could obtain a re-
quite  close to unity, namely p,=[1—(mc/M)I/[1 g ¢ tha agrees with the general properties/oih the sub-

+(me/my)]=1-2(mc/m), so some fine-tuning would s q40r of the two higher generations, namely W largely
seem to be required. Still, it is interesting that sequence 2 Caﬂ"agonal, with small off-diagonal entries. These small off-

gelnetrateEtr_Il_rgebmaE_s scalef, for the dl/J\p—type quark ?a?fssw gonal entries reflect the slightly different structures of
;)n}[/ rwc;h tth rleivlrr]grisﬁ?ﬁanlcbg Zg%a?rs(reﬂfx(u)oh € M® andM®@ and hence the slightly different forms of"
aﬁlael;t?iesaof c%n? :rabiqe r-n; nitud:u atrix o a5 andu@. However, the quark mixing is not realistic because

P 9 X thei=1 generation interaction eigenstate does not mix with

The mass matrices for th@= —1/3 quarks and charged o .
. . o the corresponding= 2,3 eigenstates.

leptons arise solely via ETC gauge boson mixing. The reg-
uisite mixings, estimated in the Appendix, are all suppressed
by small mass ratios. We obtain I. Neutrino mass matrix for sequence 2

For sequence 2, thg; Dirac neutrino matrix is identical

For A,=10° TeV, this givesm,=3 MeV as in sequence
1. Form, and m, the off-diagonal element®,; and M,
play an important role. These masses are

2 A4
V(e kATcA 73 (4.5 to M{"® for the relevant values of indicés=1,2,3 andj
1= T A, ) =
AZ‘ABHC =2,3. Thus
b,,=b13=0, 4.6
KA4 12 13 ( 2
(de) _ psp(d.e) e
M2" =Mgz™=—7—, (4.58 4
A3, kATc
b23: b32z 3 (463
and Az
4 A4
TC Kitc
MG =MGe = — (4.59 D2o=bgz= —5—. (4.64
A23 A23

where, as in sequence 1, the overall numerical factor is simFor the 2<2 Majorana matrixr;;, we obtainr ,=r3;=0
ply taken from Eq(2.9). ThusM(@®) has the form and, from the evaluation of the graphs in Fig. 4,
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The nonvanishing Dirac massesb;;, are then
0O(10-100) keV and the right-handed Majorana masses,
r,3, are of ordeiO(10%) GeV. The two large eigenvalues of
Mg are

As in the case of sequence 1, the many inverse powes of
emerge because the fermions and gauge bosons of Fig. 4
have masses of ordér;, and because the gauge boson mix-

ing (described in the Appendjixs soft above the scalesgc

and A 3.

The Majorana mass,; can be much larger with this se- and
guence than in sequence 1. The reason is the presence here of
the scaleA gy Which can be as large &(A ). The ratio of
the Dirac matrix elements and the right-handed Majorana

b,+ byy)?
(bt by N
I23

(4.70

N, =T23

4
o)
23

2
(ba3—by)) 4.71

Ap,=~T23™

elements is

b23 A#CA?

=643
ras  AzAgnc

(4.6

This symmetry-breaking sequence can produce a success14

seesaw mechanism of the type discussed in [Réfyielding
light neutrinos if one uses\;=10° TeV as aboveAgyc

B
+0O| —=|.
M3
To leading order, the resultant mass eigenstates involve
maximal mixing (i.e., with an angle of-/4) of |} and
|ak}). We label the corresponding neutrino-like states as
d1hj> with masses m(vhl)z)\h1 and, after appropriate
rephasing m(”hz) ==\,

Experimentally, there is evidence for large lepton mixing

2 lo3

=0.5A,, andA,3=10? TeV. With these values, the ratio in [26—30. Because of the dominant off-diagonal structure of
Eq. (4.66 is <1, the necessary condition for the seesaw ofr;; and the fact thab;; has a lower X2 submatrix with
Ref.[7]. It can be seen that this is not possible in sequence tomparable-size entries fojr=22, 23, 32, 33, there is natu-
while maintaining a hierarchy among the ETC scales. How-rally large mixing between the second and third generations

ever, even here the requisite value &§5 is too large to

produce a sufficiently heavy top quark, so that the modektatesv

of neutrino mass eigenstates to form the interaction eigen-

. and v_. Indeed, the X2 submatrix inU, (the

does not appear capable of explaining both light neutrinanatrix that diagonalizes the full neutrino mass matract-

masses and the top quark mass.
We discuss the neutrinos further, supposing that is

ing on (v,,v,) is the rotationR( 6, ,3) with 60, ,3=7/4, up
to small corrections. The observed lepton mixing matrix de-

allowed to be much larger than 4 TeV as above. For thidined by Eq.(4.10 involves the product of the relevant terms

purpose, it is sufficienf7] to consider the &5 submatrix
M, of Mycsthat involves only ¢5,v5, , v5,a'? a™d)g. Other
fermions have gained larger masses. Diagonalidihg we

from U, with those from the matrixJ(® that is involved in
the diagonalization of the charged lepton mass matrix. Since
the analogous 22 submatrix ofU(® acting on the(u, 7)

find that the model yields the following neutrino masses.subsector is also of the foriR( e »3) With 6, ,3= — 7/4 up
Here the eigenvalue correspondingmgys) is negative, so  to small corrections(owing to the relationM$=M$),
we absorb this minus sign in an appropriate redefinition othese maximal mixings cancel, and the resultant observed

the neutrino fields.

<b23+b22>2+o(bﬁ-) k(1+y)2A8CAT

m( VS): ’
I3 r3s AZaA 3nc
(4.67)
() (bza—b22)2+o( bﬁ) k(1—y)?ATAS
m(y,)=——"606H— — =
I3 r3s AZA e
(4.68
wherey=b,,/b,3=0(1), and
mM(ve)=m(vq,)=0. (4.69

lepton mixing matrixU with this sequence does not exhibit
maximal mixing.

In summary, the model with the symmetry-breaking se-
guence 2 can exhibit the mechanism proposed in [Réfor
explaining light neutrino masses in theories with dynamical
electroweak symmetry breaking. The sequence has the defect
that me and my are too small, and it appears difficult to
obtain satisfactory simultaneous fits g (andm,) and to
the neutrino masses.

We note again that the characteristic polynondl\), of
the full 39X 39 mass matrix contains 34 roots of magnitude
A+c or larger. The remaining five roots, of primary interest,
are those form(v;), i=1,2,3 and form(vhj) discussed

above. These, together with two roots approximately equal to

Sincey is positive andD(1), sequence 2 gives the normal =A;, occur as the roots of the fact®t,cstc{\) for the
hierarchym(v3)>m(v,). Thus one can extract the value of seven HC-singlet, TC-singlet fermions. For the present se-

m(v3) from the measured value ¢Am3,| [26,27], namely
m(1/3):\/|Am322 =0.05 eV, andm(v,) from the measured
value of Am2, [28,29, namelym(v,)=/Am2,~0.008 eV.
With A;=10°TeV, Aguc=0.5A;, and A,;=10 TeV,
these experimental values are fit with the chojee0.4.

quence,
Prcsted M) =N = Ai—d] 49 Pa(N) (4.72

where
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p4()\):)\4_(b§2+ b§3+ b§2+ b§3+ r§3))\2 TABLE Il. Some ETC gauge boson mixings in the model with
the two symmetry-breaking sequences, denoted S1 and S2. For
— 21 53(boobpst Dabga) N + (D33~ bogbsn)?. comparison, results for the two analogous sequeeand G,

473 without the wy , fields, are also listed. For each entry, a “y” indi-

) cates that the mixing occurs, while a blank indicates that it is ab-
sent. For each mixing of the forWi*— VL, it is understood that one
also include the corresponding transition with the indices 4 and 5
interchanged. For mixings of the forMi‘<—>V} with i, j €{1,2,3},
the indext takes on the values=4,5.

As was true for sequence 1, one sees thag has a negli-
gible effect on the eigenvalues, since it enters in the combi
nation AZ+d} 45 with the much larger quantit\?. Other

di jx's andw;; ,, terms are zero.

ETC transition G, S1 Gy S2
J. Residual generational symmetries in sequence 2 Y o
ViV
As with sequence 1, we can understand the zeros in the Vi:\/g y y
various mass matrices from the point of view of residual V‘l‘<—>vg y y
global generational symmetries and selection rules governing 203
- . . Vi—Vz y y y
the breaking of these symmetries by the condensates. Again, VIRY
we first consider the truncated model without thig, fields. 27 Vs y y y
; ; ; . g . V3V y y
In this case, the condensates involving fHeelds are invari NIRY:
. ’ >
ant under a local U(%) symmetry generated bg' /™7 v‘l<_>vt2 y
whereT; is a different combination of diagonal generators of Viva y
SU(5)krc: V%<—>Va
1 Vé‘_’va y
Tf’zzdiago,l,— 1,0,0). (4.74 Viev, y
2 1
Vi—Vs y y
3 1
Proceeding to the full model with the; ; fields, one can Vi Vs y y
apply the discussion for sequence 1 with obvious changes to Vg‘—‘Vg y y
conclude thatM®W=0 for ij=12,21,13,31;M@®=0 for Vyvi y y
ij=12,21,13,31;b;;=0 for ij=12,13; andr,,=r33=0. VieVs y y

Similar reasoning can be applied to tde;, and w;; i to

corjl_c;::(r:l: itshgt agg?;ﬂ trgtla;t(iaogncj:%ézgc?i?]nzgo.uences 1 an dcéass of models we have described could appear in a success-
9 g seq fal theory of fermion masses and mixing. In this section we

insofar as they involve cond_ensates of grieelds and result- discuss some generic experimental constraints and phenom-
ant ETC gauge bo_son mixings, namely that these Conderle'nological properties of this class of models.
sates and mixings in sequence 2 are related to those for se-

guence 1 by the interchange of the ETC indices 1 and 2
(holding other ETC indices fixgdwvith appropriate changes
in the condensation scale. This is because, before the inclu- A natural first step in theories of dynamical electroweak
sion of thew;, , fields, the generators of the U(13ymme- symmetry breaking is to focus on corrections to tWendZ

tries in each case are related by precisely this interchange #fopagators, in particular th& and T parameterq31,32.

the ETC indices. This interchange also relates the respectiv@ince the class of models considered here produces large
¢ condensates in sequences 1 and 2. Thus the condens#tFagenerational mass splittings, it is important to evaluate
(4.27 at scaleA, in sequence 1 goes to the condensatehe contributions ta\ p= ae,T from ETC interactions. These
(4.48 at scaleA gc in sequence 2; the condensée?9 at contributions arise because these ETC interactimmdike

A5 in sequence 1 goes to the condeng@t&3 at Arc in  1C) do not respect a custodial, SUR$ymmetry and lead,
sequence 2; the condens&e30 at A in sequence 1 goes for example, tom>m,, as a consequence of the represen-
to the condensati@.50) at A 53 in sequence 2; the condensate tation assignment2.11) and(2.12. The dominant contribu-
(4.31) at A5 in sequence 1 goes to the same condensate, nofiPn to Ap may be estimated by concentrating on the lowest
at A, in sequence 2; and the condens@te2) at A; in  ETC scale, wheren, andm, are generated. There will be,
sequence 1 goes to the 3 case of condensatd.51) at A 53 generically, contributions td\p arising from corrections to

in sequence 2. This relation between sequences 1 and 2 e basic technicolor mass generation mechanism fok\the
evident in the summary Tables | and II. and Z, due to the emission and reabsorption of single ETC

gauge bosons of this lightest mass scale.

These contributions tdp can be roughly estimated by
recalling that the momentum scale of the technicolor mass
While the explicit model presented here is not fully real- generation mechanism is set by;-=300 GeV, and the
istic, it does have several realistic features such as naturamission and reabsorption of an ETC gauge boson will lead
intrafamily mass splittings and nontrivial mixing angles. to a denominator factor of AZ, where A, is the lightest
These features suggest that some ingredients in the genef&lC scale £ A5 in sequence 1 andl,; in sequence 2 Note

A. Precision electroweak constraints

V. PHENOMENOLOGY
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that since the momentum integrals here are rapidly dampedith the SM predictionR,=0.2156%=0.00016 (from the
at scales abovd ¢, there can be no walking enhancementglobal fit given in the current PDG listind$2]). There are
as in the case of the fermion mass estim&®9). Drawing  two main contributions to the corrections to this vertex, from

ont.thetﬂistctjhssifon tleading to qu.?l) _[inth a:O(t.1)1 ?”d graphs in which th& produces(i) a virtual techniquar® D
noting that the factors dferc cancel indp, we estimate pair which exchange ¥}, t=4,5, becoming &b pair, and

2bA$C (ii) a virtual bb pair which exchange the ETC gauge boson
W’ (5.9 corresponding to the lightest diagonal SU£R) generator

! coupling to the third generation, viz.T,5=diag(0,0,
) ) ] ~ —2,1,1) in our notation. The contributioriy and (ii) were
where b is a factc_>r of order unity rgflectmg the relative gt,died for a conventional ETC theory in RE33] and were
strength .Of custodial symmetry breaking at t_he I_owest ETGound to enter with opposite sign and hence to tend to cancel
scale. With Arc=300 GeV andA,=4TeV, this givesAp  gach other. We find that the same is true in our ETC model
:.(3'8X.10 )b or eqU|yaIentIy,TzQ.483. I.n comparing it conjugate representations. Because of the opposite-sign
this estimate with experiment, we first caution that with thenature of these ETC contributions and in view of the theo-

inclusion of the high-statistics, high-precision data from theretical uncertainty in the calculation due to the strong ETC
NuTeV experiment at Fermilab, studies have found that at- . y . 9
oupling, we conclude that the ETC correctionRg can be

tempts at global fits to precision electroweak data using onlf . . .
the corrections represented by the parameSeasd T give F:onsstent ywth th.e experlmentally measured valuBpénd
poor values ofy? per degree of freedofiL2]. In the absence ItS comparison with the SM prediction.

of a satisfactory fit with th&sand T parameters, it is difficult

to draw a firm conclusion regarding the comparison of the
estimate(5.1) with this data. Constraints obtained from glo-
bal fits using pre-NuTeV are summarized in F{@0.3 of In early studies of extended technicolor, it was sensibly
Ref.[32]. The allowed elliptical regions in th®, Tplane are  assumed that the ETC theory would generate flavor-changing
plotted for three illustrative values of SM Higgs mass, 115,neutral current$FCNC), and it was argued that these led to
300, and 1000 GeV. Choosing the®1BeV value to corre- severe constraints on the models. The measured rates for
spond most closely to a technicolor theory, one observes th?)‘i’ocesses such #9— KO mixing, K_— u* =, and the up-

the ellipse has a central value of abo =(—0.1,0.3 O . .
and a ]p? upper boundary that extends%p;()to gbout 0 6')in per limits on the branching ratios for decays suchkas
' —atute’, Kl—u“e*, andu—evy led to the conclusion

and, in a correlated manner, about 0.19nOur estimate hat the ETC les had b high. H :
above of the(E)TC contribution toT of about 0.5 is consis- that _t € scales ha to_ € very high. However, since
nothing approaching a realistic ETC theory was written

tent with this bound ifb~1, and would lie closer to the < , ) .
central value folb=1, which is possible, given the theoret- 90Wn, the assumed mixing was put in by hand, typically into

ical uncertainties in the strong-coupling estimate. a set of four-fermion couplings. Since in the present paper
Roughly speaking, th& parameter is sensitive to all new W€ have constructed a model in which quark mixing is actu-

physics at the electroweak/technicolor scale. The smallnegdly generated by the dynamics, we can reexamine the ques-

of Sis an indication, subject to the uncertainties associateion of FCNC operators. Although the model is not fully

with the strong technicolor interactions, that the number ofrealistic, it can perhaps provide some new insight into this

degrees of freedom there is small. That was one of the reassue.

sons that we chose to use the technicolor group Sk¥2) B

The evaluation ofSis difficult in a strongly coupled theory 1. K —atp*e”

such as(extended! technicolor. Having chosen the effective  \we first review the situation in a conventional ETC model

Higgs mass of 1000 GeV in order to compare with the fit 10;, \yhich the quarks and charged leptons of both chiralities

data |nTRCef.[32],.bW§ have] alrggq_y, n ef;ect, 'ncmde(_jl_gometransform according to the same representatioB gfc. We
strong contributions. In addition to these strong CON%5cus onK*— 7+ u*e* decays because it is these for which

tributions, one must also include the effect of SM-nonsinglet .+ experimental limits have been obtairiéte charge-
(pseudy-Nambu-Goldstone bosons. It was noted in REf'conjugate decay modés™ — 7~ *e* are, up to small CP-
[11], that for a theory with walking, that is, with an approxi- violating effects, equivalentAt the quark, level, the decay

mate IR conformal fixed point, the TC contribution ®is N T - d h Sodute” with
naturally reduced. This observation is based on an applicdd —7 4~ € corresponds to the process-du—e” wit

tion of the Weinberg spectral function sum rules and include& SPectatou quark. At tree level, only one of these transi-
the effects of both technifermions angseudd-Nambu-  tions occurs, namelg—du “e™; this arises via a diagram in
Goldstone bosons. It is possible that this would lead t&an which ans antiquark emits a virtual/; ETC gauge boson,
parameter in agreement with current experimental limits. Wehereby transforming into Eantiquark, and thé/% ETC

assume here that this is the case. _ gauge boson produces the paite~. (For thes—du e*
Another quantity to check is the ETC correction to theprocess one would need the ETC gauge boson mixing

Zbb vertex and hence to the comparison of the measureq'%HV%.) From the lowest-order graph, one obtains the
value R,=1'(Z—bb)/I'(Z— hadrons} 0.21664-0.00068 quark-level amplitude

Apgrc=

B. Flavor-changing neutral processes
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_ JeTC 2 1 - _ géTC —
amps—dute )= — | [syd]—[ey'ul. amp(s—du~e")=—[[siydilluLy el
V2 M2 2M

1
(52 +[Srndrll Ry eR]]l.  (6.7)

One obtains a lower limit oM ; and hence\ ; that is com-
parable with the limits given above for conventional ETC
models. Our choice\;=10° TeV is consistent with these
lower bounds.

Sinceggrc=0(1) at the scaléM , this is only an approxi-
mate estimate of the amplitude. Normalizing th3 decay
and taking into account that (7*|U,|K")
=v2(7°|V_|K"), whereT. , U., andV.. denote the usual
flavor-SU33) shift operators, we have

0 * F
FK*—=7"u*e”) 16 [ gere|d/ my\? . 2 Kmne o
= _ (5.9 In conventional ETC models, the tree-level contribution
MK =% v,)  [Vyd®\ 92 My to the decayK?— u*e* vanishes because the amplitude

picks out the axial-vector part of the hadronic current,
wheregerc denotes the ETC gauge coupling at the séade  [sy*(c,—cays)d], but this current is vectorial in these con-
and g, denotes the weak SU(2)gauge coupling(at the  ventional models. However, this is no longer the case in the
scalemy, given byg,=e/sin6,=0.65). With|V,J=0.22,  type of model considered here, so one does get a tree-level
this yields the lower limit contribution to this amplitude, mediated by thg and V2
ETC gauge bosons. The amplitudes Kyr— u*e* can be
obtained in a straightforward manner from the quark ampli-
tudes given above in Eq&.6) and(5.7). The current upper
(5.4) bound on the branching ratio for this decay, from an experi-
ment at BNL, is[35] BR(K,—u"e )+BR(K,—u"e")
The current upper limit isBR(K™—mtute )<2.9 <4.7x<10 2 Our choice ofA,=10° TeV is consistent with
X 10~ 1 [34] from the Yale-BNL experiment E865. Using the this limit.
published limit and the relatioM;=(gerd/4)aA;, we get

10~ 12 1/4

B(K"—=nmtu'e)

JeTc
21

M;=(1.6x10° TeV)(

the rough lower bound 3. Neutral meson systems
Because of the transitiord %—M?, whereM =K, By,
A >EO(450) Tev (5.5) Bs, or D, the mass eigenstates of these neutral nonself-
™ a ' ' conjugate mesons involve linear combinationg Mf®) and

|l\70) with mass differences between the respective heavier

wherea is expected to b&(1). (h) and lighter(l) eigenstatesnMg—mM?EAmM given by
The calculation is different in the class of models consid- —5 0

ered in this paper because the left- and right-handed dowr? Re(M I|Heff.|M ) for the kaon systenl,o Whe"ét andKs
type quarks transform according to conjugate representatiofave quite different lifetimes, and W(N |Hgff|'V| )| for the
of Gere. In turn, the structure of the amplitudes is different B andD systems, where the heavier and lighter states have
for models of DEC and DES type. We focus here on theessentially the same lifetimes. The smallness of ke
DEC-type model discussed in the text. At the quark level the~ Ks mass difference provided early evidence that the weak
processs—du ‘e~ arises from two contributiongat the neutral current should be diagonal. Experimentglg]:

Ieading, tr_ee Ieveli (i) a_?L makes a transition _to they and Amg=(0.530+0.000 X 101° s°*
emits a virtualV3, which can only couplgwithout ETC
gauge boson mixingto the currentegry ug, and (i) asg =(3.49+0.006 X 10" 2 MeV, (5.8
makes a transition tdg, emitting av2, which couples to the S
currente_y*u, . Hence the leading contributions to the am- Ade:(0-489i0-003X 10 s
li h k level
plitude at the quark level are (3.27+0.09 X101 MeV, 5.9
2
S e ) = 2E O[S, 70 60y ] Amg >13x10% s 1=0.89x10 ¢ MeV (95% C.L),
2M7
1 (5.10
a AN
FlsendrlleLy'm ]l (5.6 Amp<7x10° s 1=05x10°1° MeV (95% C.L).
This should be contrasted with Ep.2) for a conventional (5.1

ETC model. Another difference is the fact that, whereas The standard model accounts for the two measured mass
does not go tadu"e™ at tree level in a conventional ETC differences and agrees with the limits on the other [@8®—
model, it does in the present class of models, in particular, 88]. This thereby places constraints on non-SM contributions
DEC-type model. One finds such as those from ETC gauge boson exchanges.
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dp, for the K°—K° amplitude. We find that with the values of
A1~1000 TeV used above, our model predicts values of
Amy and Ade larger than the measured values. For ex-
ample, using values dfy and hadronic matrix elements from
lattice measurements[37], we estimate AdeZS

FIG. 7. Graph that contributes in tischannel tok®—K° tran- % 107 1° MeV. This is a potential problem for the class of
sition amplitude in the present type of ETC theory, where the left-ETC models considered in this paper. It can be ameliorated if
and right-handed components of t@g=—1/3 quarks transform the model has somewnhat larger valuesAgf. In addition,
according to conjugate representations G@frc. The analogous \ith our choice of A,~50TeV, we find Amg ~3
graph with chiralities. andR interchanged an¥} replaced byv3 %10"7 MeV. a value well above the SM predictiosn. The

also contributes to this transition. These do not require\&ay: V3 measurement of this quantity will clearly be very important
ETC gauge boson mixing. The correspondirghannel graphs also for the class of models considered here
contribute. - "

Our predictions could be reduced also in models that have
the property of walking not only from\{c to the lowest
in which the SM fermions of both chiralities transform ac- ETge?CSI]e "Ik')rlmjitstZOhullgdhfnraekle:)go)/s:ii)?(laeii;trjgr] E?rg absr:aslfizg]ed

. . — 7]

cording to the same ETC representations, filf-K® mix-  scajes and thereby suppress these flavor-changing neutral
ing amplitude assumed an ETC contribution of strengthyyrrent effects while maintaining reasonable agreement with

2 2 2 H H H . .
9erd (BMErd) =1/AErc, as would arise if als pair would  experimental values of SM fermion masses.
annihilate to form a virtual ETC gauge boson in thehan- By contrast, the contribution of our model @°—D°

nel, which would then produce sd pair, and similarly for  mixing is quite small because of the necessity of ETC gauge
t-channel ETC gauge boson exchange. Using this assumppson mixing(since the up-type quarks andug are in the
tion, these studies obtained lower bounds of ordefc  same ETC representationdhe main graphs contributing to
=10° TeV. However, the virtual; ETC gauge boson pro-  this transition include as-channel diagram in which thex
duced by theads pair cannot produce sd pair in these theo- pair annihilates to form a/f gauge boson, which must go
ries; rather, one must have the mixij«< V2 to do this.  through a3I12(0) to yield aV} which then produces the
(This type of ETC gauge boson mixing is also necessary fofinal-stateuc pair, and the correspondingchannel graph.
box diagram contributions involving the exchange of twoThis yields a resulting value oAmp which is negligibly
ETC gauge bosonsThis ETC gauge boson mixing sup- small compared with the current upper limit on this mass
presses the transition substantially, by a factor of ordedifference.

2113(0)/A%<1 (see the Appendjx Hence the lower bound We remind the reader that we are not considering CP-

on A, from K°—KP? mixing in conventional ETC theories is Violating phases in this paper. Furthermore, in the specific
less stringent than £0TeV. [As discussed above, a bound of Model examined in this paper, with either symmetry breaking
this order does hold in these conventional ETC theories, but€duence, there is not sufficient generational mixing to gen-
it is due to the experimental upper bound @&R(K*  erate CKM CP violation. Assuming that the class of models
—a*u*e").] The same comment about the necessity ofoeing considered can lead to realistic mixing and CP viola-
ETC gauge boson mixing applies for the oth&?—M? tran- tion (both dynamical in origih there is good reason to ex-

sitions. pect that the CP violation associated with nonstandard-model

The situation concerning these transitions is different inphySICS will be suppressed by mixing effects among both the

our class of ETC models. Here there are diagrams that Ca{ﬁ-_\rmlons and the ETC gauge bosons. If this is the case, then

. . .~ “the ETC scales we have used will not lead to unacceptable
contribute at tree level, without any ETC gauge boson mixs SO
) levels of CP violation in the neutral kaon system.
ing. These are the same for both DEC and DES-type models:. o
Other processes can be analyzed similarly. For example,

0 _0 .. . . . .
An example folK™— K™ mixing is shown in Fig. 7. One finds  {he contribution tch— sy is safely smaller than the value of
this process inferred from experiment because of the neces-

St JR

Early studies of constraints on conventional ETC theories

(Gerc/V2)? — N o sity of ETC gauge boson mixing, which results because the
Amg=2 M2 Re((K°[[SLy\dL][Sry dr1[K®)). relevant operator<[So,,b]F*” flips chirality (where F~”

L (5.12 denotes the electromagnetic field strength tensor

4. Nondiagonal neutrino neutral currents

A similar formula applies forBg—Bg mixing, with the If the leptons of a given charge and chirality have differ-
change noted above and the replacensenb, and similarly  ent weakT and T, then the neutral leptonic current is non-
for B2—BY mixing, with the replacements—b, d—s, and diagonal in terms of mass eigenstdigg]. The class of mod-
M;—M,. These estimates involve theoretical uncertaintyels considered here includes SM-singlet neutrino-like states
owing to the strong ETC coupling and the fact that the hadthat form Dirac mass terms with the left-handed neutrinos. It
ronic matrix elements are not measured and must be estis a convention whether one writes these as right- or left-
mated, e.g., by lattice gauge theory simulations; in additionhanded; if one writes them as left-handed and applies the
there is a question of the degree of short-distance dominanaiteria of Ref.[39], it follows that the neutrino part of the
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weak neutral current is nondiagonal in terms of mass eigerlepton mixing have been proposed, and data analyzed to set
states. This nondiagonality is a generic feature of this clasbounds[40]. These tests were carried out in a number of
of models. The coefficients of terms that are nondiagonal irexperiments onr" —u"v,,, 7" —e" v, K"'—p v, , and
mass eigenstates areb;; /r 3 and hence are extremely small K" —e" v, decays. A decay of this type would consist of one
in a realistic model that incorporates the seesaw mechanisaecay of a given charged pseudoscalar mesbror K* into

of Ref.[7] to yield light neutrinos. the set of light neutrinos, which propagate effectively coher-
ently and recoil against an outgoing charged lepton, and an-
C. Intermediate-mass dominantly electroweak-singlet other decay yielding the heavy neutrino mass eigerisiate
neutrinos |th> with j=1,2, also recoiling against the outgoing charged

lepton. The signature of the heavy neutrino emission would
thus be a peak in the charged lepton momentum spectrum at

Our mechanisni7] for getting light neutrinos generically an anomalously low value. Since one can calculate the
leads to neutral leptons with masses that are intermediateranching ratio for the emission of the massive neutrino as a
between the higher ETC scales and the mass scales chardigaction of the mixing parameter and neutrino mass, an up-
terizing the primary mass eigenstates in the three observgeer limit on the branching ratio can be converted into an
electroweak-doublet neutrinos. As linear combinations of in-upper limit on|U,hj| for this assumed neutrino mass. Experi-
teraction eigenstates, they are composed almost completelyental searches im.,, K',, andK_, decays have yielded
of SM-singlet fields, with only a small admixture of . . . .
electroweak-doublet neutrinos. They have masses of ordefPP€" limits of Orde'ru'hj| =10""for m(vp ) in the interval
0(10 ! to 1%) GeV, depending on the type of symmetry- 100-300 MeV[32], for | =e, u. For the type of model con-
breaking sequence. The lower end of the mass range féidered here, with heavy neutrinos having masses above the
these intermediate-mass neutrinos is illustrated by the mod@hase space limit, this constraint is clearly satisfied. Even if
of Ref.[7], while the rest of the range is illustrated by se- the heavy neutrinos were as light as a few hundred MeV, as
quence 2[The absence of light neutrino mass eigenstated the type of model of Refl7], one would expect that this
that are primarily electroweak singlets, often calldight)  squared mixing matrix element would be of order £§*2),
“sterile” neutrinos, is in good agreement with indications with the theoretical Uncertainty in the exponent indicated.
from neutrino oscillation experimenf26—29.] Hence the model of Ref7] is in accord with these limits.

The mass eigenstatesy(, v, v3, v, , vp,,) Mix to form the These limits could be improved drawing on more recent

; * +
interaction eigenstates with | =e, u,~ and the SM-singlets €XPeriments. Data on the dec#y” — v, that was re-

«'? and a3, Writing out Eq.(4.9) explicitly (dropping them cordeq as an auxiliary part of the very high-staitisiics BNL
subscript on the mass eigenstatege thus havein a basis €XPeriments E787 and E949 that obser¥ed— " vy de-

where the charged lepton mixing matrix is diagonal cay[41] could be used to search for the emission of a heavy
neutrino down to a branching ratio sensitivity that is esti-

1. General

3 mated to be of order IC¢ and perhaps bett¢42].
|V|>:2 U|i|Vi>+UIhl|Vh1>+Ulh2|Vh2>1 (5.13 At t_he extreme low end of t_he range of expected masses
i=1 of the intermediate-scale neutrino, it could also be emitted in

muon decay, e.g., a$L+—>7hje+ ve. These decays into
whereUgj=Ugy;, U ,j=Uy;, etc. The small admixture coef- heavy neutrinos would be suppressed, relative to the usual
ficientsUm1 and Uy, are of order the ratio of the Dirac to decay into light neutrinow+ﬁjﬂe+ ve, by the respective
right-handed Majorana mass entrlgs/r 3, for the relevant  leptonic mixing matrix factor$Uth|2 andluehj|2, in addi-

(dominant coefficients. In our model, the diagonalization of tion to reduced phase space. The obsereédspectrum

the full neutrino mass matrix leads to the eigenstatgs)  would be due to all of the kinematically allowed decays. In
with j =1,2; these mass eigenstates contain small admixturgsrn, this would lead to modifications of the obseryedie-

of electroweak-doublet neutrinos, with coefficients of ordercay spectral parameteps , &, andé. One can use the agree-
bij/r3. As discussed in7], and exhibited also in our ment of these parameters with the standard model values to
present model with symmetry-breaking sequence 2, a dompet upper bounds on heavy neutrino emisgi48]. Again,
nantb;; element has a typical size given by;=M, and these bounds allow the current type of intermediate-mass
the relevant entry im;; is displayed in Eq(4.65. The ratio  neutrino.

b,3/T »3iS given by Eq(4.66 and has a value of order 10.

Hence, generically, one expects that the coefficigbkg| 3. Nonorthogonality of observefiv,) and |v,)

would be of this size. Here we mention an effect that is expected to be quite

small but is of conceptual interest. The abstract Hilbert space
states|ve) and|v,) are orthonormal. However, the experi-

At the lower end of the mass range for the intermediatemental definition of the statds.) and|v,) is as the neutri-
mass neutrinos, there are some interesting and testable gxes accompanying the emissionef and ».* in the pseu-
perimental consequences: the emission, via lepton mixing, afoscalar decay$s”—e" v, and Ps*—>,ufvﬂ and their
heavy neutrinos in weak decays, as constrained by the avaitonjugates, wher@®s® denotesK* or 7. It is via these
able phase space. Tests for such heavy neutrino emission \éaurces that standard accelerator neutrino beams are formed

2. Massive neutrino emission via mixing in weak decays
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[44]. In a theory with heavy neutrinos, these neutrino stateg47,34. The current limit is[34] BRK"—#7 utu™)
as experimentally defined, are not, in general, orthogonak3.0x10 °. The intermediate-mass neutrinayﬁj, j=1,2
[24,39. This follows from the fact that in the linear combi- \would contribute to this decay. However, in the present

hations(5.13), the states with sufficiently large masses aremodel this contribution is expected to be negligible com-
kinematically forbidden from occurring in the above particle pared to the current limit.

or nuclear decays. For example, v':Ll and vp, are suffi-

ciently heavy that they do not occur in* —1%y, or K* 5. Astrophysical and cosmological constraints
+ . . .
— 1" v decays, then There are also astrophysical and cosmological constraints
. . on a heavy unstable neutrino with a mass in the range of
(vel Vu)exp=UTn,Uzn, + U1, Uzn, (5.14  order 0.1 to 100 GeV. To discuss these, one has to calculate

the lifetime of the neutrino. The decay amplitude involves

and similarly, (ve| v.)exp. aNd (| v} exp. WOUId, in general, WO types of contributions. First, there are charged-current
be nonzerd45]. contributions arising from graphs in which tmﬁj, via its
admixture iny,, for |=e and u, emits a virtualW", pro-
4. AL =2 decays ducing an outgoing, with theW* then producing ae™ v,.

Because the physical intermediate-mass neutrinos are Mér—] the case of =4, this decay would be suppressed by small

jorana states, there are contributiongAd | =2 decays such phase space 'ﬁ(yhi) were only slightly greater tham,, and

as neutrinoless double beta decay of nuclei and the particwould be forbidden ifm(vy, )<m, . Second, there are con-
decaysK™— 77 1*1'*, wherel,l’=egeu,uu. Searches tributions arising from neutral-current processes since, in this
for neutrinoless double beta decay of nuclei yield an uppetype of model with electroweak-singlet neutrinos, the neutral
limit, the form of which depends on whether the mass of thecurrent is nondiagondB9]. These decays are dominantly of
virtual neutrino in the propagator is large or small comparedhe form vhj—>vi7|v, , Where they; and v, refer to the light

with the Fermi momentun;-200 MeV, of the nucleons in  neutrino mass eigenstates. The contribution of each decay
the nucleus. The primary mass eigenstates i=1,2,3, involves a small coefficient reflecting E¢5.13. From the
entering into v, produce an amplitude involving charged-current contributions we have

(m)y=[32,U2m(»;)|. In the present model, the
intermediate-mass neutrineg , j = 1,2, will, in general, also m(vp )\ °

) . L : r, =r'= = [ 2 [up 2T (5.15
contribute to this amplitude, through the coupllngghj, Vhi m, , i w

j=1,2. If the massem(vhj) are near the lower end of the

_T-1_ —6 o i £t
expected range, then the resultamn,)=|23 ,UZm(»,) wherer,=I", “=2X10"" s is the muon lifetime. There are
+Ej=1,zU5h.m(Vh.)|- Model-dependent calculations of the also _contrlbutlon_s_from the nondla_gonal neutral-current
J ! . . couplings. Combining these, we estimate, as an example,
relevant nuclear matrix elements are employed in order t

= —r =107 i
extract an upper limit ogm,). Current searches yield limits That _for m(vy,) =100 GeV, Ton, =~ Ton, ™ 10_ s. Owing t.o
of (m,)<O(1) eV [46]. At present there are a number of the fifth power dependencE,VhJ varies rapidly as a function
efforts to perform new experiments to search for neutrinolessf m(v,,.), and approaches existing limits wher(»,, ) de-
double beta decay with sensitivities considerably below thig;reasesJ t®(100) MeV. :
limit in (m,) (e.g.,[46]). The mechanism for light neutrinos  Since the intermediate-mass neutrino decays on a short
in Ref. [7] provides a further motivation for these searchestime scale, it is, of course, not subject to the mass limits for
This can be seen as follows:rii(vy, ) for j=1,2 are near the  neutrinos that are stable on the time scale of the age of the
lower end of the expected range, say of order 100 MeV andiniverse and thus affect the mean mass density of the uni-
|Uen | is as large as 10, we estimate the resultagm,) verse. The relevant astrophysical and cosmological con-
~10"2 eV. While this is in accord with current limits, it Straints include those froi) primordial (big-bang nucleo-
might yield a signal in future searches. However, with walk-Synthesis andii) large-scale structure formation. A recent
ing only up to the lowest ETC scaléy; or A, as in the analysis of these constraints is given[#8]. A perusal of

present papem(v;, ) are much heavier. This alters the form these constraints suggests that a neutrino with the mass of
of the neutrino prépagator and leads to a negligible Contriprderdhun?fre(.js of Mevgo hundred; of ”Gev,dand the corre-
bution by these intermediate-mass neutrinos to the amp“s_pon ing lifetime given by E¢5.19, is allowed.

tude. Moreover, since our model predicts a normal hierarchy )

m(v3)>m(v,)>m(v,) and sincen(v) enters in the ampli- D. Dark matter candidates

tude for neutrinoless double beta decay suppressed by the Models incorporating the mechanism of Rgf] for light
very small mixing matrix factot)2;, one does not expect the neutrinos can yield interesting candidates for dark matter

primary mass eigenstates, i=1,2,3, to produce this type [49]. Although the model studied in this paper is not fully

of decay at a significant level. realistic, we believe that it does yield some generic predic-
Another possible manifestation of the violation of total tions for possible dark matter candidates that are of interest.
lepton number is iNAL|=2 particle decays such as* A first important point concerns a state which might ap-

—a utu’; searches for these were discussed in Refspear to be an appealing dark matter candidate in technicolor
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theories, namely the technibaryon composed of technineutrmion is part of mass eigenstate with masa ,3, while the
nos. In our model, this would be the particle state created billustrative final state given above has mas2A+c, and

the action of the adjoint of the operator similarly for other final states. The same comment applies to
{R“. Thew? g's with p=1,2, which are part of mass eigen-
1 ; states with masses of orden2,~8 TeV, do not decay in
— €105k AR (5.16 2 y

this manner, but can annihilate a&;’R'f' Wqr—=NYHe
wheren=2, we have used our labeling of the U{t)charge

on the vacuum. This has a mas2A;.=0(600) GeV. If + and — for @=1,2, respectively, andy,c denotes the
one neglects ETC gauge boson mixing, one might infer thagauge boson corresponding to the U¢d pauge symmetry.
this state is stable. However, in our model with eitherlf there is an initial asymmetry in the U({¢ charge in the
symmetry-breaking pattern, the parti¢.16 decays via a universe, this is preserved, and the resultant lighter linear
process in which thex'®, say, makes a transition ta'?, ~ combination ofw,, p=1,2 could serve as a dark matter
emitting a virtual ETC gauge bosow; which, via mixing, ~ candidate.

goes toV3; the VA is absorbed by the®, going ton?=7v, ~ The model with sequence 2 has another dark matter can-
(where mass eigenstates are understood for the actual fin&lidate. To show this, we recall that in this sequence the fer-
state particles This decay is kinematically allowed since the mions {g*“, wherej=4,5, transforming as TC doublets re-
final state has a mass(»y, ), which is less than the mass of main light down to theA ¢ scale(in contrast to sequence 1,

the initial state(The «'2 or more precisely, the lighter of the Where they gain dynamical masses\ ). Because of the
v, decays, e.g., te €' v,.) exact SU(2}c symmetry, these fermions do not mix with
’ , e.g., ..

We next display dark matter candidates for Symme,[ry_technlsmglets, and because of the residual exact (K1)

. uge symmetry, they also do not mix with HC singlets. The
breaking sequences 1 and 2. For sequence 1, we recall that%%ngens);tﬂsg has);he consequence that the mgss eigen-
a scaleAg, which we take to be=Aj, the hypercolor-

a — 14« 15, . H
invariant condensate@.30—(4.33 form, due to the strong states ardy ,p=({g™"* {g™")/v2 with equal and opposite

hypercolor interaction. Consequently, linear combinations of[?f‘fs Lelr:[:]envalue_sdof tr;agn't?éieATtC{ we I?bslbth(:se as;_
the states{%f’“, éS,a, and 0%, with p=1,2 form mass R - et us consider the particle state created by the action
P of the adjoint of the operator

eigenstates, which may be denots}z with 1<q=<4, in
order of increasing mass. The SU(@)singlet bound state

V2

of the lightest two of these, formed by the action of the 1 1o Tmy1k B

adjoint of the operator 56123jk6aBtR’ Ctg" (5.18
1 . o
—eaﬁiscﬁR (5.17  on the vacuum[As before, thee,,; is included not to repre-
V2 sent an SU(2Z)c-singlet contraction, since SU(gg has

. N been broken to U(1): at the higher scald gyc; instead, it

on the vacuum, is stable. The stability can be understood asr@presents the antisymmetrization arand 8 produced au-
consequence of the fact that this particle is the lightest hytomatically by the contraction witlay,5, and Fermi statis-
percolor baryor{a boson, sinc®l,c is even and SU(2),¢c is tics] This particle has a mass 2A1c=0(600) GeV, but,
an exact symmetry. Hence, the corresponding particle, with 8ecayse of the extra binding energy due to the attractive
mass=2A;=8 TeV, might provide a dark matter candidate. (1), interaction, is lighter than the particle corresponding
Since this technibaryon is composed of SM-singlet fermions; Eq. (5.16). Note that the particl¢5.18) is a technibaryon
its interact.ions with regular matter wogld be h.ighly SUP- (and is bosonic, sincé e is even. It is expected to be
pressed, since they would proceed dominantly via exchanggyhter than other technibaryons and hence to be stable and
of ETC gauge bosons, whose masses are considerably larg&l,y provide a dark matter candidate. Since this technibaryon
than the electroweak scale. It would thus be a very weaklyg composed of SM-singlet fermions, its interactions with
coupled WIMP. _ _ regular matter would be highly suppressed, since they would

With symmetry-breaking sequence 2, the candidafer  roceed only via exchange of ETC gauge bosons. The inter-
d?zrk m?gter arige) differently. We recall that the fermions 5tions between two of the particlés.18 would also only
(R (R, andwy ; form condensates at the scalg;, as  proceed via higher-order exchanges and, in particular for the
given by Eqgs.(4.50, (4.51), and(4.52, with the difference  case of U(1),c, van der Waals-type interactions, since it is a
that these are only invariant under U({t) since SU(2)c technisinglet and U(4) singlet.
has been broken at the higher scalg,c. Linear combina-
tions of these fermions thus gain dynamical masses,;.
However, the ETC-nonsinglets among these fermions carf- Global symmetries and(pseudg-Nambu-Goldstone bosons
decay. For example, 5 can make a transition to the ~ The ETC model of this paper is based on the gauge group
Y a member of a lighter mass eigenstate, emitting a vir{3.4) and contains a total of six, (1) global symmetries,
tual Vﬁ ETC gauge boson which then produces fermion—associated with the representatiqasl), (4.2), and(4.4) of
antifermion pairs such as*?u, ,=U>?c, (a=color indey,  the ETC group.(The Nambu-Goldstone bosons associated
etc. This decay is kinematically allowed since the initial fer-with global symmetries carried by and o fields will be
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weakly coupled to SM fields, and therefore we disregardve take the dimensionless factor to be of order unity. In the
them here. One can label these(l)’s according to the rep- present case we need to generalize the 't Hooft analysis

resentation they act on as: from a simple non-Abelian group to a group which is a direct
product of non-Abelian factorgji) from a theory with fer-
U(1)g, XU(1)y X U(1)g X U(L) XU(1)e XU(1),,. mions transforming only according to the fundamental rep-

(5.19 resentation to a theory with fermions transforming according
' to several different representatioffsndamental, conjugate

Four linear combinations are spontaneously broken b th(feundamental, and antisymmetric second-rank tensor repre-
P Y Y M&entations for SU(%)dl; and (i) from a theory with only

Tc cond_ensates, and one by the ETC C‘?”der.‘?ate ".j‘t Scaﬁﬁe gauge symmetry-breaking scale to a theory with a se-
A1, leaving one exact global symmefitp be identified with f diff breaki |
baryon number conservation U(g,) generated by the sum quence of difierent breaking scales. .

’ At the scaleA, hypercolor interactions are still weak,

of the generators of U(l?l’ U(l)“R' a”?' U(l)’R] _and five and we neglect them together with the associated Si¥2)
Nambu-Goldstone bosons. Of these five, one linear combipstantons. Since SM gauge interactions are even weaker at
nation acquires a mass via ETC instantons, which explicitiis scale, we also consider the limit in which SM gauge

break the global symmetries of the theory, and another capteractions are turned off. The ETC Lagrangian at the
be identified with the Nambu-Goldstone boson associatedy(s)... symmetric level for energieB> A is then invari-

with spontaneous breaking of U(iL) so that it gets eaten to  ant ynder the global symmetry
become the longitudinal component of tA8 vector boson.
We are left with three exactly massless Nambu-Goldstone Gyiob.=U(9) XU(6) X U(1). (5.20
bosons, each of which, being a composite of SM nonsinglets, ) _ o o
has potentially dangerous couplings to SM fields. A similarTO see this, we note that in this limit, the Lagrangian is
situation arises also in conventional TC theories, where it ignvariant under transformations among the nine components
known [53] that two such massless states are present. Wef Q. and d, each of which $ a 5 representation of
will comment on the possible solutions to this phenomenoSU(5)erc, and among the six components lof, e, and
logical problem at the end of this section. uf, each of which is a Sepresentation. The additional1)
While baryon number is not spontaneously broken, in-is for y.
stanton effects could in principle induce in the low-energy we construct an operator encompassing effects of ETC
effective theory operators leading to phenomenologically uninstantons by starting in the SU(B)-symmetric theory,
acceptableAB=1 (proton decay and AB=2 (neutron-  combining SU(5}+c fermion representations in such a man-
antineutron OSCi”atior)SranSitionS. Itis easy to see that this ner as to respect the g|oba| Symmetriesl and incorporating
is not the case: the triangle anomdy(1)g][SU(5)rcl®  the physics of the breaking of this group via the coefficient
sums up to zero, and so U(d) being free from SU(Skc  of the operator, which involves the breaking scale, Just
anomalies, is an exact symmefwye neglect in this discus- as in the SU(2) case[50], the existence of this breaking
sion SU(2) electroweak instanton effects, which are negli-scale cuts off integrations over instanton size and makes it
gible in the zero temperature linliBy contrast, lepton num-  possible to work with a local instanton operator.
ber[defined as the sum of the generators of Y(1P(1)e,, For energieE<A,, we obtain the local operator given
and U(l»R] is spontaneously broken at the scalg. But,  py

due to the assignment af fields to the antisymmetric rep-

resentation of SU(%) ¢, this symmetry is anomalous, and A(A4) (5.21)
hence is explicitly broken by instanton effects. In order to Afz '

clarify this issue, it is useful to exhibit the operator encoding
in the low energy theory the information about ETC instan-whereA(A;)=0(1) and, in a compact notation,
ton effects.

Following the analysis by 't Hooft50], one characterizes
instanton—ingduced vi())/Iationy of global symmetries by con- OZ[H ucdydf [necefuf] 1 l!’EHH Zf}-
structing appropriate produst O involving all of the fields (5.22
that are nonsinglets under the ETC gauge group with a co-
efficient involving a dimensionless fact&(A) and a factor In Eq. (5.22 the meaning of the notation is as follows)
of the form 1A% 4, whered,, denotes the dimension 67 [Mu, d df] is an antisymmetrized nine-fold product of fer-
and A denotes the relevant ETC scale. The quaniit\) mion fields including alN.=3 colors and all flavors so as to
consists of a power ofr/gerc(A) and an exponential factor yield an invariant under global S9); (ii) [TIn_e efu[] is
A(A) =exp{—8ﬂ2/g'éTc(A)]. For a weak-coupling situation an antisymmetrized six-fold product including a product over
such as electroweak SU(2)there is severe suppression dueall colors, so as to yield an invariant under global(6)Jiii )
to the exponential factor; however, for the strong-coupling[11¢{] denotes a product over thref fields, reflecting the
ETC theory under consideration here the powermd§erc  fact that the contribution to the anomaly of 41y number
can produce an enhancement comparable to the suppressimansformation, and hence to the effective instanton operator,
from the exponential, and there is significant uncertainty inof a fermion field transforming according to the antisymmet-
this dimensionless fact¢b1]. Accordingly, for our estimates ric rank-2 representation of $B) is three times that of a
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fermion transforming according to the fundamental represenploy vector-like representations for the SM fermions. There,
tation; and(iv) [11£;, ] denotes a similar cubic product of some (electrically charged, color neutiapseudo-Nambu-
the £ fields for each value of the HC index, antisymmetrizedGoldstone bosons acquire mass only through electroweak in-
on this index so as to y|e|d an SU(}%\)invariant_ There are teraCtiOHS, and thus remain relat|Ve|y ||ght The aSS|gnment
thus Ng= 24 fermion fields in the operata®, so thatd,  ©f up-type and down-type right-handed quarks to different
=36, and the dimensional coefficient in E§.21) is 1//\?2 ETC representation&@nd a similar assignment for the lep-
Since A, is much larger than the electroweak symmetry-tons) explicitly breaks(via ETC interactionsthe symmetries

breaking scale, we also require th@t be invariant under giving rise to these additional light states.
Ggu-

As anticipated, the operatd? is invariant under baryon VI. DISCUSSION AND CONCLUSIONS
number U(1) and transforms ag\L|=2. We have already
observed and made central use of the fact that the Ieptollg_}

number is broken spontaneously by the bilinear ETC Cor'broduction of intragenerational mass splittings and CKM

densate(4.6) at scaleA,. Now, one could imagine generat- nixing has been a long-standing challenge for these theories.
ing a similar bilinear operator by contracting 22 of the 24\ye nave proposed a framework to achieve these goals and
fields in Eq.(5.22 (all but two of they fields). The attendant  paye jllustrated it with a specific model. The model is based
integrations would be cut off at a scale no larger theny  on the relation(2.1), which, with the choicéN¢= 2, implies
and therefore the coefficient of the bilinear would be nothat the ETC group is SU(%5}c. There are three reasons for
larger thanA;. This operator would necessarily be an ysingN;.=2: (i) it minimizes TC contributions to precision
SU(5)ercnonsinglet, and would consistently align in the electroweak observables, in particular theand S param-
same direction as E4.6) (taken to be the=1 directior). eters, both of which are proportional Mc; (i) with Ny
Finally, we return to the issue of the three exactly mass—g vectorially coupled technifermion@s is true of our
less, electrically neutral, Nambu-Goldstone bosons enumenodel with both sequences 1 ang Berturbative beta func-
ated above. Since the operatGrbreaks U(1)_ and hence tion calculations suggest that the technicolor theory will ex-
the lepton number, each of these necessarily includes SMibit walking (approximately conformabehavior which en-
nonsinglet constituents. In our model, where these particleBances both standard-model fermion masses and pseudo-
are formed at the electrowediechnicoloj scale, this is phe- Nambu-Goldstone boson masses; diid the choiceN¢
nomenologically unacceptab]62]. The model of this paper =2 allows our mechanisii7] to operate and lead to small
must therefore be regarded as incomplete. Some new, highbut nonzero neutrino masses and intragenerational mass
energy interactions must be invoked to break explicitly thesplittings.
three corresponding global symmetries. An example of such We have formulated and analyzed an approach based on
interactions is discussed in R¢&3], in the context of ETC the assignment of the right-handed components ofQhke
theories which employ vector-like representations for SM—1/3 quarks and charged leptons to a representation of the
fermions: a four-fermion operator that one could obtain in aETC gauge group that is conjugate to the representation of
Pati-Salam extension of the SM gauge group is shown tehe corresponding left-handed components. This leads to a
give masses to massless states. It is not possible to construtdtural suppression of these masses relative to those of the
a conventional Pati-Salam extension of the gauge symmetr® = 2/3 quarks, as well as to nontrivial quark mixing angles.
of models in the class considered here, in which the left- andor the neutrinos, a set ¢fight-handeg standard-model sin-
right-handed chiral components of the down-type quarks andlets was included and assigned to representations that also
charged leptons transform according to conjugate represeiead to a suppression of their masses as well as to nontrivial
tations of the ETC group. However, one can envision a dif-mixing angles and a potential seesaw mechanism. We note
ferent type of extended gauge symmetry with interactionghat these assignments @@ hog made to accommodate the
that would break these three globalllysymmetries, if some observed features of the fermion mass matrices. Within our
of the ETC representations come from unified representaframework, they do not offer a direct explanation of why the
tions of a larger gauge symmetry group. Assuming such inQ=2/3 quarks are heavier than the correspond@e
teractions to be present at scales not too far aboveand  —1/3 quarks in the higher two generations or why the col-
using Dashen’s formula as in R¢b3], masses of the order ored fermions(quarks are heavier than the corresponding
of 10 GeV can be anticipated for these particles. They wouldolor-singlet fermions(leptons. A natural goal for exten-
then satisfy astrophysical and cosmological constraintsions of the present work would be to explain these correla-
[48,54], as well as constraints coming from the decaytions.
Y (1S)— y+ pseudoscaldd2]. It will be important to refine We have provided a simple illustrative model involving
these mass estimates in the context of an explicit extensioone additional strong gauge interaction denoted as hyper-
of our model and to explore other phenomenological signaeolor (HC), and an economical representation content. We
tures of these particles. identified two plausible sequences of ETC symmetry break-
We note that all other pseudo-Nambu-Goldstone bosonig in this model depending on the relative strengths of the
in our model acquire mass via QCD or ETC interactions, andETC and HC interactions. Although this simple model is not
are then heavy enough not to cause phenomenological prohuilly realistic, it has many features of a successful theory.
lems. This is to be contrasted with ETC models which em-  With respect to the quarks and charged leptons, the model

In this paper we have addressed the problem of quark and
pton masses and mixing angles in the ETC framework. The
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can generate a sufficiently heavy top quark and satisfactorigreaking patterns, if they are favored dynamically, could lead
intergenerational mass splittings in the up-quark sector. [to more nonzero mass entries and hence more realistic quark
naturally achieves the observed intragenerational mass spliénd lepton mixing.
tings for the higher two generationsy,>m,, m, and m; One possibility along these lines can arise if the interac-
>mg and m,; and some quark mixing. It achieves thesetion strengths are such that the condensates of both se-
splittings without prohibitively large contributions tdp  quences 1 and 2 form. This involves the occurrence of mis-
=aenT. Of the two sequences considered, sequence 1 hadigned condensates, i.e., condensates occurring at
three ETC breaking scales and can account for all the upsomparable energy scales that respect different symmetries.
type quark masses. The down-type quark masses and chargglis could improve the predictions of fermion mixing, but
lepton masses are suppressed, as desired, compared to theweyld have the drawback that there would be only two ETC
because of the use of relatively conjugate ETC representscales,A; and A,3. This contrasts with sequence 1, which
tions for the left- and right-handed components. But with thehas three such scales, in one-to-one correspondence with the
up-type quark masses fit, there is excessive suppression génerations, and sequence 2, which has two ETC sdajes
down-quark and charged lepton masses, especially for thosmsd A ,3, but also an additional scalegyc associated with
of the first generation. In sequence 2, there are only two ETG@he breaking of hypercolor. Consequently, while the
breaking scales. Hence a hierarchy betwegnand m, is  misaligned-condensate possibility may produce more com-
more difficult to achieve, although the nondiagonal structureplete and realistic quark and lepton mixing, it seems unable
of MW offers a possibility, as we discussed. There is theto produce realistic scales for quark, lepton, or neutrino
same excessive suppression of first-generation down-quarRasses.
and charged lepton masses. Although the model does not Another direction is to retain the group structure, Eq.
give fully realistic CKM mixing, it does offer the prospect of (3.4), of the model, but to consider different fermion repre-
spontaneougdynamical generation of a CP-violating phase, sentations. An example is a model of DES typee Sec. || D
and this will be an interesting avenue for further study, infor a definitior) in which the SM-nonsinglet fermions trans-
conjunction with implications for the strong CP problem. form according to Eq(4.1) and
Leptonic CP violation in this class of models is also worthy _
of Study. I-L: (511!112—1,L! Er- (51!1!1)—2,R1 (61)

For the neutrinos, sequence 1 has little success. It leads hd the SM-singlet fermions transform as
Dirac masses suppressed relative to Qe=2/3 quark

masses, to right-handed Majorana masses, and to some neu- g: (10,1,1,29R, gg'“: (10,2,1,29R,
trino mixing. But the Dirac masses remain too large, and the , _
Majorana masses are too small for a seesaw mechanism. Se- Ajr: (451,1,005. (6.2

guence 2, which can occur if the HC coupling is somewhat
weaker at the relevant scales, has advantages and disadvdis model includes a mixed tensor representation of
tages. A major advantage is that purely within the neutrindSU(S)erc, the (45,1,1,1},,R=A}k'R. The mixed tensor rep-
sector, it can incorporate the seesaw mechanism of[REf. resentationO\Ek is antisymmetric in the indicegk and satis-
yielding experimentally acceptable light neutrino massesfies the tracelessness conditisfl_; Al, =0, which amounts
However, the value of the lower ETC breaking scalgthat  to N equations, so that its dimensionN{N—2)(N+1)/2.
produces a successful fit to neutrino masses does not yiefthe contributions of the SM-singlet fermions to the
sufficiently large second or third-generation quark and leptorsU(5 )1 gauge anomaly satisfy the DES subcase of condi-
masses. _ _ tion (4.3): A(yr) =1, A(Lr) =2, A(A) = —A(45gy(5) =6. It

The are also some potential phenomenological problemss therefore anomaly-free. Although the particular model of
The class of models considered leads to flavor-changing nethis type that we studied did not lead to an overall improve-
tral currents at a level that could exceed the measured valuggent in predictions, we believe that the analysis of models
for Am¢ andAmg , and to a value foAmg_well in excess  with different types of fermion representations is worthwhile.
of the current range of SM predictions. This could be ame- Some of the defects of the class of models considered
liorated if the model exhibited walking beyond the lowest here, including the explicit model analyzed in Sec. IV, derive
ETC scale. This class of models also has a potential problerfiiom the fact that the Dirac submatrix that exerts dominant
with  massless (electrically neutrgl Nambu-Goldstone control over the generation of masses for the primary mass
bosons. One can envision additional interactions that wilkeigenstates in the observed electroweak-doublet neutrinos
raise their masses to the level of 10 GeV or higher, satisfyingatisfies the relatio.39. This, in turn, reflects the fact that
current experimental bounds. there is only one, common mass suppression mechanism for

The shortcomings of the simple model and the symmetrythe down-type quarks, charged leptons, and Dirac neutrino
breaking patterns considered here suggest a variety of diregrasses relative to the up-type quatkise use of conjugate
tions for further exploration. An evident problem is the lim- ETC representations for the left- and right-handed down-type
ited number of gauge boson mixings which yield many zeraquarks and charged leptons, and a similar arrangement for
entries in the quark and lepton mass matrices. These zerdise left- and right-handed neutrinod he relation(4.39 pre-
are traceable to selection rules related to residual global syn¥ents a simultaneous fit to all of these masses.
metries. But since these selection rules seem specific to the One salient property of the present class of models is that
breaking patterns considered, one can imagine that othéhe b;; Dirac neutrino mass terms relevant to the seesaw
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connect the left-handed electroweak-doublet neutrinos tmal generators here. In the 8) case, one may labaN™*
right-handed SM-singlet fermions whose masses arise viaV} andW™=V3=(V3})" (suppressing the Lorentz index
loop effects rather than directly, via participation in conden-meaning that for a fermion in the fundamental representa-
sates. The models do contain a different type of Dirac masaOn savf :(fl) one has a vertex in whicfﬁ absorbs a
term (the d; ;) which connect the left-handed electroweak- " >"" y LAzl . - . i
doublet neutrinos with right-handed SM-singlet fermionsVi OF €mits aV3, making a transition td with coupling

that participate directly in condensates and hence gain largéw/v2. Similarly, for SUNerc) we use a basis in which the
dynamical masses. In our models, the, terms do not play ~gauge bosons corresponding to nondiagonal, shift operators
an important role in driving a seesaw mechanism. It wouldare labeled aS/}=(V{)T, where ki, j<Ngqc, i#j. The

be valuable to develop moo_le!s in which tdgj_k terms do  associated vertex isgéTC/Vj)f_i’L(V}))\»y)\f{_ Analogous
play a central role, thus avoiding the constra#B9. comments apply to the couplings of the ETC gauge bosons
Two interesting directions for future research suggesg the right-handed componentsfpfind also, with appropri-
themselves. First, it is important to construct extensions ofte changes to theories with the left- or right-handed compo-
the class of models considered here which contain interaGyents off transform according to a conjugate fundamental
tions yielding sufficiently large masses for the light, SM- representation. We retain the Cartesian basis for the ETC
singlet Nambu-Goldstone bosons. Second, in the preseglyge hosons corresponding to diagonal Cartan generators of
work, and its progenitor$5,7,9], the extended technicolor SU(Ngro) and hence write them a4, , wherea=n2—1 for
symmetry breaking at levels below, involves a combina-  o<n<N...
tion of the ETC interaction and another strongly coupled T4 discuss the ETC gauge boson mixings that will be
gauge interaction, namely hypercolor. It would be worth-imnortant for generating various contributions to fermion
while to try to construct models in which all of the ETC mjass matrices, we consider the one-particle-irreducible
symrkr:etry breaking could rt])e gch|eved| W'thOLl’tdrecour?‘e_th/acuum polarization tensdflT;(q),, producing the transi-
another gauge interaction that is strongly coupled at a simila i k :
energy sgcalg. Ideally, one would be agblye to gchieve both 2?0%\/];\/” ) IWe das;ume_th?t;hz dlagor;]al rr;asses (I)f(;heshe
these goals in a single new model, ie g_ave_ zirea y been included, and therefore exclude the
casei=k, j=n from consideration here. Because the mo-
menta in the loop in Fig. 2 and its analogue for the charged
leptons are cut off by the technicolor dynamical mass inser-

This research was partially supported by the grants DE_tion on the internal technifermion line at a scalg: which
FG02-92ER-4074T.A. and M.P) and NSF-PHY-00-98527 IS small compared to the lowest ETC scale, we shall need
(R.S). We thank Sekhar Chivukula, Alex Kagan, and Ken only the expressions for ETC gauge boson mixing evaluated
Lane for helpful comments and acknowledge the Aspen Cergffectively at zero momentum, i.e.§I1j(0),,. While
ter for Physics, where some of this research was done. ﬁH}(q)m must be transverse because the underlying currents

are conserved, the appearance of a Nambu-Goldstone pole
APPENDIX: ETC GAUGE BOSON MIXING associated with the symmetry breaking means ﬂﬁa(O)M
] ) ) ) can be nonzero. We focus on thg, piece(it is simplest to

The estimates in Sgc. IV of thg _fermlon mass matrices fofmagine working in Landau gauge for this purppaad de-
our model depend prmcally on mixing among thg ETC gaug€ine the zero-momentum coefficient of., to be ﬁH}(O).
bosons. Here we list for each symmetry-breaking sequence Mixing among group eigenstatev}()#, is in general to

those mixings that are nonzero, and estimate their magni- & .
tudes. The fact that some mixings vanish can be understoqbd’3 expected, setting in as the SUggj breaks sequentially

from global symmetry considerations. This discussion is pro-0 SU(2)rc. Because of the mixings among the ETC gauge

| ) .
vided in Sec. IV for each symmetry-breaking sequence. bo_sonsvj ,.the correspon_dmg mass eigenstates are com-
prised of linear combinations of these group eigenstates.

Since these masses are hierarchical, it will be useful to con-
tinue to refer loosely to the “masses” of various ETC gauge
For a fermionf | , transforming, say, according to the fun- bosons. When a gauge group ) (breaks to SU{—1),
damental representation of SVWi;c), the basic coupling is the 2N—1 gauge bosons in the coset SY(SU(N—1) pick
given by up mass. For example, as the energy decreases through the
_ o scale Ay, SU(5)tc breaks to SU(4grc and nine ETC
L=gerchi  Ta(VDiNfL (Al)  gauge bosons gain masses. These consist of the four gauge
. ) bosons ¥%),, i=2,3,4,5, together with their adjoints
where theT,, with 1<a<Ng;c—1, are the generators of (V1) ,, and the gauge boson corresponding to one diagonal
SU(Nerc), and theV, are the corresponding ETC gauge generator. Similar comments apply for subsequent breakings.
bosons. Just as in weak interactions one switches from thgne existence of mixing among these group eigenstates will
Cartesian basi#\; , with a=1,2,3, to a basis comprised of pe seen to occur in each of the symmetry breaking sequences
the linear combinations of gauge boson®/{)*=(A}  considered here. In the presence of this mixing among ETC
FiA%)/Iv2 corresponding to the SB) shift operatorsT.. gauge bosons, one must rediagonalize the associated 2-point
=T,*iT,, so also it is convenient to use the analogousfunctions to obtain the actual mass eigenstates. Our proce-
basis for the ETC gauge bosons corresponding to nondiagature is equivalent to this diagonalization, to the order that we
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24, c
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FIG. 8. A one-loop graph contributing to the ETC gauge boson  FIG. 9. A one-loop graph contributing to the ETC gauge boson
mixing Vj< VZ in symmetry-breaking sequence 1. mixing V3 V2 in symmetry-breaking sequence 1. The analogous
graph with the ETC indices 1 and 3 interchanged on internal fer-
mion lines also contributes to this mixing.
work. We note here that the relatlokr’()Jr —(V') leads to
some basic identities foﬁH ()

kHI (q),u)\

gé{"“ moving forward on the loop and transforming as a
(3,2,2 under the above group. Thus the Ugg)flow at the
(A2) leftmost vertex involves thregsflowing into the vertex, for
a U(3)gen, singlet. The dynamical mass insertion on the up-
per fermion line of the loop, in which th§24ﬂ goes to a
{354, is such that two 2’s of SU(Z}, flow into the vertex,
and two 2’'s of SU(2)c flow into the vertex, so that it is
For the symmetry-breaking sequence 1, it turns out thainvariant under SU(2). and SU(2),c; however, this vertex
the following ETC gauge boson mixings ocdtand will in- transforms a 3f U(3)gen into a 3 of U(3)e,. On the lower
duce others fermion line in the loop, reading in the direction of the arrow,
from right to left, the{3; 5, is transformed into a2 ie.,

lHk () | -

J7AN

2. ETC gauge boson mixing
for symmetry-breaking sequence 1

VieVE V3o Vi+(445), (A3) T 0 ) _
a 3 into a 3of U(3)g4en. Combining these with the rightmost
V‘2‘<—>V§, V5<—>Vﬁ, (A4) gauge-fermion vertex then yields the overall_ t_ransform_ation
property (A6) of this ETC gauge boson mixing. Similar
thHVt  t=45. (A5) analyses can be made for each of the other such diagrams.

Each nonzero mixing will be estimated from the corre-
It is useful to classify these mixings according to their selecSPonding grapfs) by assigning a dynamical mass to the fer-
tion rules under the maximal subgroup U(B$U(2);c of ~ Mions in each loop. Given the uncertainties associated with
SU(5)erc, where the 3) is the group of transformations strong coupling, this can at most provide an order of magni-
operating on the three ETC generation indidesl,2,3 tude estimate of the mixing. As an illustration, consider the
while the SU(2}¢ subgroup operates on the remaining MiXing £11%(0) arising from the graph in Fig. 8Recall that

=45 indices. Thus the mixings of Eq#é3) and(A4) are of  We will need this quantity only at zero momentyrilve es-
the form timate its size in terms of the integr@dfter Wick rotation

3,2)(3,2)~(3,2 A6
(32-(32~(32) (A6) 15 (0)
where the second equali@*«vQZ follows from the fact that
SU(2) has only(pseuddreal representations. The mixings of _ (gETC) NHcf (k2dk?)k*3 5(k)?
T2

1(0)=

Eq. (A5) are of the form (k2+23)4
(32<(3.2. (A7) gk .
The mixings(A3) and(A4) were present in th&, sequence 24

of Ref.[7]. Diagrams for the mixing6A3)—(A5) are given in
Figs. 8—10. The fact that only these mixings and the induced
ones in Eq(A14) are nonzero is explained from global sym-
metry considerations in Sec. IV. One can see how the trans-
formation property(A6) arises by inspection of the gauge-
fermion vertices and dynamical mass insertions. Consider,
for example, the graph in E¢GA3). The incomingv‘l1 trans-

forms as (_32) under the maximal subgroup U(3)
><SU(2)TC of SU(5)etc; at the leftmost vertex, it produces

a virtual Z¢ pair; here theZ is written as theglzﬂ moving

backward on the loop and transforming as ) under FIG. 10. A one-loop graph contributing to the ETC gauge boson
U(3)genX SU(2)rcX SU(2)yc, while the in the pair is the  mixing Vi< V}, wheret=4,5, in symmetry-breaking sequence 1.
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Here, the first factor of 1/2 reflects the chiral nature of thegral do not extend much beyond the higher scalg we

gauge-fermion coupling®\yc=2 arises from the sum over
hypercolors in the loop, thekfdk?) is the measure after
angular integration, the factor & arises from the numera-
tors of the four fermion propagators, akdlis the dynamical
mass of the fermions that condense at the saaléan ETC
or TC scale.

The crude estimatgZ A 5/24, is made as follows. If the
condensation occurs in an SN gauge theory, then for Eu-
clideank=A;, 3i(k)=3,; o=2mf,/\N, wheref, is the as-

sociated pseudoscalar decay constant. For example, in QCD,

one can define the dynamic&tonstituent quark mass as

m,/2 orm, /N ; these definitions yield the values 385 and

have use® ,(k)=3,,. The3 3, in the denominator is from

a propagator factor that can be pulled out of the integral,
given its degree of convergence. Thus, more generally, a
loop integral of this type has a quadratic dependence on the
smaller of the two condensation scales, further suppressed by
the ratio of the smaller to the larger scale. Multiplying by
another factor of 2 to take account of the fact that, for each
set of hypercolors, there are two sets{&f contributing to

the loop, we obtain the estimate

géTCAg

: §<0>’= AL EOIE (A11)

313 MeV, respectively, which also indicate the size of the
theoretical uncertainty in this quantity. Taking the average, Insertions of these nondiagonal mixings on ETC gauge
350 MeV, and comparing this with the value of 337 MeV boson lines give rise to further mixings. Thus

obtained from the above relation, one finds agreement to

4 3 1 4 1
about 5%. In general, using the relatidp=(A/2)N/3 Vi Vs Vs=Vi— Vs (A12)
yields the relatior; o= (7/v3)A;. This, too, works well in and
the case of QCD, where, with 5cp=180 MeV, the right-
hand side is=330 MeV, in agreement, to within the uncer- VioVioVisviove (A13)
tainty, with the 350 MeV estimate given above for the con-
stituent quark mass. For high momentien A;, (k) hasa so that all of the three mixings,
behavior that depends on the type of theory: Bgyk? up . c
to logarithms for a QCD-like theory, and, in contrast, roughly VieVs, VeV, 1=123, (A14)
like Eﬁdk for a walking theory. In Eq(A8) the condensation ith thi )
scale for the fermions in the loop is5;, whence the appear- are present with this sequence. We estimate
ance of35(k). We make the conservative assumption that 1
the TC theory walks onlg/ ug to the lowest ETC sc_al%, HIROERIE (o)_zg 1(0)
and hence us&;(k)=23 /k for the largek behavior of M3
this dynamical mass. 2 .2 PR PR
Consider next the loop diagram for the mixing « V5 _ Gerchs 16 gerchs _ gerchs
with t=4,5, shown in Fig. 10, and involving fermion masses 12 /(agercA3)?| 24 18a®
that are all of order\ 5. Using the same approach as above (A15)
(and taking into account the contributions of baﬂjgypyR
fields with p=1,2), this yields and
2 2
OercA3 1
tTTt . _
111 (0)‘— PR VORI HORPH L)
1
The loop diagram for the mixing3< VZ shown in Fig. 9 2 A2 2 A2 2 A4
involves fermion masses with two different scalds, for 2(gETC 3) 16 (gETC 3) ~ Jerc °
g and {55, (as well as{g™ and {555,), and A for 24 | (agercAy)®| 12 18a%A%
(R and (5,4, . In this case, the mass mixing contribution (A16)

for each of the two sets afs that contribute, summed over
hypercolor, is

1 gerc| * Nue f (K2dK2)KAS 5(K)'S 5(K)

2\ va | am® ) (KR+3)(KP+35)
~(gETCNHC 22,022,0 ~g%TC Ag A2
| an? 2, ) 24\ ¥

(A10)

Here since the loop momentuknextends above the smaller
condensation scalé\;, we have used the fornkg(k)

zigdkz, and since the important contributions to the inte-

For the neutrino masses and mixing angles, we need an
estimate ofr,; in the mass matrix ¥Ig) .., of Eq. (4.19,
which plays the role as the large mass in the seesaw mecha-
nism. This is generated as in Fig. 4. Since the dynamical
mass insertion on the internal fermion line in this graph is of
order the largest ETC scald,;, the loop momenta extend
up to this scale, so that one needs to evaluate the ETC gauge
boson mixingVi—V3; [which occurs via the combination
(A12)] for momentaq up to A ;. Thus in the contribution to
this transition involving two successive fermion loops on the
ETC gauge boson line, and hence foug-scale dynamical
fermion mass insertions, each of these will be of the form
EgocAngz, whereQ denotes the maximum of the incoming
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FIG. 11. One-loop graph contributing to the ETC gauge boso
mixing V%HV% in sequence 1. The indices on the ETC gauge
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24,

C§5,ﬁ,L
(V&)»

FIG. 13. A one-loop graph contributing to the ETC gauge boson
mixing V‘1‘<—>Vé for the symmetry-breaking sequence 2. The graph

Nwith the index interchange<«2 3 on the internal fermion lines also

contributes.

bosons in the loop are written with the convention that both upper

and lower lines go from left to right. The graph with indices 4 and
5 interchanged on the internal gauge boson lines also contributes

ETC gauge boson momentugnand the fermion loop mo-
mentumk. This leads to a strong suppression of the resultan

I'23.

ETC gauge boson loop diagrams with various insertions

yield still further mixings. An example is shown in Fig. 11,
which involvesV3— V2 andV;—V3—V; transition on vir-
tual ETC gauge boson lines in the loop, yielding the overall
transitionV3— V2,

The ETC gauge boson mixiﬁggavf is generated, e.g.,
by a diagram analogous to Fig. 11, in which the upper an
lower lines(reading from left to rightcontain the respective
transitionsVs— VZ and V3 —V;— V- V3. The mixingV3
—>Vf is generated, e.g., by an analogous diagram in whic
the upper and lower lines contain the respective transition
V3-Vi—V: and Vi—Vi—V5. The combination
Vi V2o Vie V3 yields the mixingVae V3.

From these mixings and the identi@2), it follows that,
for this model with any symmetry-breaking sequence,

M| =M. (A17)

3. ETC gauge boson mixing
for symmetry-breakin gsequence 2

For symmetry-breaking sequence 2, we obtain, to begin

with, the ETC gauge boson mixings

Vi VE VeV, (A18)

VieVy, t=45, (A19)
and

14,

CICS,ﬁ,L
(V&)

FIG. 12. A one-loop graph contributing to the ETC gauge boson

mixing V§<—>V§ for the symmetry-breaking sequence 2.

VieV?, VieVE, i=1,23. (A20)

The mixings (A18) and (A19) were present in thés,
equence of Refl7]. We show in Figs. 12-14 some dia-
rams that give rise to the mixing618)—(A20).

It is useful to note a general relation connecting the se-
quencess, and Gy, of Ref.[7] insofar as they involve con-
densates of thé fields and resultant ETC gauge boson mix-
ings, namely that these condensates and mixings in sequence
G, are related to those for sequergg by the interchange of

P
9

the ETC indices 1 and tholding other ETC indices fixed

ith appropriate changes in the condensation scale. THus,
he condensaté4.27) occurring at scale\, in sequence 1
goes over, under this interchange of indices, to the conden-
sate(4.48 occurring at scale\gc in sequence 2(ii) the

tftondensate‘-;4.29) at scaleA 5 in sequence 1 goes over to the

€ondensaté4.53 at A1c in sequence 2iii) the condensate
(4.30 at A; in sequence 1 goes over t4.50 at A,; in
sequence 2; an@v) the condensatet.31) at A; in sequence
1 goes to the same condensate, nowA g, in sequence 2,
and the condensatd.32 at A; in sequence 1 goes to the
=3 case 0f4.5]) at A ,5in sequence 2. We shall denote this
interchange symmetry with corresponding changes in con-
densation scales &l2.

By methods similar to those above, we estimate

g%TCA?FC
HIBOIEHIE 0=, 42D
2 43
OercA 23
113 o] =[ill% (0)‘2 120’
(A22)
1t,o
R

C
Wap,L

FIG. 14. A one-loop graph contributing to the ETC gauge boson
mixing V< V5, wheret=4,5, in symmetry-breaking sequence 2.

015002-30



FERMION MASSES AND MIXING IN EXTENDED.. ..

2 A2
_ OercA 23

12 for t=4,,5.

(A23)

JIT5 (0>’

Note that for the mixing in Eq(A22), for a given set of
hypercolors, two pairs of's contribute, while in the case of
Eqg. (A23) we sum ovemp=1,2 for the contributions of the

C
@gp,L-

As was the case for sequence 1, insertions of these non-
diagonal mixings on ETC gauge boson lines give rise to

further mixings. Thus

Vi Vi V2i=Vso V2 (A24)
and
VieVEaVisVio Ve (A25)
so that all of the three mixings
VieVe, VPV, i=123 (A26)

PHYSICAL REVIEW D69, 015002 (2004

occur. We estimate

1 2 AZ
ST12 =212 (0) 214 (0= o,
VES 18a”
(A27)
1 OercATc
sz =311z 0 Gz 2l o=
(A28)

where again we note that there is significant theoretical un-
certainty in the coefficients because of the strong ETC cou-
pling. ETC gauge boson loop diagrams with various inser-
tions yield still further mixings in a manner similar to that
discussed above.

We summarize the ETC gauge boson mixings for the two
symmetry-breaking sequences that we consider in this paper
and, for comparison, the two simpler ones dendgdand
G, in Ref. [7], in Table Il. The symmetry S12 connecting
sequences 1 and 2 is evident here.
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