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Top-bottom splitting in technicolor with composite scalars
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We present a model of dynamical electroweak symmetry breaking in which the splitting between the top and
bottom quark masses arises naturally. TdandZ masses are produced by a minimal technicolor sector, the
top quark mass is given by the exchange of a weak-doublet technicolored scalar, and the other quark and lepton
masses are induced by the exchange of a weak-doublet technicolor-singlet scalar. We show that, in the
presence of the latter scalar, the vacuum alignment is correct even in the cas@pfestinicolor. The fit of
this model to the electroweak data gives an acceptable agreeyfen®8, for 20 degrees of freedgniThe
mass hierarchy between the standard fermions other than top can also be explained in terms of the hierarchy of
squared-masses of some additional scalars. We discuss various possibilities for the compositeness of the scalars
introduced here[S0556-282(99)01501-3

PACS numbgs): 12.60.Nz, 12.15.Ff, 14.65.Ha, 14.80.Cp

[. INTRODUCTION cludes wealdoublettechnicolored scalars explains not only
the intergenerational fermion mass hierarchy, but also the
While the dynamics responsible for the generation ofintragenerational mass hierarchies, in terms of relationships
mass remains obscure, there are a few known theoretic@mong the squared masses of different scalars. For example
possibilities that explain certain relationships between thdhe top-bottom splitting arises naturally in such models be-
masses of the observed particles. The success of the stand&Hse hypercharge prevents the techniscalar responsible for
model in fitting the experimental results may appear to favoihe top quark mass from inducing a bottom quark mass.
models that include a Higgs boson in the low energy effec- We start by constructing the low-energy effective theory
tive theory, such as supersymmetric standard models or tdiiat gives rise to th&V, Z andt masses, without specifying a
quark condensation mode4,2]. Yet the current precision dynamical origin for the scalars. In Sec. lll we explore the
of the electroweak measurements does not actually distirflectroweak phenomenology of the low-energy effective
guish between the standard model and certain models that dBeory. Next, we discuss possible mechanisms for generating
not have a decoupling limit. The latter theories use technithe masses of the other quarks and leptons. Dynamics that
color to give theW and Z masses, and additional fields to could create the scalar bound states in our models are ad-
communicate electroweak symmetry breaking to the quarkgressed in Sec. V. We present conclusions in Sec. VI. In
and leptons. If these fields are heavy gauge bosons, as fPpendix A we show that S(2) technicolor breaks the elec-
extended technicoldB], then one is led to consider compli- troweak symmetry correctly in the presence of the scalar
cated dynamic$4,5]. used to give mass to the light fermions. In Appendix B we
On the other hand, if the additional fields are scalars, on®@resent the fit to the electroweak data.
has the flexibility to generate the observed masses without
immediate dynamical assumptions. For example, technicolor
models with weak-doublet technicolor-singlet scalars
[6,7,8,9 have been found to have phenomenology consistent Our model includes the standard model gauge and fer-
with experiment. Alternatively, technicolor models that in- mion sectors together with a minimal technicolor sector in-
clude weak-singlet technicolored scalft§,11,12,13give a  tended to break the electroweak symmetry dynamically. The
natural explanation for the mass hierarchy between the fefatter consists of an asymptotically free NJ}) gauge
mion generations. The existence of scalars much lighter thagroup, which becomes strong at a scale of order 1 TeV, and
the Planck scale does require some further explanation. Theghe doublet of technifermions which transform under the
masses can be protected by supersymnijduyl5,10,12, or SU(N7¢) X SU(3)c X SU(2),x U(1)y gauge group as
they can be bound states arising within a high energy theory
[16]. It is also conceivable that the fundamental scale where p
quantum gravity becomes strong is not4GeV, but rather v, - ( NL) {(Nyd.2)o,
some TeV scal¢l7]. L
In this paper we show that a technicolor model that in-

Il. TECHNICOLOR AND THE TOP QUARK MASS
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The dynamics of the technicolor interactions is taken fromwherej € 1,2,3 counts the generations, are the Pauli ma-
QCD: the SU(2) X SU(2) chiral symmetry of the techni- trices; C{,C, are Yukawa couplingspy are the right-
fermions is spontaneously broken by the condensates handed up-type quarks, arg{'=(u/’,d/!)T are the left-
1 handed quarks, defined in an arbitrary eigenstate. At first
<EP)%<WN>~4wf3<i) 2.2 glance, it appears that all three generations of right-handed
Nt ' ' up-type and left-handed quarks couple to fhecalar. How-
ever, these couplings are linear in the quark fi¢lddike the
wheref, the technipion decay constant, is the analo§,oin  bilinear quark couplings to the Higgs doublet in the standard
QCD. Since the SU(2)><U(1)y group is embedded in the mode), and therefore only one linear combination of the
chiral symmetry, the technifermion condensates break theéhree generations couples 4. Because this is the combi-
electroweak symmetry. If minimal technicolor is the only nation that becomes heavy, it is identified by convention
source of electroweak symmetry breaking, then the observegith the third generation in the weak eigenstate. Therefore,
W and Z masses requird=v, wherev~246 GeV is the the Lagrangian in Eg(2.6) is equivalent to
electroweak scale. _ o
The only constraints on this electroweak symmetry break- Li= quENRXH— CV trioox!T+H.c, 2.7
ing mechanism come from the oblique radiative correction
parametefS which measures the momentum-dependent mixwhere qu(tL,bL)T is the left-handed weak eigenstate
ing of the neutral electroweak gauge bosons. The technifer—b quark doublet, and the Yukawa coupling constafg,
mion contribution toS can be estimated by using the QCD andC,, are defined to be positive.
data[18,19: If the mass of they! scalar is much larger thafy then at
energies of the order of the electroweak scale the effects of
S~0.IN+c. (23 4t exchange are well described by the following four-

, . ~ fermion operators:
A fit to the electroweak datéusing the standard model with

a Higgs boson mass of 300 GeV as a referggimds[13] a 1 ) — s 3
1o ellipse in theS— T plane whose projection on ti@axis Lgp=— M2 Ca(NrY*Nr)(ALv,01)
is S=—0.09+0.34. Thus,S in the minimal technicolor X

model is smaller than thec2upper bound providedN;c _ _ _ _

< 6. The cancelation of the Witten anomaly for SUg2le- +CHWLY*W ) (try,tr) +| CqCl W NR) (trTY)
quiresN¢¢ to be even. If the only interactions, in addition to

technicolor, experienced by the technifermions were the CCt — — 3

electroweak interactions, then the valNgc=2 would be + 4 (WLo""Np)(tro,,ap) | +H.C.p. (2.9

ruled out because the most attractive channel for condensa-
tion, (P_.N°+N_P¢), breaks the electroweak group com- Upon technifermion condensation, the third operator in Eq.
pletely [20]. However, the generation of quark and lepton (2.8) induces a top quark mass

masses requires additional interactions of the technifermions,

which may easily tilt the condensate in the correct direction. CoCt 4 3 v2

For example, in Sec. IV A, we introduce a weak-doublet sca- M=~ MZ mf Nic/ (2.9
lar to communicate electroweak symmetry breaking to the X

light fermions. As shown in Appendix A, the scalar’s inter- Using m,~175 GeV andf~246 GeV we get

actions with the technifermions would have a sufficiently

large effect on the technifermion condensate to make the 2 \14

caseNtc=2 viable. Therefore, in what follows we adopt the M,1~570 GeV VCth<N_TC) ’ (2.10

values

which shows that the assumptidh, > f is valid only if the
Ntc=2,4. (2.4 yukawa coupling constants are rather large. This situation

seems plausible if' is a bound state, but in this case loop
In order to generate the large top quark mass, we have gy rections to the operators in E(.8) might need to be

specify some new physics at a scale of order 1 TeV thajyciyded in the low energy theory. Alternately, 10, andC,
allows the minimal technicolor sector discussed so far ¢ order one or smallei .« is not much larger thahand the
X

couple to the top quark. A partifularl_y attractive alternativeiechnicolor dynamics might be modified by the existence of
is to introduce a scalar multiplet,, which transforms under ¥'. With these limitations in mind, we will assume that the
the SUN)1cX SU(3)c X SU(2)w < U(1)y gauge group as  effects ofy' are described sufficiently well by the operators
— in Eq. (2.9.
(N1c,3,2)475- (2.9 It is remarkable that the hypercharge gf allows it to
) _ ) i couple totg but not tobg. As a consequence, with the field
The most general Yukawa interactions are contained in - content discussed so far, the only standard fermion that be-
— — comes massive is the top quark. Provided that the other
Li=Cla!Nex'+ CLW udioox'"+H.c, (26  quark and lepton masses are produced by physics above the
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technicolor scale, it will be natural for the top quark to be the g .

heaviest fermion. This situation is in contrast with the case of Ler=09 — Z*(ALy,90), (3.4
a weak-singlet technicolored scalar, which can couple to w

both tg and bg [11,12,13 and needs the top-bottom mass ywhere

ratio to be provided by a ratio of Yukawa couplings. Note

that the models with weak-singlet techniscalars naturally ex- Cq M [Npc\? , Cq [N\ Y2
plain the small Cabibbo-Kobayashi-Maskaw@kM) ele- 59:_68770 3| ~—23x10 c\ 2/ ¢
ments associated with the third-generation quarks, because (3.5

thet, andb, mass eigenstates are automatically aligned.
We will now explore the consequences of this additional
Ill. ELECTROWEAK OBSERVABLES AND x! coupling.

) o ) The first noticeable effect is on the oblique radiative pa-
As mentioned earlier, if the mass of thgscalar is much  rgmeterS [19]:

larger thanf, at energies below the weak scale the effects of

x' exchange are captured by the four-fermion operators in

Eq. (2.8). One consequence of those four-fermion operators S=- 1677[52 1'[33} : (3.6
is the generation of a large mass for the top quark. Another, 4%=0

as we shall now discuss, is a significant contribution tp they, this model,Sis given by

couplings of the SU(23)xU(1)y gauge bosonsW (i

=1,2,3) andB*, to thet and b quarks. This causes both S=g0 4 gtb), (3.7
direct and oblique corrections to electroweak observables.

Below the technicolor scale, only technipion dynamicswhere S° is the technifermion contribution noted earlier in
has an impact on the electroweak observables, and these &f. (2.3), and St*®) is an additional contribution from the
fects can be evaluated using an effective Lagrangian apeffective coupling in Eq(3.4) (see Ref[13]),
proach. Recalling thdt~v in our minimal one-doublet tech-

nicolor sector we find

4
§tvb>~§ 59 In <0, (3.9

2 Mz

— v
_i 2 T
Wy =i 2 Tr(Z'D*%), andA is a scale of order 1 TeV. This negative contribution to

Sis certainly welcome.

2 —oatl . Similarly, x' contributes to weak isospin violation, as
3
2 i)

— v

> measured by the parameter

2

— .U 0'3+l
PR'y'MPR:_| ?TI’ DME

4
TEW[HH(O)_H?B(O)], (3.9
2

ET), (3.1

wherell;;(g?) are the vacuum polarizations of thé* gauge

i s fields due to nonstandard model physics, with the gauge cou-
[where SU(2y is the global symmetry which has UL@s @ jings factored out. The operator in E€R.8) contributes
subgroup. Note that the last two terms in E¢R.8) do not directly to theT parameter:

affect the technipions to leading order. The covariant deriva-

where 3 transforms asWER" under SU(2),XSU(2)g

tive is 3m? A
(th)~ — |~

g g
DY =9*%—ig -~ WS +ig’'S — B#, (3.2
2 2 In addition to the direct isospin violatiom(“?), there are
“indirect” contributions to T from the technifermion mass

which gives spectrum which can be only roughly estimated:
=0 oo _NTC (5 (0)- 300 3.1
NW(P()_ n(0))%, (3.11
o 02 2 g
Nry*Ne= 4 (QWz—g'B*)= —Z* where 35(q%) and 3\(g?) are the technifermion self-
w energies. In this model, the indirect isospin violation is due
= — Pry*Pg. (3.3  tothe last two terms in Eq2.8). These four-fermion inter-

actions induced by! exchange give a one-loop correction to
The result is that, in addition to the standard model cou= Which is quadratically divergent:
plings of the SU(2),X U(1)y gauge bosons to third genera-
tion quarks, the following coupling is induced by the ex-
change of they! scalar:

3 m
EP(O)_EN(O):_WFA : (3.12
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with A’ a scale of order 1 TeV, potentially different than
Putting these contributions together and taking 1 TeV in
Eq. (3.8), we obtain

NTC A! 4 C NTC 1/2
- —aNtc( A Sa (N1
T=4.2x10°° = (1 ev) T079% | %)
(3.13
C N 1/2
S~0.IN;c—2.4x10°2 =3 [ L&) | (3.14
C | 2

The 2r upper boundl'<0.71 from Ref.[13] then suggests
that the Yukawa couplin@; must be at least as large @g;
if A’ is not significantly larger than 1 TeV, one findy
=C,.

q

In addition to the oblique corrections, the shift in the cou-
pling of the Z boson to third-generation left-handed quarks’ *&
also makes direct corrections to several observables mea¥fg

sured at theZz-pole: the totalZ decay widthI';, the peak
hadronic cross sectiow,,, the rate ofZ decays tdb-quarks
relative to other hadronR,,, the front-back asymmetry i&

decays tob-quarks Arg(b), and the rates oZ decays to
leptons relative to hadronR., R,, R.. The oblique and

direct corrections that' causes in the full set of electroweak 'V|2w
observables are summarized in Appendix B. We derived th@i(¥N—vX)

expressions by adapting the analysis[21] to our model
and using Eqs(3.5), (3.13 and(3.14) to write the results in
terms ofC, andC; .

We used a least-squares fit to evaluate the models’ agre€,(Cs)

ment with the electroweak daf&2,13 for different values

of Nt¢; the resulting values of the observables are given in

Table I. ForNtc=2, a fit settingA’ =1 TeV yields a ratio of
Yukawa couplings

C
—4-0.025+0.013.

c, (3.15

The central value hag?/Npoe~30.5/21, which corresponds

to a goodness of fitt(Npor,x?)=8.3%. Leaving both
Cq/Ciand A’ free yields best-fit values

c
E“:o.017¢o.033, A'=2.4+0.36 TeV (3.16
t

with  x?/Npor=28/20 and P(Npor,x?)=11%. The

PHYSICAL REVIEW D59 015014

TABLE |. Experimental and standard model valjigg,13 and
predicted values of electroweak observables Kgiz=2 and 4.
Both C,/C; and A" were set equal to their best-fit values: for

Nrc=2(4), these are C,/C;=0.017(0.0027) and A’
=2.4TeV (3.0 TeV).
Quantity Experiment SM Ntc=2 Nic=4
r, 2.4948+0.0025 2.4966 2.4977 2.4986
Re 20.757:0.056 20.756 20.756 20.756
R, 20.783£0.037 20.756 20.756 20.756
. 20.823£0.050 20.756 20.756 20.756
h 41.486+0.053 41.467 41.467 41.467
Rp 0.2170-0.0009 0.2158 0.2173 0.2162
R. 0.1734t0.0008 0.1723 0.1718 0.1720
Afg 0.0160:0.0024 0.0162 0.0156 0.0151
AE 0.0163+0.0014 0.0162 0.0156 0.0151
0.0192£0.0018 0.0162 0.0156 0.0151
AP, 0.1411+0.0064 0.1470 0.1443 0.1424
As(P,) 0.1399+0.0073 0.1470 0.1443 0.1424
AR, 0.0984+0.0024 0.1031 0.1014 0.1000
Afg 0.0741:0.0048 0.0736 0.0722 0.0712
AR 0.1550+0.0034 0.1470 0.1443 0.1424
80.41+0.09 80.375 80.375 80.375
0.3003£0.0039 0.3030 0.3035 0.3041
g&(vN—wvX) 0.0323-0.0033 0.0300 0.0302 0.0303
Jea(ve—ve) —0.503t0.018 -0.507 —0.5076 -—0.5083
geV(re—ve) —0.025£0.019 -0.037 —0.036 —0.036
—-7.211+0.93 —-72.88 —73.04 -—73.20
R 0.9970£0.0073 1.0 1.0 1.0

T

Overall, a one-doublet technicolor model with an extra
technicolored y' scalar gives reasonable agreement with
electroweak data only fdd{-=2. The model presented thus
far is incomplete, as it does not provide masses for the light
quarks and leptons. We will see that the additional physics
required to address this goal also causes the vacuum align-
ment of SU(2}¢ to occur in the pattern that breaks the elec-
troweak symmetry appropriately.

IV. MASSES FOR THE OTHER QUARKS AND LEPTONS

We turn, now, to addressing the origin of the masses of
the other quarks and leptons. These much smaller masses can

goodness-of-fit is comparable to, or slightly better than, thaPe generated by physics well above the electroweak scale.

of the standard mod@P(Npor, x2) =6% for a Higgs boson

Note that an additional small contribution to the top quark’s

mass of 300 GeYas evaluated ifil3]. For the best-fit values Mass may also result from this physics. o
of the model parameters, the predicted value of each observ- One question that will naturally arise when the origins of

able is within 3r of the experimental valugexcept forA g,

the other quarks’ masses and mixing angles are considered is

which is slightly further away Moreover, the error ellipses the extent to which flavor-changing neutral currents con-
for the model parameters overlap the region of parametestrain the model. Such considerations are unlikely to place

space (\'~2.3TeV, C;/C;<0.07) in which all of the ob-

significant limits on the properties gf'. The strength of the

servables are within@of their experimental values. In con- X' State’s interactions with the ands quarks is not particu-
trast, the fits fortNyc=4 are much poorer, with goodness- larly large, being given roughly by the size of the inter-
of-fit less than 1%, and it is never possible to have allgenerational mixingi.e., of order 0.1-0.01 Furthermore,
observables within @ of their experimental values. The X' couples only to left-handed down-type quarks. So any

larger value ofN;¢ increasesS’ enough to prevenf; and
A_r from simultaneously agreeing with experiment.

constraints arising frony' exchange in the box diagrams for
KK and B°B° mixing or the loop diagrams fob—sy
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would limit only the mixing angles of the left-handed quarks. fr<f~yp, (4.6)
If the flavor-symmetry-breaking mixings for down-type
quarks are largely in the right-handed sector, extra flavoso that the longitudinaW and Z are predominantly com-
changing neutral currefEFCNC) contributions fromy! will posed of technipions.
be suppressed. Since thé is the only new physics that The inclusion of theg doublet in the technicolor model
couples to the large mass of the top quark, this line of reawith a weak-doublet techniscalar provides masses for all the
soning suggests that FCNC need not be a problem in thetandard fermions while evading the usual constraints on the
class of models we are considering. standard model Higgs boson, which arise from the require-
ment that the Higgs doublet be responsible for electroweak
symmetry breaking and for the top quark’s mass. The con-
) o ) i tributions from ¢ to the elements of the quark and lepton
_As a simple realization of the higher-scale physics responmass matrices are given Hy/v2 times the corresponding
sible for the light fermions’ masses, we consider the exisvyykawa coupling constants. The top quark’s mass separately
tence of a scalagp, which transforms as (1,1,2) under the  receives the contribution estimated in £8.9).
(technicoloistandard modgl gauge group. Although its A lower bound forf’ comes from requiring the-quark’s

quantum numbers are the same as those of the standayfikawa coupling constant not to be larger than order one:
model Higgs doublet, the behavior gfis considerably dif-

ferent because we assume that its mass-squapssisve as f'=v2m,. 4.7

in Ref.[6]. Furthermoreg need not couple predominantly to

the top quark. Following Ref6], we allow the most general Due to the relatiori4.4) between thep mass and VEV, the

Yukawa couplings ofp to technifermions, bounds orf’ from Egs.(4.6) and(4.7) impose constraints on
My:

A. Weak-doublet technicolor-singlet scalar,¢

)\+€LPRi02¢)T+)\,\FLNR¢)+H.C., (41)

M
and also to the quarks and leptonsMf; is larger than the 1 Tev= ﬁ25 Tev. (4.9
technicolor scale, or ik .. is smaller than order one, then the A
effect of ¢ on the technicolor dynamics is small, as we make The major advantage of such a model, as far as predicting
explicit below. When the technifermions condense, the interthe fermion spectrum is concerned, lies in the fact that the
actions in expressio(#.1) give rise to a tadpole term fap,  top quark is naturally the heaviest. Note also that it appears
3 |12 that a theory of a composité, in which the Yukawa cou-
32 _ plings are determined, is in principle easier to construct than
mt (NTC) (A 41 )(A-ogétHe, “.2 in the case of the standard model Higgs boson, because one
does not have to worry about thWg, Z andt masses. How-

which leads to a vacuum expectation valMEV): ever, the low-energy Yukawa couplings gfare no more
constrained by theory than those of the standard model Higgs
1/0 boson.
(¢)= ‘72 (f’ ' (4.3 The presence of heavy weak-doublet scalarseed not

greatly alter the low-energy electroweak or flavor-changing

If the quartic scalar operators have small coefficients, then Neéutral current phenomenology of the model. First, consider
the electroweak effects. Recaflf. Eq. (4.5] that the tech-

A +FA_ [ 3|12 nifermion condensate will generate a small VEV X for ¢,
f'~2v2mf3 vz |\ New (4.4  and it is the combination of decay constaffs-f’2 which
¢ TC now equale ~246 GeV. The factop? in Eq.(3.3) therefore

2 . . -
The electroweak symmetry is broken not only by the techni—becomes ani” and the expressiof8.5) for the coupling shift

fermion condensates, but also by the VEVdfso that the will be multiplied by the ratiof?/v2. Yet the net effect must
electroweak scale is ,given by be small in order for our analysis to remain self-consistent:

according to Eq.2.9), keeping the top quark mass fixed
Yy while lowering f requires either raising the values of the
o=V 4.5 Yukawa couplingsC, and C; or reducing the mass of
xi—both of which are problematic. A further effect of the
Joresence off is to make an additional contribution to tige
parametef3.7); as long as’ <v, however, this contribution
will be negligible[6]. There are also contributions frogto
the T parameter to the extent that the coupling of technifer-
dnions to ¢ violates weak isospin; again, these can be made

The four real scalar components of thledoublet form an
isotriplet and an isosinglet. In general, the isotriplet mixe
with the three technipions, forming the longitudinglandz,

as well as a triplet of physical pseudoscalgfk Finally, as
discussed in Appendix A, the interaction betwegiand the
technifermions affects the vacuum alignment enough t

make even SU(2) viable small[6]. Finally, we come to flavor-changing neutral cur-
We assume that the bulk of the top mass is given by théents. The size of the contributiogsmakes tck °K® mixing,

technicolor sector, as discussed in Sec. II. In this cése, B°B® mixing, or b—sy is proportional to powers of theb

cannot be much smaller than suggesting state’s Yukawa couplings to quarks. Such contributions have
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been found6,11,8 to be significant in the case where the (this scenario is discussed briefly for the case of weak-singlet
Yukawa coupling of¢ to t is large enough to generate the techniscalars ifl11]). It is possible then to trade all the large

full top quark mass. In our model, howevefneed contrib- ratios of Yukawa couplings required in the standard model
ute no more tom, than tomy; this suppresses the extra for smaller ratios of scalar masses, with the hope that the
FCNC contributions by several powers wi,/m,, making scalar spectrum is correctly produced by the high energy

them far less restrictive. theory responsible for scalar compositeness or supersymme-
try breaking.
B. Weak-doublet technicolored scalarsy; Exchange of the numerous technicolored scafénsould

make contributions to electroweak radiative corrections
analogous to those frorg!. However, such effects are sup-
pressed relative to the effects pf by the ratio of the lighter
fermion mass tan, . Since the minimum suppression is by a
factor of 40, these corrections are small enough to ignore.

The situation is different in models with additional weak-
doublet technicolored scalars. In addition 4 there are
only three scalar representations of the (technicofiv)
gauge groupy,, x, and Xv,s that can have Yukawa cou-

plings involving a technifermion and a standard fermion:

Xo:(Ntc.3.2)-23, X;:(Ntc.,1.2)-2, X, (Ntc1,2). V. COMPOSITE SCALARS

4.9
49 In the previous sections we showed that the inclusion of

The most general Yukawa couplings ®f, for conve-  scalar fields in a minimal technicolor model may be useful in

niently chosen quark eigenstates, are given by explaining certain features of the quark and lepton spectrum,
o o o such as the heaviness of the top quark, or the mass hierarchy
Ly=Coa;Prxb+ Co df Prxb+ CoW L bgi ooxf + H.c. between the third generation and the others. However, in the

(4.10 absence of supersymmetry, the existence of scalar fields
o _ much lighter than the Planck scale is natural only if these
Note that after a (B) flavor redefinition as in the case of EQ. scalars are composite. In this section we discuss various pos-
(2.7), only one down-type right-handed quark, nambly,  sipilities for the existence of fermion-antifermion states
couples toyy, . For left-handed quarks, however, only &V  phound by new dynamics at a scale of order a TeV, or higher.
flavor transformation is available, becauggis already de-
fined by Eq.(2.7). Therefore x,, couples to bottg? andg?.

As a result, both & quark mass A. Quark-technifermion bound states
b The simplest possibility that leads to compositness for the
CPc 3 1/2 . . . .
Mo~ —90 3 4.19) scalars discussed in Secs. Il and 1V, is the existence of a new
> M2 Ntc/ ' nonconfining gauge interaction that binds together standard

Xb R . . . .
fermions and technifermions. In this case, jfi¢echniscalar

and ab—s quark mixing are inducedt is, thus, necessary that is responsible for the top quark mass can bg¥, or a

thatCy>C,"). Comparing Eqsi2.9) and(4.11) one can see  N_q? state. More generally, both these states are present, and
that the ratiom,/m,~40 can have its origin in a scalar mass pecause they have the same transformation properties under

ratio the (technicolok SM) gauge group, a large mixing between
M them is induced by technicolor interactions. ThgV, com-
ﬂ%6_5, (4.12  posite scalaflabeledyy) has a large Yukawa coupling to the
M tz and ¥ fields, while theNgqg® composite scalar x(})
instead of a large ratio of Yukawa coupling constants. couples tog; andNg. This situation is reminiscent of the
Likewise, the most general Yukawa couplings yof are ~ SUPersymmetric technicolor models of RdfE0,12, where a
given by combination of superpotential holomorphy and gauge
anomaly cancellation requires the existencetvad techni-
r :CIEPRX iC \?LTRi 02XT+H_C_ (4.13 scalars which mix. Because of the scalar mixing, the ex-

change of the two physical scalar states gives rise to four-

wherel = (v,,7)"is the left-handed third generation lepton. f€rmion operators as in Eq(2.8), but with modified
The 7 mass is produced by the exchangeyof with the  coefficients:M’ is replaced by
condition

M, MY MAME
2 \ U4 MZI_ﬂ Mzt_ XLR XL XR_MZt
M, ~5.7 TeV\/C|CT(N—) . (4.14 oM TR M M R
T TC R L LR

Including the scalay, would be useful only for producing
a Dirac mass fow T respectively in the first, second, and last two termsCgf
;e

A second generation of weak-doublet techniscalars would@S0 in Egs(2.9) and(2.10], whereM,« andM, are the
give masses to the second generation of quarks and Ieptoqé and XtR masses, and/ X g is the mass mixing. Conse-
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quently, the results of Sec. IV survive, modified only by TABLE II. Fermion constituents of".
having the ratioC,/C, multiplied byMit/Mir .
R LR
An example of the nonconfining interaction that can bind
together the top quark fields and technifermions is(3)\d,, A g g 1 1 y
gauge symmetry, attractive in thg¥, andNgg’ channels, B O 1 O U 4I3+y

and broken at a scale in the TeV range. In order to form
sufficiently narrow bound states, this interaction has to bj%‘

SUMnot SU(Bkc  SUB)X  SU(2w  U()y

rather strong, though it need not be strong enough to produ pund state has the _transfotrmatiqn prope.rt_ie,gztoinducin.g
fermion/antifermion condensates. Avoiding a Landau polet e Yukawa interactions of" requires additional 4-fermion
for the U(1),e, gauge coupling requires the embedding of OPerators:

U(1),ewin a non-Abelian gauge group at a scale just slightly 1 o 1 L

higher than the composite scalar masses. There are also sev- £4f=WEfNRBA+ M2 €V trRAjB+H.c., (5.1
eral constraints on the(),,.,, charges. First, exchange of the

heavy U1),., gauge boson gives rise to four-technifermion . . .

operators; to prevent these operators from making a larg@hich must be provided by physics at higher scales. ¥he
contribution to the isospin breaking paramefethe U1),., &nd ¢ scalars may have a similar origin.

charges ofPg and Ng must be equal. Second, requiring

anomaly cancellation imposes relations between the various C. Strongly coupled ETC

fermions’ U1),,, charges. These relations constrain the co-  ria1y we note that a composite technicolor-singlet sca-

efficients of the four-fermion operators induced by the strong,, & state and its couplings to fermions could result from

U(L)new For example, in the simplest scenario the only fieIdSstrongly-coupled extended technicol¢ETC) interactions
charged under (1), are the third generation fermioris-

; - X s X between standard fermions and technifermiidr@&. The fact
cIu_dmg the nght-ha_nded neutrifoand th(? technlferr_n|03ns that ¢» need not provide the entire large mass of the top quark
(with Pr andNg having equal charggsin this case, therl{  \yould provide useful flexibility in keeping the model's phe-

— 3 ; . . k .
andv. I channels turn out to be much more attractive thamomenology consistent with experiment. Given that the

tgW, andﬁqu. As a result, a couple of composifescalars ~ duarks and technifermions need to belong to the same ETC
will form and will even be narrower than thel . scalars. Mmultiplets, it is even possible that strongly-coupled ETC
Other attractive channels lead to the formation of lepto-COUId give rise to a composite' techniscalar.

quarks and color-octet scalars. The current limited knowl-

edge of strongly coupled field theory does not allow us to VI. CONCLUSIONS

deci(_je whether the (e gauge group gives rise to the We have introduced a class of technicolor models in
precise scalar spectrum we need.

An al . hod f duci hnifermi which the top quark mass is produced by exchange of a
n alternative method for producing top-techni ermion \yeak-doublet technicolored scalar multiplet. Such models

bound states from nonconfining interactions _mighF ari;e Nban explain the large top quark mass while remaining con-
composite models. If the top quark and technifermion f|eldsSistent with precision electroweak data

were composites created by some underlying high-energy A single scalar multiplety! with SUN)7cx SU(3)c

theory, additional top-technifermion interactions able to pro- .
duce the requisite scalar states could be present. X SU(2)wxU(1) charges Rirc,3,2)y3 gives mass only to a
single up-type quark. The hypercharge quantum number pre-
vents this scalar from coupling to the right-handed bottom
B. New fermions as constituents quark and generatingy,. Thus, a model containing &'

An alternative possibility is that composigé scalar could scalar naturally produces both the large top quark mass and

be produced by the action of a new strong gauge grouH‘e large splitting betweem, andm,. We have identified

SU(n)y,. on a set of additional fermions charged under thatS€Veral promising dynamical mechanisms through whith
group. could be created as a fermion/anti-fermion bound state.

For example, consider two Dirac fermions, and B These include models with no new fermions and a strong

which transform under the gauge groups as shown in Tabl¥/(1) gauge interaction, models with new fermions as sub-
II. Note that these new fermions are vectorlike, so that theyFonstituents ofy;, and models with strongly-coupled ex-
do not have large contributions to tSandT parameters. If ended technicolor interactions. _
the SUQ)y,, gauge group is spontaneously broken and un- A m'”'mal model including one-doublet SU(7g techni-

. — ) o . color and ay" scalar is in agreement with the precision elec-
dercritical, aBA scalar with positive mass-squared will be

formed, as can be proven in the largdimit (as has been troweak data. For largeN+c the agreement is poor; addi-

shown [1] in the Nambu—Jona-Lasinio modg23]). This tional physics would be required to ammend the corrections
to the electroweak observables.

The simplest way of generating the masses of the lighter

fermions is to include a weak-doublet technicolor-singlet

lotherwise the anomaly-cancellation conditions would make thescalare. Including ¢ has several virtues. The vacuum align-
tr¥, or Ngg?® channels repulsive. ment of SU(2}. produces the correct electroweak symme-
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try breaking pattern in the presence ofpascalar. The pres- the SU(2),XU(1)y interactions make the(P N,)
ence of¢ need not modify the successful match between the< (pP°N¢) channel more attractive tha¢P, P®)= (N, N°),
minimal model and the electroweak data. Thescalar can  |eading to a complete breaking of the electroweak symmetry.
be readily generated by the same dynamics that producesTaus, minimal SU(2). technicolor is not viable on its own.

x' bound state. So we have a complete and appealing pack- However, the vacuum is tilted in the wrong direction only
age. by the electroweak interactions, which are a small perturba-
Another alternative is for the masses of some of theion on the technicolor dynamics. Additional interactions of
lighter fermions to be created by additional weak-doublethe technifermions may easily change the vacuum alignment.

technicolored scalarg; . This could neatly explain fermion Consider the effect of theb scalar that communicates elec-
mass hierarchies in terms of relationships among jhe troweak symmetry breaking to the lighter quarks and leptons
masses while leaving intact the agreement between the préy the scenarios discussed in Sec. IV A. In the vacuum where
dicted and measured electroweak observables. (P P =(N.N%, ¢ acquires a VEV which enhances the
P_P¢ and N, N® masses by an amoufgee Eqs(4.1) and
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=16 TeV, (A3)

APPENDIX A: VACUUM ALIGNMENT
IN SU(2) TECHNICOLOR which is consistent with Eq(4.8) and the assumption that

In this appendix we show that SU(¢j technicolor cor- the .. Yukawa couplings are of order one.

rectly breaks the electroweak symmetry in the presence of
the weak-doubletp scalar discussed in Sec. IV A. APPENDIX B: ELECTROWEAK OBSERVABLES

We start by reviewing the argument against minimal |, this appendix, adapting the analysig21], we present
SU(2)rc technicolor[20,24. The SU(2}¢ group has only  he expressions for the electroweak observables in our mod-
real representations, so that, in the absence of the elegs rejative to those in the standard model. The contributions
troweak interactions, there is an SUgAghiral symmetry  fom a minimal technicolor sector ang are included ex-
acting on theP ,N,_,P% N° technifermions P° andN® are  pjicitly: as argued in the text, the effects of additiogabr x'
the charge conjugate fermions correspondin@g@ndNg).  scalars would be negligible by comparison.

At the scale where SU(2). becomes strong, the technifer- Using the convenient notation

mions condense and break the chiral symmetry down to
Sp4). Therefore, the vacuum manifold is @p symmetric, Ntc
which implies that the two condensation channégl, P¢) rzlofz\lT,
=(N_N°) and(P N )=(P°N°), are equally attractive.

In the presence of the SU(gXU(1)y interactions, the  he yalues of the electroweak observables may be expressed
degeneracy of the vacuum manifold is lifted, Exchange ofyg tojl1ows:
the SU(2)yxU(1)y gauge bosonsv,\/i andB,,, contributes
at one loop to th® N, andP°N°® dynamical masses, respec-
tively, but makes no contribution to tHe, P¢ or N, N¢ dy- I'z=(T'z)sm
namical masses. The net effect is

(B1)

!

425rCq
1 Tev] T2 ¢

1—7.7r2—0.442<

392+g!2 Re,,u,'r:(Re,,u,T)SM

MTC
5(M PLNL+ M chc)% ——— M PN, In

—1>0,
M PLNL) (A1)

!

87’ Losaz_gaxi0zad | iog S
' ' "I T Tev RNk

X

where Mp N, ~1TeVv (given by scaling the constituent
quark mass from QCD M+ is a physical cutoff of order
47Mp N, while g and g’ are the SU(2),XU(1)y gauge
couplings. The increase in the dynamical masses implies that

oh=(0n)sm

X

2 3,2
1+0.44°+6.7X10 °r (1 Tav
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!

R.=(R 1+1.32-1.7x10 2r2 A 483rCq
b_(b)SM+-_-X rm‘l'.a,

R.=(R 1+2.6r2—4.2x 10 2r2 A ) 23qu

’ 4
) +0.39 -2,

ARE "= (ARE ) sm— 147~ 0-2"2( 1 Tev

AeAP)= (A P,)su—57?

’ 4

1 TeVv

—0.842(

!

1 TeV

AR =(Alg)sm—380r2— 0.5&2(

’ 4

os&c“
1 Tev] "9

Ci

Ato=(Alg)sm—290r2— 0.432(

!

4+56r Cq
1 TeV 2 C,

ALR=(ALR)SM—57r2—0.84'2< c
t

!

4 Cq
MW:(MW)SM +O44’ — |,

Ci

_ 2_ 2
1-7.2°-0.23 (1 Tav

92 (vN—vX)= (g2 (¥N—vX))gy—5.42

’ 4

1 TeV,

+0.53 Cq
5F

—0.2&2(
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g&(vN— vX) = (g&(¥N— vX))gu+ 1.9r2

—8.0x 10 32 , 4—0017%
' 1 TeV ' C,’

A/ 4

geA( ve— Ve) = (geA( ve— Ve))SM_ 017?.2( 1 Tev)
Cq
—0.3T a,

Jevl vE— €)= (go\( ve— v€))gy+ 15r2

0.232 A ) 044rCq
' 1 TeV ey
’ 4
Quw(Cs) = (Qu(Cq))sy— 1.6% 103r2+o.47r2( I TeV)
CCI
+1.0r a,
r
R — (T—»,u]/?)_ S B2

AT T(p—evy) R
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