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Third generation seesaw mixing with new vectorlike weak-doublet quarks
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We present a class of models with a third generation seesaw mixing with new vectorlike weak-doublet
quarks. We analyze a low-energy phenomenology and present several strong dynamics, high-energy realiza-
tions of these models. In the top-color-type scenario, named top-bottom color, we obtain an effective, com-
posite two Higgs doublet model where the third generation isospin splitting is introduced via tilting interactions
related to the broken non-Abelian gauge grolfips., without strong, triviality-sensitive (1) groupd. In
addition, we discuslst_production at the Next Linear Collider and suggest how one can experimentally observe
and distinguish between the weak-doublet and the weak-singlet types of seesaw mixing.
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I. INTRODUCTION AND SYNOPSIS tion seesaw mixing with new vectorlike weak-doublet
Particle physics in the last century gave us an impresguarks. With this setup it is possible to economicafyo-
sively correct low-energy phenomenological picture. A largeduce the correct masses of the top and bottom quarks in the
share of that fundamental development is the idea of broketop-color type of models and conserve the low scale of top
electroweak (EW) symmetry explaining the presence of color, with an acceptable amount of fine tuning. In addition,
heavy Z and W gauge bosons, the relation between theirin models that include simple, commutifign respect to the
masses, and their specific couplings to the fermions. Howweak SU(2), gauge groupextended technicolaETC) in-
ever, the high-energy sector that overcomes the hierarchigractions[6], we find that the large mass of the top quark
problem and that is responsible for the EW symmetry breakmay be generated with slightly relaxed corrections to the
ing is yet to be understood. bottom quark EW coupling, which are otherwise propor-
Models with strong dynamics address the hierarchy probtional to the large top quark magg|. The low-energy phe-
lem through the slow, logarithmic running of gauge cou-nomenological structure is found to be just slightly altered
plings of non-Abelian gauge groups that, after a huge interfrom its successful standard mod&M) form.
val of energy scales, finally become strong enough to We are not first to introduce this extended third generation
produce substantial, “interesting,” effects on our low-energyseesaw structure with weak-doublet quarks in the top-color
world. Although attractive, this idea poses manytype of models. Anidentical low-energy structure with weak-
challenges—patrticularly in the simultaneous dynamical EWdoublet quark$8] has been introduced in the spirit of a third
symmetry breaking and mass generation for third generatiogeneration specific top-color-assisted technicolor? T@]
quarks. strong dynamical schem@vith identical extended top-color
The general motivation for the weak-singlet seesaw modgauge group sector but with top composite scalar field VEV
els[1,2] involving third generation quarks and embedded inv,~vgy). The main differences between our strong dynam-
a top-color schemég3] is to “lower” the prediction for the ics, top-bottom color, scenario and the one in R8f. are:
large dynamical mass of the top quark. If the compositenes§l) instead of using a strong U(1) gauge group—that nec-
scale, the scale of new physics, is not very large, then thessarily has to be very strong to avoid a fine tuning problem
dynamical mass is around 600 GeV—as implied by the(@nd therefore, we believe, it is not easily accommodated in
Pagels-Stokar relationshjg] [with the fixed vacuum expec- @ natural dynamical schemrewe introduced the top-bottom
tation value(VEV), vy~ 246 GeV, of the composite scalar Mass splitting through the effect of an additional strong, as-
field]. With a seesaw mass mechanism with weak-singleymptotically free, non-Abelian S@3) gauge group, and (2)
quarks, the physical top quark is just partially top-coloredVe suggest the bottom quark mass generation via the same
and it can have the correct mass2]. In addition, the top- toP-color type of mechanism while R¢B] suggests that the
color scale is assumed to be low and the fine tuning problerﬁg:r?m quark mass must be generated by a different mecha-
Ir?a%i Z?r\],\tlf]);t tlﬁerfggl\\/zdké\?vlghggggli\évgheoqul;[aallsnitural expla- An additional motivation to study the third generation
Earlier work in this direction addressed the seesaw______
mechanism with new weak-singlet quarks in the top sector
[1,2], as well as in the bottom sect¢§]. In the class of It is often the case that a large number of extra SiJ(@publets
models presented in this paper, we show that the realistic tofy models of strong dynamics may produce an unacceptably large

and bottom quark masses may be obtained via third genera(_)ntribution to theS parameter. We show that such contributions are
avoidable in the class of models that we consider here.

2In this context “economically” means a small number of addi-
tional “new physics” parameters—mass parameters in particular—
*Email address: markopop@buphy.bu.edu reflecting the high-energy dynamics.
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seesaw mechanisms with weak-doublet quarks may be found The mass structure neatly splits into two separate struc-
in the recent development of models with extra dimensiongures for quarks of equal electric charge,
where the vectorlike doubling of the fermion spectrum arises
naturally[10].
First, we present the fermion charge assignments under _ 1 My [ tg
the SM gauge group and the mechanism of the mass mixing. (tLTL)< 0 )( ) ; 2.4
. my/ \ Tr
Next, we analyze some of the phenomenological conse- q
guences of this low-energy structure. Then, we explore the
possible high-energy realizations from which that low-
energy structure could emerge. Finally we discuss the direct (HLE)( m; mp) ( bR) 2.5

search potential dft_production at the Next Linear Collider
(NLC) and suggest how one can experimentally observe and

distinguish between the twdweak-singlet and weak- Performing the rotations separately on the left-handed and

double) types of seesaw mechanisms. the right-handed states one diagonalizes the mass matrices
and obtains the heavynostly non-SM and the lightimostly
IIl. LOW-ENERGY WEAK-DOUBLETS STRUCTURE SM) mass eigenstates; for example,

We consider the following third generation fermionic

representations under the SM gauge group, m ) n )
Tr=—tgrsing;+TrCOSep;, tr=tgCOS@+ TrSing;.

(2.6
SU(3)gcp®SU2)w®@U(1)y,
¢ Lower case fermions with the superscript denote the
_|t } _| 't . lighter mass eigenstates while upper case fermions with su-
Rl (bL)’ (32,178 T2 (BL)’ (3.2,1/6; perscriptm represent the heavier mass eigenstates.
The physical(light and heavy masses are given roughly

T as
WR: I} (312!1/61 tRl (31112/31

Br

mimg m,m

mm—’ m%—,
br.  (3.1,-1/3). (2.9) Cymzemz T Jmiem?

As compared to the SM structure, the anomalies introduced
by the additional left-handed and right-handed doublets can-
cel among themselves.

We assume the fermion mass mixing structure to be of the

seesaw type. The possible dynamical origin of the specifigne potentially dangerous rotations between right-handed

mass terms that we introduce in this section and a mOtivatiOWeak—singIet and -doublet quark®f the same electric
for their hierarchy will be discussed in Sec. IV from the chargeé are roughly given by

perspective of physics at higher energies.
First, we introduce the weak “doublet-doublet” mass
terms

My~Mg~M=\ms+m;. (2.7

2 %mZ

p - p
TP SiRe~——2 P (28
(m2+mj)? (m2+mj)?

. m2m
sir? [oF s

mpWy Wt meWy Vr. (2.2

Next, we introduce the “doublet-singlet” mass terms whereas the rotation among left-handed fermigwg in-
clude the superscrigt for distinction are given by

m; t tg+m,b, bg. (2.3
m2 m?
Here we have assumed a hierarchy that requingsm, Sir? ol ~ P i ok~ p
; - . P~ —, SiTey~———. (29
>my,m,. Later, we will explicitly consider the case where bomg+mg b my+my

m,>m,. We assume that no other mass terms are présent.

We adopt the convention that all si>0, sing">0.
The couplings of the left-handed fermions to thé&oson
3The presence ofm; T tg (or m, B bg) mass term, with are the same as in the SM, while right-handed fermions’
My (2ry<My, My, would only slightly alter the results of our analy- couplings to theZ boson may be expressed in terms of the
sis. above angles as
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T T3(ty)sin® — Q(t)sir’ 6y — COS@ SingT3(tL) ) tR 01

(trTR) — cosp, Sing, Ta(t,) T3(t)cos @—Q(t)si? Oy \ TR/ 2.19
g (T3(bL)Sin2 @p— Q(b)sir? by, — COS@y SingpT3(by) ) bg 01
(bRBR)|  _ cosep SineyTa(by) T3(b,)cog ¢,—Q(b)sir? 6/ | B’ 213

with (e/cosé,sin 6,) factored out. As usuak symbolizes electric charge amy, is the weak angle. In order to have a viable
model, we will show that sfp, should be very small.
The left-handed fermions’ couplings to th'¢ boson may be expressed as

(brB COS@r COSpp+ SinNgt singy  Singr Cosep— COSgo{'sincpt)(t[“) _ (1 0)(t[“
L™L

" (LL)o 1\

) , (2.12

COSer Singy— Singp COSpy  COSer CoSey+ Singr singef;

with (e/+/2 siné,) factored out. The right-handed fermions’  The parameteR, is not the only one influenced by the

couplings to thew boson are tree-level shift in the EW bottom coupling to theboson.
We find that nine observables are affect€d:, I'1,.q4, Rp,
o sing,sing,  — cosg,singy\ [ th Rey Rey Ry R, AEB, andAb. Using the general approach
(bRBR . ml of Ref.[11], and the experimentally measured and SM pre-
~ SiNg COSpy  COSCOSey | | TR 213 dicted values as in Ref12], we obtain
AT, 2
again with €/+/2 siné,) factored out. TDem —0.0628sin ¢y,
lll. LOW-ENERGY PHENOMENOLOGY AT'hag AR. AR, AR,

) " (Rosm (Rosw (R
The immediate low-energy physical implications of our (Tnadsm — (RoJsw (ReJsu (Ru)sm
low-energy setup with small mixing angles in the right- AR, )
handed fermionic sector are the following: first, the light R =—0.0899 sif ¢y,
. . 7/SM
mass eigenstates corresponding to the top and bottom quarks
have the correct SU(3kpXU(1)gm quantum numbers; AR, _
second, the EW couplings of the third generation quarks dif- Ry) =—0.3268Ssif ¢y,
fer only slightly from those in the SM; third, as we will b/SM
show, the radiative corrections of interest resemble those in AAD AA
the SM (and, moreover, we do not find-y mixing). The FB _ b _ iR
i | ! B 0.8630sin ¢y, . 3.2
oblique corrections place stronger constraint on the model (Afg)sm  (Ap)sm

parameters than the tree-level limits coming from Zhgole ) ) L
data (constraining onlyey). Left-handed mixings are not We performed a fit to constrain the amount of mixing in the
constrained by EW data. right-handed bottom sector and found the Gonstraint to be

Sir? ¢,=<0.0052. (3.3
A. Limits on ¢, from the Z-pole data
It is interesting to note that the fit generally prefers a nega-
tive value of sif ¢,. For example, the SM value of i,
=0 is 2.1 above the best-fit value.
The caveat is that in this calculation we included just the
; ; tree-level shift in right-handed botto coupling, as given
12 S.m? Ow i ?b by Eq.(2.11), while we neglected the effects of oblique cor-
9—125irf Oy +8 sirf' By rections, implied by new physics in alteration of thgoole
) observable theoretical predictions. Clearly, once we have the
~—33%sirf ¢y, 3.1 full model, including the entire scalar spectrgamd possibly
the additional new physitsthese corrections must be in-
and as we see this change is proportional t8 gin clearly  cluded.
forcing the mixing angle to be small. The one-loop correc- Actually, in the framework of our low-energy setup, we
tions involving heavyB™(T™) and Z(W) exchange are ex- expect sif¢, to be much smaller than the limiting value in
pected to be smaller due to the suppression via IktgeM g Eqg. (3.3. Just from the consistency of the model, i.e.,
masses £M). Sir? =<1, we obtain

From the Z boson coupling to right-handed bottom
quarks, Eq(2.11), we note that the shift in the EW bottom
coupling causes the paramefy to decrease, i.e.,

SR,
—=(RyV=1)
b
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mﬁ where (6T); is the SM contribution of the top quark and
Sin® gp= —2~0.0006, (3.4 where we have assumed thay, is sufficiently smaller than
t

m, so thatM~m,.

or an order of magnitude more stringent limit than in Eq. !N the framework of the top-color scheme, if we take
(3.3. ~600 GeV(from the Pagels-Stokar relationshiphen from
Eqg. (3.10 we find thatmy=~M must be larger thdn~5
TeV. This sets~0.015 as an upper bound for $if. There-
fore, from the model's consistenfigs.(2.7) and(2.8)], one

The (6T)np=agm(dp)np and (8S)yp oblique radiative  obtains sif ¢, to be smaller thar=10"°. On the other hand,
correction parameters represent the contribution of the nexthe new physics contributions to the param&are so small
physics in our case, i.e., the contribution of the two-doubletshat they may be safely neglected.
structure minus the contribution of the SM one-doublet |t is interesting to note that in a slightly different variant

B. Oblique corrections

structure, to the differences that can be defifeg] as of our model in which the Yukawa mass termms and m,
4 link two right-handed singletdg and bg with both left-
— T — T ;
T=———[I4(0)—40)], (3.5 handed doublet¥,=(t, ,b,)"' and¥,=(T,,B.)’, i.e.,
XEMUEW _ _
m;t tg+m,B, bg, (3.11
T
— 2
S=- W[HW(MZ)_H?»Y(O)]- (3.6 one obtains the mixing in the left-handed mass eigenstates

‘ sector satisfying

Here_l'[jk_(qz) are_the gauge bosonsi\(* and B#) vacuum 2 ol ol ok 31

polarizations M ; is Z boson mass, andz\~246 GeV. SIN” @y~ COS ¢y, (3.12
In the one-loop approximation, and in the basis of fermi- ) ) L _

onic mass eigenstates, using the standard formatiem, for  instead of, as in our low-energy setup,’sii~sir? ¢;;. This

example, Ref[14]), from Egs.(2.7)—(2.13), we obtain in turn introduces off-diagonal terms in th& coupling ma-
trix and affects 6T)yp by an additional dangerous term,

3Gk _ _ ~(8T)(M?m?)sir’(¢-—¢t). The cure for this, for ex-
(6T)np~ 822 [sin? ¢ sir @pf(mg,mp) ample, would be to have,~m, which unfortunately makes
T NEXEM the model structure highly constrained and therefore prob-
+ sir? gy(sir? @y — sir? op) f(m,,M) ably less viable.
+ I gy(SIN gy siff @) f(my, M)], IV. WEAK DOUBLETS IN MODELS OF STRONG
(3.7 DYNAMICS—HIGH-ENERGY REALIZATIONS
2agy 5 mtz Thg high-energy physic;al implication of the low-energy
(8S)Np~— —————| Sirf ¢, co | =+ IN—> setup in top-color models is that the weak-doublets structure
Sin Gy COS by 3 M offers a base for an economical, simultaneous dynamical

generation of the top and bottom quark masses. In “commut-
(3.9 ing” ETC models, the weak-doublet seesaw mixing may re-
lax the large shift in the bottom quaik coupling which is
otherwise proportional to the large top quark mass.

+ Sll’]2 ©p COS’) ©Op

5 m
3t gz |

where G is the Fermi constant and the functidfx,y) is

defined as
A. Toy modeling in the top-color spirit—top-bottom color
2x%y?  x? . . . .
f(x,y)=x2+y?— ———In—. (3.9 In this subsection, we sketch a strong dynamics scenario,
XT—y® 'y named top-bottom color, in which both the top and bottom

masses are generated through the top-color type of dynamics

X . while they are directly linked to the bulk of EW symmetry
(é?T.)NP’(és)NP_’O anpl therefore, W.'th appropriately small breaking. This labeling reflects the fact that here instead of
mixing angles, corrections to the oblique parameters are ea

ily kept under control ﬁist one additionaltop) color group we deal with the addi-
. ' . . ional tw - lor gr . After intr ing th
In the previous subsection we found thatis expected to tional two (top-bottom color groups. After introducing the

auge structure and the fermionic assignments under the ad-
be extremely small and therefore we may safely neglect thd?!d 9

terms with sid¢g,. This simplifies the expression for

In the limit sirfe,sife,—0 we see that

(6T np, i€, 4o . .
This result should be contrasted with the limit on the heavy fer-
3Gk m‘l‘ mions’ masses~12 TeV, in models with a seesaw mechanism
(6T)yp~ ———=sin* M2~ >— (T, with weak-singlet quarks in both, top and bottom, secf6tsCon-
8m? \/EaEM p'h trary to our case it is the paramety that place the most stringent

(3.10 limit in those models.
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ditional gauge structure we concentrate on the dynamics of ¥ Y,
the top-bottom color scenario.
As is traditional in the framework of top-color models,

one assumes that the diagonal breaking SW(SY(3)
—SU(3) provides the attractive binding Nambu-Jona-
Lasinio (NJL) interactions[15] for fermions transforming

under a stronger “initial” SW3) gauge group. If these NJL
forces are appropriately strong, then the composite scalar A
field may acquire the nonzero VEV and, furthermore, pro- by
vide the dynamical masses for the strongly interacting fermi-
ons through their Yukawa couplings. /FA

If the third generation quarks feel the same attractive NJL Y L
type of interactions, then necessarily the condensation pro-
ceeds in an isospin symmetric channel and, consequently, the
dynamical masses are equal. Therefore, in our class of mod-
els, we expect that the top and bottom quarks must feel dif-
ferent NJL forces. Since additional strong tilting1) gauge
groups are often found to be potentially dangerfil® due
to the triviality problem(see also, for example, Ref17]), be 1t A2 &
we turn our attention to additional SNj gauge groups k
(with N=3) that exhibit more preferable high-energy behav-
ior (characterized by a negatiy&function). Therefore, simi- ¥ T,
lar to Refs.[2] and [5], we consider a high-energy sector
containing a “trio” of strong SW3) copies, i.e.,
SU(3),® SU(3),® SU(3),, with strong gauge couplings, re-
spectively,gq, 9o, andgs; as defined at some high-energy
scaleA ;.

The strong multicolor sector exhibits a cascade of sym-
metry breakings of the form be 'ta Yp

1 tp Y

SU(3);®SU(3),®SU(3)4 FIG. 1. The schematic illustration of the cascade of symmetry
breakings and low-energy setup fermion charge assignments under
A the strong SB) gauge groups in the top-bottom color scenario
LAl discussed in Sec. IV A\ denotes an energy scale that increases in
the direction of the long arrow.
SU(3), ®SU(3),

T
[TA2,u]L \PR=(BE>, (1,1,3,2,1/6;t, (1,3,1,1,2/3;

SU(3)qco- (4.1) br, (3,1,1,1-1/3);

where A;, A, are the scales of the appropriate symmetry . . .

breakings andi,, u, are the diagonal VEV’s of the effective where msteaq of gauge as'S|gnments under SKK8) as in

EW singlet scalar fieldsb; and ®,. In the Appendix we Eg. (2'1‘)" \_/ve”lntroduce assignments qnder the strong SU(3)

discuss in detail the gauge bosons’ mixing and couplings rgavge “trio. Th_e schematic illustration of the ca_\scade of

the fermions if the running of the strong gauge couplings issymmetry breakings and low-energy setup fe”‘?'o” charge

neglected(that algebraic structure may prove useful as aassignments under the strong S)Jgauge groups is shown

guideline for the features of the model that are more empha'—n F|g. L . . .

sized when we turn on the running of gauge couplings With this assignment of the low-energy setup fermions,

The low-energy setup fermions, introduced in Sec. “,each of the S‘.J(%)a”d SU(3) gauge groups suffer_s from

transform as gauge anomglles. In order to cancel these_anomalles and to
provide the high-energy framework responsible for the effec-
tive scalar fieldsb, and ®, and their diagonal VEV'’s, we

‘1’1L=( '—)1 (1,3,1,2,1/6; introduce four additional “intermediate” gauge groups,

b, SU(Ng), SU(N;), SU(N,), and SUN3), plus two sets of
intermediate fermions, weak-singlétand weak-doubleto
T, particles. This structure is shown in compact “moose” no-
'\IIZL:( ) (1,1,3,2,1/6; (4.2  tation[18] in Fig. 2. _
BL The conditions for anomaly cancellations are
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ing Goldstone bosons—in a more realistic model these may
be taken care of via appropriate high-dimensional fermion
operators that would give rise to the masses of the appropri-
ate pseudo-Nambu-Goldstone bosons in the multi-TeV range.
At the energy scalé\ , the intermediate group S)
gets strong and binds the condensatest gbarticles that
break SU(3)®SU(3), down to its diagonal subgroup
SU(3);:. This symmetry breaking generates an octet of
massive precolorons, i.e., heavy colordi®]. At energy
FIG. 2. lllustration of the top-bottom color model of Sec. IVA scale A; we assume a hierarchy of the gauge coupling
in “moose” notation. Circles represent the gauge groups whilestrengthsy,>g,>g; for the strong gauge trio. The SU(3)
lines represent fermions. Leaving left-handed fermidestering gauge coupling g/, assumed large, isg; =(g;?
right-handed fermionsbelong to the fundamental representation +g£2)*1/2. The precoloron exchange diagrams, below their
while entering left-handed fermiondeaving right-handed fermi- - massM ., produce effective four-fermion interactions. After
ons belong to its conjugate representation under the appropriatg:iertzing interactions that couple left-handed and right-
gauge group. handed currents of the low-energy setup fermions in the large
N, limit, one obtains NJL-type interactions term proportional
to

1

No=N;—1, NiY(§)=(N-DY(¢)—3, (43
g% 2,5 . 2 - T

N,=Ns, Y(0)=Y(o'). (4.4 —Mg(gi_l_g%)[92(‘1’1LtR)(tR‘I’1L) 91(¥W 1 br) (bW 1) ].

(4.9

In addition, we sety(w)=% and in order to have the pre- . )
ferred behavior of asymptotic freedom for intermediateHOWever, we assume that these interactions are not strong
gauge groups we assuig=4 andN,=3. All intermediate enough to trigger dynamical condensatllon._ l_\lonetheless, as
fermions are degenerate fermions with the same isospiy® Will see later, they represent a crucial tilting needed for
properties, and therefore have no influence onSigaram-  SOSPin splitting of the third generation quarks.
eter. At energy scale\, the intermediate groups SN§) get

The reason for the doubling of the intermediate gaugestrong and bind the condensatv_es cmfp_artlcles that break
groups in the ¢ sector is the cancellation of strong SYU(3)®SU(3); down to its diagonal subgroup
SU(3), and SU(3) anomalies separately while avoiding the SU(3)ocp. This symmetry breaking generates an octet of
strong “linking” U (1) group. The reason for the doubling of Massive light co_lorons. The light colorqn exchange. dia-
the intermediate gauge groups in the sector is correct 9rams, below their madd, , produce effective four-fermion
vacuum alignment giving the diagonal breaking of SU(3) interactions. After Fiertzing interactions that couple left-
®SU(3); while preserving the cancellation of strong hand_ed and right-hqnded current; of Iow-energy setupfermi-
SU(3), and SU(3) anomalies separately. Apart from aes- NS in the Iar.geNC limit, one obtains NJL-type interaction
thetical reasons, we do not find the doubling of intermediatd€™m$ Proportional to

gauge groups as a serious drawback for model dynamics. We 4

assume that while sliding down in energies the group 91 — - — —

SU(N,) gets strong first at scale; and triggers the diagonal ME(gi, +g2) [(Watr) (trW 1) + (V1 br) (br¥1)].
breaking. An order of magnitude or so below the schle (4.6)

the group SUN;—1) becomes strong and just minimally

supplies the diagonal breaking VEY,. In addition, we as- Below the scale\ ;, the strong couplingj;: runs enough
sume that at approximately the same scalg,both SUN2)  so that the interactions of Eq4.6), at the scaleM, , are
groups get strong. above critical and trigger the NJL condensation. This inter-

The introduction of spectatdor light SM) quarks would  action alone would produce identical dynamical masses in
probably simplify this not so compelling gauge structure.the top and bottom quark sectors. However, when combined
Here, however, for the purpose of illustration, we concenwith the tilting NJL interactions of Eq(4.5) (that are some-
trate just on the low-energy setup fermions. At this point weyhat amplified at the scallél,) they provide the necessary
are not concerned with the presence of various global U(1jsospin violation. Therefore at the same scale, just below the
groups that when broken would introduce strongly interactyight coloron mass, dynamical condensation is triggered in

both the top and the bottom sectors. The difference in the
VEV’s of top (v{) and bottom ¢,) composite scalar fields is
SThis assumption about equal scales do not have to b&aused purely by the difference in the strength of the trigger-
unnatural—if both SUY,) groups are embedded at some highering NJL attractive interactions.
energy in a larger group, due to the identical running of the gauge As the top and the bottom masses are linked through the
coupling, as implied by the fermionie sector in Fig. 2, they be- Same seesaw mixing, the prediction of the top-bottom color
come strong at approximately the same scale. scenario is
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m m v As is standard7,21], one may consider the ETC gauge
—~—~—, (4.7 boson of masMgrc coupling to the current

I 1
and we obtain the effective composite two-doublet Higgs —C¥y v xLt EtRy“UR, (4.10
model with taB=m,/m, at low energies.

If the compositeness scale, the scale of new physics, is n%hereXL is the left-handed technifermion weak doublet,

very Iarge., thgn the dynamical mass, is ar_ound. ,600 is the right-handed technifermion weak singlet, abds a
GeV—as implied by the Pagels-Stokar relationshigith  ciepsch coefficient, expected to be of order 1.

fixed VEV, v;~vew~246 GeV, of the top composite scalar — 1he masgn,, related to the top quark mass, is generated
field). With a seesaw mass mechanism, the physical 1O, q,gh a four-fermion interactiotwhen one integrates out

quark is just partially dynamical and it can have the correcty,, heavy ETC boson at energies belbl1c) of the form
mass of=175 GeV.

One of the necessary ingredients of the seesaw mecha- gz o -
nism, anm,=5 TeV mass term, may be thought to arise - EZTC (W1 ¥*x0)(Ury*tr) +H.C. (4.1)
from an operator of the form ETC
After Fiertzing this operator and using rules of naive dimen-
— (V1 00 (0r¥R), (4.9  sional analysi$20], one estimates
high
gETC 3

wherea is a constant of order 1 ankll,y, represents the my~ MéTC4m)t ' (4.12

high-energy scale of the “flavor” physics. Using the rules of
naive dimensional analys[20], we find that this term pro-

) wherev,= . On the other hand, thie, b, vertex toZ is
vides the mass Ut— VEw Lo

affected, i.e., the tree-levél, coupling is shifted by 7]

2

u 1
mp~4wa( 22 )uz. (4.9 5gETC(bL):ZC2

high

my e
4110 £\ SIN Oy COSO\y

1 _,m/cose e
47 4mugyw SNy cosby’

If flavor physics is weakly coupled, one may haWg,gp, (4.13
<M, therefore without the need for introduction of the huge
finely tuned gap between the massgsandM _ (as the scale

. I m . -
of flavor is naturally expected to be larger than). Al- This large shift is translated to" (mass eigenstatenulti

. L__ L .
though we would like to deal with the mass terms in the finalpIIeOl _by cos P cos’ ¢ and therefore the ph_y3|cal bottom
instance, as if they were dynamical in their origin, to sim-COUPling toZ is affected by an amount proportional to ags _
plify the picture here, we may trean, just as a bare mass (which is not constrained by the EW data, i.e., may be quite

term® where we assumen,>m, . small,

4710 g\ SIN By COSO\y
In ETC models[6] in which m, is generated by the ex- (4.14

change of a weak-singlet ETC gauge boson, the shift in the , )

EW bottom quark coupling is proportionff] to the large Whether the descrlbed mechanism may open some new

m;. This alone causes the parame®grto decrease outside SPace for the simplest class of models in which ETC and

the experimentally allowed region. Armed with additional Weak gauge groups commute is highly questionable. Apart

left-handed and right-handed weak doublets and our seesdi?™ the dangerouf22] ETC “direct” [23] and “indirect”

mechanism, a similar analysis shows that this strong corcOntributions to isospin violation in the-b sector(that ex-
straint may be slightly relaxed. ist independently of the introduced seesaw mechanisars-

ing the Yukawa type of mass term, i.e; ~ mt/cos<pt, nec-
essarily lowers further théalready dangerousiylow ETC
top mass generation scallgrc/gere~1 TeV [22], by a

5That is, of course, not a necessity—one may consider, for ex;
s ' . ; : ' f r L~ L
ample, additionalv] and wg intermediate fermions that are weak actor oS¢y~ cose

doublets with hyperchargé and that link only the SU(3)circle o

and, for example, the “lower” SU{,) circle in Fig. 2, i.e., trans- V. WHAT CAN tt PRODUCTION AT THE NLC TELL US?
forming in the fundamental representation under these two gauge ) — )

groups only. Below the scal&}(<A,) [due to the slightly slower Production oftt at the NLC (operating, for example, at
running the “lower” SU(N,) become strong enough at slightly VS=500 GeV is probably the most promising way to di-
lower energy than its “upper” SU{,) partner group their con-  rectly observe top seesaw mixing and to differentiate be-
densation may provide the,(<m,) mass term. tween the weak-doublet and weak-singlet class of models.

1
B. Effect on Ry, in “commuting” ETC models 5QETC(ban): ZCZ COS<PtL-
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As we found in Sec. Ill, the obliqud parameter con- AAL AAL

strains the right-handed top mixing, $in, to be smaller ﬁ= —1.605, and ﬁ= —1.4665,

than roughly 0.015 in the weak-doublet case. The right- FB/SM FB/SM (5.4

handed top coupling to thé boson equals '
¢ ! i 2 i o for the weak-doublet and the weak-singlet cases, respec-
0SBy sinby | 2o ¢33 fw ’

tively. A more sophisticated analysi#ith polarized beams
in addition allowing an even smaller integrated luminosity

— 0~ (ASM k
C0SOy Sin gw(gR +6b), (5.))  may also be possible.

where 8y =(1/2)sirf ¢, while the left-handed top coupling
is the same as in SM. This represents roughly a 2% maximal VI. CONCLUSIONS
relative shift in the top coupling. In the case of weak-singlet
top seesaw mixing, the right-handed top couplingZtas

unchanged from its SM form while the left-handed coupling

We presented a class of models with a third generation
seesaw mixing with new vectorlike weak-doublet quarks. We
analyzed a low-energy phenomenology and proposed several

equals strong dynamics, high-energy realizations of these models.
e 1 1 2 We discussed a low-energy phenomenology and found
| - ZsirPos+=— —sirf e that the obliqueT parameter places the strongest constraints

COSbyy Sin 6 2> AT T3 w - - -
W W on the model parameters. Assuming the dynamical mass in
< the top sector to be 600 GeV, as determined by the Pagels-

= m(QLM— Js), (5.2 Stokar relationship, we found that the heavy fermions must

weight at least 5 TeV. That implies an upper limit on the

wheregy is the appropriate mixing angle in the Weak—singletr'ght'h"’lnded mlxmg n th.e t_0p secE)r, ém"to be rpughly
case andbs= (1/2)sir? ¢. Similar to the weak-doublet case, 0-015(or 2% relative shift in theZtt coupling while the

in the weak-singlet cage,24] sir? ¢ is found to be smaller "ght-handed mixing In the bottom sector, S, has to be
than roughly 0.015. This represents roughly a 4% maxima maller than 10°. Left-handed mixings are not constrained
relative shift in the top coupling. Therefore, compared to the®y EW data. . .

SM axial vector coupling, the axial couplings in both doublet V& Proposed a class of high-energy models in the top-

and singlet cases are smaller. However, the vector top cot0!0r SPirit, named top-bottom color, with weak-doublets

leng is S|Ight|y |arger in the doublet case and S|Ight|y Struqture in the Iovy-energy ||m|t In this c;lass of models we
smaller in the singlet case as compared to the SM. obtained an effective, composite two Higgs doublet model

Recently it has been suggest@$] that the TESLA ma- with tan3=m,/m, at low energy and a realistic top quark

chine with center-of-mass energy of 500 GeV, an integrated@ss- Instead of using a strong, triviality-sensitivellU
luminosity of 300 f5'1, and unpolarized beams may reach a9249€ group, we introduced the isospin mass splitting via

L . L. — . tilting four-fermion operators related to the broken non-
precision of 2% in the determination of thé&tt coupling 9 b

. ; Abelian, asymptotically-free gauge interactions.
(from _the total of almqst 3.5 000 top pair events in the chan- In addition, we suggested that a search at the NLC and
nel with oneW decaying intoev or wv and the otheMW —

decaying hadronically This may be enough for observing analys.is of thegt production gsymmgtries may have t_he bgst
the case with weak-singlet mixing but it is insufficient for the potential for direct observation of qllfferent top couplings n

. . . —  the EW sector. Furthermore, we discussed how one can dis-
weak-doublet case. We find the relative shifts in the total tinguish between the two differefveak-doublet and weak-
cross sections refative to pure SM QEIN the above-  gjnyiey types of seesaw mixing by correlating different mea-
mentioned channgto be surements; for example, the total cross section relative to the

AF pure SM QED cross section and the forward-backward
1

—_0.065. and — —0.445 asymmetry (although a more refined approach, requiring
(Fo)sm ° (F1)sm S’ even smaller integrated luminosity, may be possible as)well
(5.3
for the weak-doublet and the weak-singlet cases, respec- ACKNOWLEDGMENTS

tively.
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APPENDIX: DETAILS OF TOP-BOTTOM COLOR a2 —ab 0
SYMMETRY BREAKING (WITHOUT RUNNING ) _ab Pic? —cd A7)
To express some details of top-bottom color symmetry 0 —cd & '
breaking (without running in a compact form we use the
following notation: Diagonalization of this matrix gives one zero-mass eigen-
_ b= _ 4= AL value, corresponding to the standard gluon field. The squared
a=0aly, 02U, C=0aUa, = 03Uz, (A1) masses of the hea¥ynd the light colorons are given as
No=+a?c’+a’d’+b?d?>, N;=a?+b? N,=c?+d? , Np+N, 4NZ )
= 1+\1-————|. (A8)
and H.L 2 (N1+N2)2
F(x)=N2x2+N§(N1—2x)>0, Vxe R, To obtain the heavy coloron, standard gluon, and light col-

oron fields one rotates the initial unbroken gauge fields via

where gauge couplingg(s) and VEV's (u's) are as intro- the unitary real matrix

duced in Sec. IVA.

2_p\2 —M?2
At the scaleA; the groups SU(3)and SU(3) are bro- abc  (a"-Mp)c  (N;—Mj)d
ken down to a diagonal SU(3). Therefore the appropriate VF(MZ)  JF(M?) VF(M3Z)
description, for energies below,; and aboveA,, follows bd ad ac
from the gauge boson mixing matrix . — _ (A9)
No No No
a? —ab
- ) (A2) abc  (a’~M?)c (N;—M?)d
_a -
VEMD)  VF(MD) VE(MD)
Diagonalization of this matrix gives one zero-mass eigen- ‘ h i fh |
value, corresponding to the pregluon field. The mass squaret'erefore the coupling of heavy colorons is
eigenvalue corresponding to the precoloron field is
genvald poneing P e abe _ (@-Mpe _ (No-Md
—_— + — .
MZ=N;=a’+b?=(g+g3)uf. (A3) o) T TRy 2 T ) %
A10
To obtain the precoloron and pregluon fields one rotates the (AL0)
initial unbroken fields via the unitary real matrix The coupling of standard gluons is
a b od 1+ 89T 2T (Ty+Ty+Ta)
\/N_l \/N—l Nogl 1 Nogz 2 Nogs 3= 0qcpl 1T 12 3(:5\11)
(A4)
b a
_—_ = where gocp= (91 2+95 >+95 %) 2 Finally, the coupling
NN of light colorons is
Therefore the coupling of precolorons is read diréctly abc (a2— L)C . (N;— Mf)d ;
a b o gTegn o FD RNV NV B
T— Ol Wl T Al2
N, YNy Voi+a3 (A12)

If we assume a hierarchy witN;>N, and particularlyb?
>a?, ¢?>d?, anda?b?>c?,d? roughly corresponding to
the scenario described in Sec. IVA witi>u3 and g3
>g§>g§, a few simplifications are in order:

whereT, and T, are SU(3) and SU(3) generators. Simi-
larly, the coupling of pregluons is

b
=0T+ 2T2 91/(T1+To), (A6)
VN; VN 2 Ng 2 N%
MH%N].—'_NZ Nl’ ML% .
2, (—2y-1/2 N1+ N, N1t N,
whereg; =(g; “+9,) """ (A13)
For energies belowA,, the appropriate description fol-
lows from the gauge boson mixing matrix: Therefore we find

"This is a consequence of the covariant derivative being un- ®Heavy colorons may be thought of as low-energy descendants of
changed. the precoloron.
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[F(MZ)~bcyN;~bcyaZ+b2. (A14) This clearly implies that the light coloron couples strongly
(with almost the same strengtto the fermions transforming

Now, it is straightforward to see that the heavy coloronunder both SU(3) and SU(3) gauge groups. In other
couples quite strongly just to fermions transforming undemwords, the light coloron coupling in this approximation may

SU(3),, i.e., be expressed as
a b bcd
~ —ngl_ g2T2+ gST3 b a d\/a +b
2. 12 2. 2 2 p12\32 ~—— _
Jac+hb Jac+hb a‘+b = T+ T T
( ) mgl 1 WQZ 2 ac gS 3
2 2 2.2 2
091719512 929 u
- lJ — 2 +7 2+2 g)wu_gu. (A15) _ 9% oo )_givgi+g%T
g1+0> g1+9> 1 VoZ+g2 te 0192 °
On the other hand, in the same approximation, but for the 2 2
small values of argumenx, i.e., x<N;, one hasF(X) =glr(T1+T2)—g3 V91+92T3_ (A16)
~N2N,, and therefore/F(M?)~aca?+b?. 919>
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