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GIM violation and new dynamics of the third generation
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In strong dynamical schemes for electroweak symmetry breaking the third generation must be treated in a
special manner, owing to the heavy top quark. This potentially leads to new flavor physics involving the
members of the third generation in concert with the adjoining generations, with potential novel effects in
b-flavored and charm physics. We give a general discussion and formulation of this kind of physics, abstracted
largely from top-color models which we elaborate in detail. We identify sensitive channels for such new
physics accessible to current and future experiments.

PACS numbsgs): 12.60.Cn, 12.15.Ff, 12.15.Ji, 12.60.Nz

I. INTRODUCTION guark condensation models tried to identify all of the elec-
troweak symmetry breakingESB) with the formation of a
The problem of understanding the origin of electroweakdynamical top quark mag$], but this requires a very large
symmetry breaking is far from solved. The fermion Dirac scale for the new dynamicA ~ 10" GeV and significant
masses arise in conjunction with the electroweak symmetr§ine-tuning. In top-color we assume naturalness, i.e., the
breaking since the left-handed members have weak isospsrale of the new physics is1 TeV, and thus we estimate
| =1/2 while the right-handed members hdve0. While the the decay constant of the associated top pions by using the
lightest quarks and leptons can be regarded as perturbatigagels-Stokar formula in the Nambu—Jona-Lasinio approxi-
spectators to the electroweak dynamics, the very massive tapation[8]. This gives
qguark suggests that it, and thus the third generation, are po-
tentially enjoying a more intimate role in the electroweak §2 &mz
dynamics and/or horizontal symmetry breaking. A potential ™ 1672 ©
implication of this is the possibility that there exist new
fermion interactions that do not treat the generations in awherem, is the dynamical mask,a constant of order 1, and
egalitarian manneat the electroweak scaldf there are dy- A the cutoff scale at which the dynamical mass is rapidly
namical distinctions between the generations at the ele@oing to zero. This results if,~50 GeV, a decay constant
troweak scale, then there is the possibility of new observabléoo small to account for all of the electroweak symmetry
phenomena which violate the Glashow-lliopoulos-Maianibreaking, which requireb, =174 GeV. Hence we must pos-
(GIM) structure of the standard model interactions. An ex-tulate that top-color is occurring in tandem with some other
ample is any description in which electroweak symmetrymechanism that gives most of the electroweak scale. This
breaking is dynamical, in analogy with chiral symmetry means that the top-pions are not the longitudvahlnd Z,
breaking in QCD, such as technicol6FC) and extended but are separate, physically observable objects. The top-
technicolor (ETC) [1]. These approaches require specialpions must thus be massive, so in addition to the top-color
treatment of the large top-quark mass generation. Variougiodel the top quark must derive some of its méasisout
mechanisms for a large top-quark mass have been proposed3%) from the electroweak breaking, allowing;~ 200
including the walking TC[2], subcritical amplificatior] 3], GeV.
two-scale technicolof4], and top-colof5-7]. “Top-color assisted technicolor” was sketched ouf@.
In the present paper we will focus on top-color, because ifThe specific model presented [6] was based upon the
is fairly well defined within the context of the existing fer- gauge group S(B) ;X SU(3),XU(1)y1 XU(1)v,XSU2),
mionic generations, and has direct implications of the genwhere the strong double (L) y; structure is required to_tilt
eral kind we wish to consider. However, we view it as ge-the chiral condensate in thé direction, and not form &b
neric in the possible new GIM-violating effects that it condensate. We shall refer to schemes based upon this gauge
generates. Thus, we use top-color in the present paper ass@ucture, containing an additional1), as top-color | mod-
generating mechanism for possible signals of new physicels. Potentially serious problems with tifeparameter can
that might arise in detailed observations of, mostlyand  arise[9] in this scheme owing to the strong coupledl))
¢ quark weak processes. Top-color assumes that most of thut they are avoided by judicious choice of representations in
top-quark mass arises fromtaicondensate. Previously, top- technicolor, and reasonably complete models have been con-

; ()

structed[10].
In the present paper we give a discussion of the dynamical
:Electronic address: buchalla@fnth20.fnal.gov features of top-color | models, building upon the recent work
iElectronic address: burdman@fnth22.fnal.gov of one of us[11]. One of our main goals is to provide an
Electronic address: hill@fnal.gov effective Lagrangian for the full bound-state dynamics. This
*Electronic address: kominis@physik.tu-muenchen.de provides a natural starting point for the discussion of other
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potentially observable effects. One intriguing result is thatcomponent(1—e)m;, generated by a new strong dynamics,
the @ term in the top-color model can be the origin of ob- together with a smalfundamental componegnem,, i.e.,
served CP violation, yielding the Cabibbo-Kobayashi- e€<1, generated by an extended technicdlefC) or Higgs
Maskawa(CKM) phase in the standard model and a Jarlskogector. The new strong dynamics is assumed to be chiral,
determinant of the right magnitude. critically strong but spontaneously broken, perhaps by TC
The potentially observable effects we are interested intself, at the scale-1 TeV, and it is coupled preferentially to
arise because in the current basis of quarks and leptons tltiee third generation. The new strong dynamics therefore oc-
third generation experiences new strong forces. When Weurs primarily in interactions that involvéttt, ttbb, and

diagonalize the mass matrix to arrive at the mass basis thefg,p, \hile the ETC interactions of the forttQQ, where

will be induced flavor-changing interactions. Some oft_heseb is a{techniquark are relatively feeble. ’

have been previously discussg@l11]. Effects such a8B Our basic assumptions leave little freedom of choice in
mixing are potentially dangerous. The first- and secondthe new dynamics. We assume a new class of technicolor
generational mixing effects are suppressed because the thigdodels incorporating “top-color”(TopC). In TopC | the

high powers of small mixing angles. Top-color, to an extent,generalization therepf

explains the suppression of the—2,1 mixing angles,

though without further assumptions about the origin of gen- SU(3)1XSU(3), X U(1)y1 X U(1)yaXSU(2),

erational structure it cannot distinguish between 1 and 2.
We will sketch how the top-color scheme can impose tex- —SU3)qeoX U(Dem, @

tures upon the mass matrix which has important conse-
quences for observable processes. Textures are inevitabghere SU) X U(1) vy [SU3)2 X U(1) 2] generally couples

when there are gauge guantum numbers that distinguish ge ?eferennally to the thirdfirst and secondgenerations. The

erations. A chiral-triangular texture seems to emerge as 6(1)Yi are just strongly rescaled versions of electroweak

natural possibility, and this can suppress dangerous pro-(l)Y' We remark that employing a new &, g strong
. Interaction in the third generation is also thinkable, but may
cesses such &B mixing.

. . . be problematic due to potentially large instanton effects that
The top-color | models will be discussed in the context of P P y arg

L A ~~ ~'violate B+L. We will not explore this latter possibility fur-
the implications for GIM violation and new flavor physics. ther P P y

Here the additional (1) gives rise to semileptonic processes T.h ; -

. : . . e fermions are then assigné8U(3);, SU?3),, Y,
of interest. The model in this truncated sector is somewh . ; .
akin to Holdom’s generationa’ model, with similar impli- apz) quantum numbers in the following way:
cations[12]. We will also present a class of models, top- (t,b) ~(3,1,1/3,0, (t,b)g~[3,1,4/3,—2/3),0],
color 1l (essentially based updib]), built upon the gauge

group SU3) X SU3) 1 X SU3) ;X U(1) yXSU(2), where (v,, 7). ~(1,1,-1,0, 7-~(1,1,—2,0),

there is only the conventional (1), and no strong addi-

tional U(1). These models have several desirable features (u,d)_,(c,s).~(1,3,0,1/3,

and have a rather intriguing anomaly cancellation solution in

which the €,s), r doublets are treated differently under the (u,d)g,(c,s)g~[1,3,0(4/3,—2/3)],

strong SW3) ;X SU(3), structure. This leads to potentially

interesting implications for charm physics in sensitive ex- (v,), I=e,u~(1,1,0~1), 1g~(1,1,0~2). (3
periments.

Section IV of the paper deals with the phenomenologicail 0p-color must be broken, which we will assume is accom-
signatures of the new dynamics. It can be read independentflished through deffective scalar field
of the theoretical discussions. We identify interesting sensi- —
tivities in some nonleptonic process such BB and DD P~(3.3y.~y). )

mixing, and _radiative processes suchkass;x. However, When @ develops a vacuum expectation valOéEV), it
we find that, in general, the strong dynamics at the TeV scaIBroduces the simultaneous symmetry breaking: '

is difficult to observe in nonleptonic modes. On the other
hand, the semileptonic modes we identify are interesting and SU(3)1 X SU(3),—SU(3)gcp

sensitive to theZ’ of the top-color | schemeg&s well as in

otherZ’ schemeg In general, top-color dynamics remains and

viable at the current level of sensitivity and poses interesting

experimental challenges in high-statistics heavy-flavor ex- U(1)y1XU(1)y,—U(1)y. )

periments. . _ -~
The choice ofy will be specified below.

SU(3) ;X U(1)y, is assumed to be strong enough to form

Il. TOP-COLOR DYNAMICS chiral condensates which will naturally be tilted in the top-
_ ) qguark direction by the @)y, couplings. The theory is
A. Models with a strong U(2) to tilt the condensate assumed to spontaneously break down to ordinary
(top-color ) QCDXxU(1)y at a scale of~1 TeV, before it becomes con-

We consider the possibility that the top-quark mass igfining. The isospin splitting that permits the formation of a
large because it is a combination oflgnamical condensate (tt) condensate but disallows tlibb) condensate is due to
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the U1)y; couplings. Since they are both larger than the Fyi=g.c0t0'2" I, Lg=gscotIBA-J5, (7)
ordinary hypercharge gauge coupling, no significant fine-

tuning is needed in principle to _ach_leve this SYMmety-y here the currentd,, and Jg in general involve all three
breaking pattern. Thie-quark mass in this scheme is then an generations of fermions:

interesting issue, arising from a combination of ETC effects
and instantons in S@3);. The # term in SU3),; may mani-
fest itself as theCP-violating phase in the CKM matrix.
Above all, the new spectroscopy of such a system should
begin to materialize indirectly in the third generati@ng., i For the third generation the currents read expliciily a
Z—hb) or perhaps at the Tevatron in top and bottom quarlé’veak eigenbasjs

production. The symmetry-breaking pattern outlined above 1 1 5

will generically give rise to thregpseudd Nambu-Goldstone “ o
bosons7?, or “top-pions,” near the top mass scale. If the 2 5= gy Lt ghLy bt Sty e bRy br
top-color scale is of the order of 1 TeV, the top pions

Jz20=37201t 370137203, Jg=Jg1t g2t I3 (8)

will h_ave a .decay constant df_~50 GeV, .and a strong _ EV_TL,},,U«VTL_ ET_LYMTL_T_RYMTRv 9
coupling given by a Goldberger-Treiman relation, 2 2
O, ~M,/\2f .~2.5, potentially observable " —t+b if
m=>m+m,. a, — AN — A
We assume that ESB can be primarily driven by a Higgs Jgs=ty* 5 t+by*=b, (10

sector or technicolor, with gauge gro@c. Technicolor

can also provide condensates which generate the breaking Otnere)xA

top-color to QCD and () v, although this can also be done

by a Higgs field. The coupling constantgauge field}s of

SU(3)1><SU(3)2 are, respectivelyh; and h, (A and
) while for U(1)y;XU(1)y, they are, respectlvelyql

is a Gell-Mann matrix acting on color indices. For
the first two generations the expressions are similar, except
for a suppression factor of tarfg’ (—tarf6):

1 1
and dz (B1,.B2,). The Ul)y; fermion couplings are Je = —tarfo’ CL7 ro + =S yts +--- |, (1)
thenq;(Yi/2), whereY1,Y2 are the charges of the fermions 6
under U1)yq,U(1)y,, respectively. A (38X (y,—VY)
technicondensate (or Higgs boson field breaks P _#AA — A
SU(3) ;X SU(3) X U(1) y1 X U(1) y,— SU() qepX Uy at o= —tamo| eyt 5er syt oS, (12

a scaleA=240 GeV, or it fully breaks S(B),XSU3),
XU(1) y1 X U(1) y2 X SU(2) | = SU(3) gcpX U(D) gy at  the
scaleA1c=240 GeV. Either scenario typically leavesex
sidual global symmetrySU(3)’ X U(1) ', implying a degen-
erate, massive color octet of * coloronsB and a singlet
heavyZ/,. The gluonA’, and coloronB’ [the SM Ul)y
field B, and the W1)’ f|eId Z! ] are then defined by or-

with corresponding formulas applying to the first generation.
Integrating out the heavy boso#@$ andB, these couplings
give rise to effective low-energy four-fermion interactions,
which can in general be written as

27K TK
thogonal rotations with mixing anglé(6’): Loz == 23037, Lep=— WJQ'JA,
z' B
hisind=g;, h,cos#=gz, coth=h,/h,, (13
1 1 1 where
2= 2t
hi h
9% M M gicot o’ g3cot e
Ki=————, K= . (14
01SiNG’ =g;, C08'=g;, COW'=0;/qy, am am
1 1 1 The effective top-color interaction of the third generation
—=—+—, (6)  takes the form
91 41 Q2
. . 27K [— A AA
andgs (g;) is the QCD[U(1) v] coupling constant af 1. Lropc=— 7 | W t+byﬂ b
We ultimately demand cét1 and cod’>1 to select the Mg 2 2
top-quark direction for condensation. The masses of the de- NA A
generate octet of colorons and&’ are given by X t_y“—t+by“—b). (15)
Mg=~gsA/sind cos, Mz ~yg;A/sind’cosd’. The usual 2 2

QCD gluonic[U(1)y electroweak interactions are obtained L o
for any quarks that carry either $8); or SU3), triplet  This interaction is attractive in the color-singlet andbb
guantum numberpor U(1) y; charge$ channels and invariant under color & and SU2) X

The coupling of the new heavy bosods andB” to fer-  SU(2) g U(1)X U(1) where SU2) is the custodial symme-
mions is then given by try of the electroweak interactions.
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In addition to the top-color interaction, we have the 8 . , ,
U(1) v, interaction[which breaks custodial S@) ] /
o 27Ky [1— 2 1—
75Y1:_—M§, glﬁLmlﬂlﬁ” §tR7,u,tR_§bR7,u,bR s 1
----- My = 1 Te¥
L
- E' LYulL— TRV,N’R) ) (16 4 s s

wherey, = (t,b)_, I, =(v,,7)_, andk, is assumed to be of
order 1.(A small value forx; would signify fine-tuning and 2
may be phenomenologically undesiraple.

The attractive TopC interaction, for sufficiently large

<bb> a

N 2-7*7" 20 constraint
\
: \
| | AW \ | !

can trigger the formation of a low-energy condensate, 0 L L ™ L ™ e 00
(tt+bb), which would break S) XSU(2)r x

XU(1)y—U(1)XSU2)., where SUW2). is a global custo-

dial symmetry. On the other hand, th€ll, force is attrac- FIG. 1. Phase diagram of the top-color model | discussed in Sec.

tive in thett channel and repulsive in theb channel. Thus, Il A.
we can have in concert critical and subcritical values of the

combinations: curves of constanMg. In this figure, theZ’ boson mass is
taken to be equal taMg. In the allowed region a top
o+ ﬁ>K _ « _>K_£ 17 condensate alone forms. The constraints favor a strong
gN,~ Tent Tert 9N, SU(3) 1opc coupling and a relatively weaker (1) y; cou-
ling.
HereN, is the number of colors. It should be mentioned thatp V?/e note that recently Appelquist and Evans have pro-
this analysis is performed in the context of a laMigap-  posed a scheme in which the tilting interaction is a non-

proxima’[ion. The Ieading iSOSpin-bl’.e_aking eff.eCtS-aI’e-kep belian gauge group, rather than dlw [13] This has the
even though they ar®(1/N). The critical coupling, in this  advantage of asymptotic freedom in the tilting interaction

approximation, is given by ¢4=2m/N;. In what follows,  immediately above the scale of TopC condensation.
we will not make explicit theN. dependence, but rather take

N.=3. We would expect the cutoff for integrals in the usual
Nambu—Jona-LasinidNJL) gap equation for S(B)tepc
[U(1)y;] to be~Mg (~Mz/). Hence, these relations define  The strong W1) is present in the previous scheme to
criticality conditions irrespective o1, /Mg. This leads to  avoid a degeneratgt) with (bb). However, we can give a
“tilted” gap equations in which the top quark acquires a model in which there igi) a top-color SW3) group but(ii)
constituent mass, while thequark remains massless. Given no strong W1) with (iii) an anomaly-free representation con-
that bothx andk; are large there is no particular fine-tuning tent. In fact the original model df5] was of this form, in-
occurring here, only “rough-tuning” of the desired tilted troducing a new quark of charge 1/3. Let us consider a
configuration. Of course, the NJL approximation is crude,generalization of this scheme which consists of the gauge
but as long as the associated phase transitions of the restructure SUB)ox SU(3);X SU(3),XU(1)yXSU2), . We
strongly coupled theory are approximately second ordefsequire an additional triplet of fermion fieldsQg) trans-

analogous rough-tuning in the full theory is possible. _ forming as(3,3,) andQ? transforming ag3,1,3 under the
The full phase diagram of the model is shown in Fig. l'SU(3)Q><SU(3)1><SU(3)2.

The criticality conditions(17) define the allowed region in The fermions are then assigned the following quantum

the x;-x plane in the form of the two straight solid lines ,,mbers in SIR) X SU(3) o X SU(3) 1 X SUB) ,x U(1) y:
intersecting at £,=0,k= k). TO the left of these lines lies Q

B. Anomaly-free model without a strong W1) (top-color II)

the symmetric phase, in between them the region where only (t,b). (c,8) ~(2,1,3,2, Y=1/3, (18
a (tt) condensate forms and to the right of them the phase
where both(tt) and({bb) condensates arise. The horizontal (Dr~(1,1,3,D, Y=4/3,

line marks the region above whick; makes the )y,
interaction strong enough to produce{ar) condensate.

[This line is meant only as an indication, as the fermion- (Qr~(13323, Y=0,

bubble (largeN.) approximation, which we use, evidently

fails for leptons] There is an additional constraint from the (u,d) ~(2,1,1,3, Y=1/3,
measurement df (Z— r* 77), confining the allowed region

to the one below the solid curve. This curve corresponds to a (u,d)g (c,9)r~(1,1,1,3, Y=(4/3,—2/3),

20 discrepancy between the top-color predicticomputed

to lowest nontrivial order in the coupling;) and the mea-
sured value of this width. Note that the known value of the
top quark mass determines the cuthbff in terms ofx and
k1. This is illustrated by the slanted lines which represent (Hg~(1,1,1,2, Y=-2,

(v, I=e,u,7~(2,1,1,2, Y=-1,
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be~(1113, Y=2/3, T
_(/; /ZU = motLtR+ CSSTLIRHT + C32TLCRHK

(Q)L~(1135113| YZO.
detd’

_ @® _
Thus, theQ fields are electrically neutral. One can verify that +CaT URH A+ CofCLtrH DT Az
this assignment is anomaly free. o
The SU3)q confines and forms g§QQ) condensate

which acts like the® field and breaks the top-color group
down to QCD dynamically. We assume thatis then de- _ _
coupled from the low-energy spectrum by its large constitu- +c1oF cgH+C19F UgH +H.c. (21)
ent mass. There is only a long1) Nambu-Goldstone boson

~Qv°Q which acquires a large mass by &, instantons.  Here T=(t,b), C=(c,s), and F=(u,d). The massm, is
The SU3); is chiral-critical, and a condensate the dynamical condensate top mass. Furthermorab det

forms which defines thétt) direction spontaneously. If we defined by

turn off the SU2)xU(1)y and Higgs-Yukawa couplings,

then the strongly coupled SB); sector has an 1

S_U(4)L><U(1)R>< U(1), global chiral symmetry. Let us_de- dengeijkflm@“q)jm(pkm (22

fine ¥ =(t,b,c,s), . The effect of SW3), after integrating

out the massive colorons an@ fields is a strong four-

ded’
A4

+C5,C_ CrH + Co1C L URH + C1F trH DT

fermion, NJL-like interaction of the form where in @, the first [second index refers to S(B);
- _ [SU(3),]. The matrix elements now require factors®fto
G(V tR) (trW i) — (W] trF; + H.c)—G F'F connect the third- with the first- or second-generation color
—- — indices. The down quark and lepton mass matrices are gen-
=[(TLtr)Hi+(Ctr)Kj+H.c] erated by couplings analogous (@1).
— G YHTH+KK), (19) To see what kinds of textures can arise naturally, let us

assume that the rati®/A is small,O(€). The fieldH ac-

where we indicate the factorization into a composite fieldduires a VEV ofv. Then the resulting mass matrix is ap-
quadruplet under S), , F'. We further decomposE into ~ Proximately triangular:

doubletsF=(H,K). By definition,H acquires a VEV giving

the top mass, while the remaining componentdHofre a Civ CqU ~0

massive neutral Higgs-like boson, and a triplet of top-pions _

as before. Here the novelty is th&twill be, at this stage, a Cow Co 0 M)
completely massless set of NGB's, “charm-top-pions.” C3i0(e)v  C30(e)u  ~my+O(e?)v

When SU2), XU(1) and the Yukawa interactions to the ef-

fective Higgs field are switched on, the top-pions and charmwhere we have kept only terms 6X(¢) or larger.

top-pions all become massive. These will then mediate This is a triangular matrixup to thec,, term). When it is
strong interactions, but which are distinctly nonleptonic inyyritten in the formU, U}, with U, and Ug unitary and
the present scheme. We discuss their phenomenological con, positive diagonal, there automatically result restrictions on

sequences, mainly fdd°-D° mixing, in Sec. IV B. U, andUg. In the present case, the elemebt$’ andU!*
are vanishing fori # 3, while the elements ol are not
C. Triangular textures constrained by triangularity. Analogously, in the down quark

The texture of the fermion mass matrices will generallySectorDy*=D{*=0 fori+3 with D unrestricted. The situ-
be controlled by the symmetry breaking pattern of a horizon&tion is reversed when the opposite corner elements are
tal symmetry. In the present case we are specifying a residugMall, ~ which can be  achieved by choosing
top-color symmetry, presumably subsequently to some initiaf1 ~(1,1,—1,0,1/2). _ _ _
breaking at some scalk, large compared to top-color, e.g., These restrictions on the quark rotation matrices have_ im-
the third-generation fermions in model | have different top-POrtant phenomenological consequences. For instance, in the
color assignments than do the second- and first-generatidifocessB°—B° there are potentially large contributions
fermions. Thus the texture will depend in some way upon thérom top-pion and coloron exchange. However, as we show
breaking of top-color. in Sec. IVB, these contributions are_proportional to the

Let us study a fundamental Higgs boson, which uItimaterproducth'lDﬁl. The same occurs iB%-D° mixing, where
breaks SW2), XxU(1)y, together with an effective field  the effect goes as products involving, and Uy off-
breaking top-color as in Eq5). We must now specify the diagonal elements. Therefore, triangularity can naturally se-
full top-color charges of these fields. As an example, undetect these products to be small.

SU3) 1 X SU(3) 2 X U(1) y1 X U(1) y, X SU(2) | let us choose Selection rules will be a general consequence in models
_ where the generations have different gauge quantum num-
®~(3,33,-3,0, H~(1,1,0—13). (20 bers above some scale. The precise selection rules depend

upon the particular symmetry breaking that occurs. This ex-
The effective couplings to fermions that generate mass termasmple is merely illustrative of the systematic effects that can
in the up sector are of the form occur in such schemes.
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lll. EFFECTIVE LAGRANGIAN ANALYSIS We now integrate out degrees of freedom with momenta

between a scalg and the cutoffA. This calculation is per-
formed in the largeN. limit and cutting off the fermion

Let us study a standard model Higgs boson together witlloops atA. The effective Lagrangian at the scalehas the
an effective Nambu-Jona-Lasin[d4] mechanism arising form

from the interactions of Eq9.15) and (16). The standard
model Higgs bosomd is used presently to simulate the ef-
fects of TC, and its small Yukawa couplings to the top and
bottom quarks simulate the effects of ETC. In addition, the
four-fermion interaction is introduced to simulate the effects
of TopC (model ).

We can conveniently treat the dynamics of this combined
system using the renormalization group by writing a Yukawa
form of the four-fermion interactions, as defined at the cutoff
scaleA, with the help of a static auxiliary Higgs field.

A. Low-energy theory

A
L= gauget D ,H'D*FH—MEHTH— E(HTH)2

+Z D, 3TD"S ~ Alplhy—A3h],

3
167

3
+W(A2—M2)tr2T2— IN(A% w?)tr(373)?

F[W S IWh+ H.c]+[ ' A% fdel ¢y dy) + H.Cl,

At the starting point we will have three bound-state dou- (28)
blets: an ordinary Higgs bosad whose VEV drives elec- h i ;
. theX." t
troweak symmetry breaking, a doublet; whose VEV where the>,” are matrices
mainly gives a large mass to the top and another doublet Si=(p6%5%+ elH, 538+ e} HC), (29)

¢, coupling mainly to bottoni11]. The effective Lagrangian

at the cutoffA (identified withMg~M, of Sec. Il A is and the trace is taken over both generation and@28tndi-

— — ) ces. The constart is given b
%: ’\I,(L3)¢ltR+ \I}I(_S)(ﬁsz_i_ K’Azel ede( ¢1¢2)+ HC g y

z= IN(A2/ u2). (30)

o
=1le

~Aipld1—ASpSpo+ D, H'D*H-MZH'H
- E(HTH)2+[5'L',\IT:_H UL+ e} W H°DL+H.c] The mixing betweeir and ¢, ¢, involves onlyel’y to first
order in e. So, for the scalar potential, we disregard the

Higgs couplings to the first two generations and simplify
into a 2X2 matrix

2=(¢1tenH,d+en,HO).

+ % gauge (24

where\IT,_ ,Ug,Dg have the obvious meaning; y,,ge CON- (31)

tains the gauge and fermion kinetic terms; and
2 _ A2/y2 - -
A12=AINg, satisty Ap> A, with It is convenient to writeV in terms ofH and3 rather than
9 H and ¢;. To O(€), we may also substitute detfor det
=4 i+ ﬂ) )\52477(,(_&)_ (25  (bu.¢2). Writing F=3/(87?) and droppingu.® compared
27 27 to A2, we have the potential

The parameterg and «, were defined in Sec. Il A. 11624),

i,] are generation indices. The determinant term in the ex-
pression for the effective Lagrangian arises from top-color
instantons, and is the strong top-colo€ P phase. This term

is a bosonized form of a 't Hooft flavor determinant
ke ’det(WPWwE)/A2, where the constark is expected to
be O(1). These effects are similar to those in QCD that
elevate thep’ mass; we assume the QGDP phase is ze-
roed by, e.g., an exact Peccei-Quinn symmetry. Presentl

A
V=MZH'H+ E(HTH)Z'I'Aizrlzil_FA%Ei*ZziZ
—FA2STS +Ztr(3T8)2+ [ — eA TS H,
+ EA%’I]bfijzi*zHT + fﬂkAzei Hdet2+ H.C-],

where 3;; is the first column of 3 so that
1i=3i1—enH;, etc. NoteH{= — ¢;H} . Without loss of
enerality we can takey; real and positive by appropriately

(32

the top-colord angle will provide an origin for CKMCP
violation. The coefficientc’ is related tok through

k

K'=——

AiN5 (26)

and is thus small, as are the matriagsy . We shall write

ebp=€nlp. K =—emn (27)
and treate as small compared to unity. Th@ﬁD will reflect
the textures as considered in Sec. Il C. Ths are then
O(1). Equation(24) will be the starting point of our inves-

tigations.

choosing the phase of the field. The phase ofyp, can be
absorbed in¥ by an appropriate rotation dify .
To O(€% the minimum of the potential is determined by

2

(HTH)=vg=— ",
(ShZi)=13=(sld1), (33
(25%i2)=0,
wheref satisfies the equation
AT—FA2+Ff3n(A%/ u?)=0 (34)
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and the last condition in E¢33) results from the assumption apart from the Goldstone bosows™ of electroweak symme-
that A3—FA2>0. We can work out the minimization of the try breaking, a pair oflcomplex-conjugate pseudo Gold-

potential toO(€). We find stone bosongthe top-piong of mass
votevy fotefy v f
= = 0 0
(H) ( 0 ) (=) 0 efz)' (35 fAlﬂt(Zf + —) (45)
where (in agreement with expectations from, e.g., current algebra
Az77 f and a pair of massive states
17t'0

Reu1=2—)\v(2)—, (36)

__z YAZ—FA2+2Zf2 )+eAlme (46)

IMv,=-—5——Im( 7, Ao+ A2npf5),  (37)
17AZ, f bk 0 27 The charged components of the doublétsnd y; mix with
N an angle
fl:w, (39 p=arctaiZ?f/v,) (47)
47212 0T

to produce the mass eigenstaies and 7~ (recall ZV?f is
9= 5 ] (399  the top-pion “decay constan’ There are further mixings at
A —FA O(€e) among all three doublets, which are also easily calcu-
lable. They will determine some of the couplings of fermions
to scalars which do not occur at leading or@exg., top-pion
couplings tobg or H* couplings totg).
In the neutral sector we find the following eigenvalues:

A277bvo A277ke I0fo

Here we have performed an 8)x U(1) rotation to make
3., real andX,; equal to zero. Note, in particular, that the
vacuum aligns properly, provideg,# 0. This statement is in
fact true to all orders ire. Furthermore, if we ignore mixing
with the first two generations, the top and bottom quark

masses are given by m2=0, Goldstone boson,
vo fo .
my=|fo+ efy], (40) 6A177t( Zt ) . neutral top-pion,
my=e|f]. (41) ma=Z"1(A2-FA?), bound stateby®b,
Note that the denominator in E¢39) can be small, thus 2 1 a2 ’ —
enhancing the size of tHe-quark mas$11]. fo=Z “(A2—FA%), boundstatebb, (48

In order to obtain expressions for the scalar and pseudo-
scalar masses we must diagonalize the potentié@@h Let
xi denote the two columns & and define

X1=VZxi,  x2=\Zx5°. (42) . . o
! ! 2 2 To leading order, the only mixing occurs between the imagi-
Then the kinetic term for the scalars is simply nary parts of the neutral componentstbfand y,, the mix-
ing angle is the same as in the case of the charged sector, as
% =D H'D*H+D vID*v.+D yID* 43 expected. There are further mixings@te). Because of the
Kin™ = pX1DPxatDuxDe (49 CP-violating angle# there are mixings betwee@ P-even
and the potential reads and CP-odd fields.

mﬁ1= 2\v3+0(€), standard Higgs boson,

mﬁzz 4f3+0(e), top-quark—Higgs-boson.

V= MﬁHTH +Zfl(Af— FAZ)XIXl B. Fermion mass matrices and mixings
We will now determine whether this low-energy structure

-1 2_ 2\, T _ 2—-—-1/2 T
+Z7HAS-FAY Xox2— eMZ7 V2 (xiH+Hxa) gives rise to realistic quark mixings and we@/P violation.
+ eA 7 1/2%()( H+H'y,) —eA2Z1 Consider first the mass matrix in the top sector:

) A _ i 343
X (e ot He)+ 5 (HIH) 2+ 2 ()2 A= 1350 enbuo “9

M " " . . where |f|~m,. This is diagonalized by unitary matrices
+(x2x2) "+ 2(x1x1) (X2Xx2) — 2(x1x2)(x2x1)]. (44 U andUg such that

The VEV’s of the fieldsH, x; and y, add in quadrature to UE—//ZUUR:ga (50)
give the electroweak scalso, for example, to lowest order

vw=\vg+Zf5=174 Ge\). We diagonalize the potential to where &=diag(m,,m.,m,). The matrixU, has then the
obtain the mass eigenstates. In the charged sector we findpproximate form
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cosp —sing ep
U= sin¢g cosp B’ |, (51
—e(B*cosp+ B'*sing) e(B*sing—pB'*cosp) 1

where ¢ is of order 1 and violation. Hence we would like to take the matriceg , 7p
to be real. Then the matri¥, above is real, buD, is not,

B oy 52 becausd,, is complexsee Eq(39)]. The matrixD, then has
€p=e f, the form
- 1 0 ae'®
eB'=¢€ o (53 D = 0 1 a'e? |, (55)

_ _ _ —ae 0 _gle it 1
Since the matrixp, determines the masses of the lower gen- “« “«
eration up-type quarks, we expe@bon{,3~mc. Hence wherea,a’ are real(and smal,
eB,eB' =0(m;/m,). Similarly, in the bottom sector, the

mass matrix is VoD , Vol
a=¢€ , a'=¢€ , (56)
St 538134 ¢ il [Tl [Tl
—20p=Tp ENPLUO; (54)
o ) ] and the angle’ can be of order 1.
wheref,=(¢,),. In principle, f,, is of ordere, but we will
assume that the instanton or enhancement effects are large tans—tan Argf* — A2, fosing 57
i ans=tan Argf} ~ .
enough to account for the lardgpequark mass relative to that b Agnva_Aanfocosg

of the other charge-1/3 quarks[see the remark following

Eqg.(41)]. That is, we assume thé§> ev o773 . We obtain, as  If the instanton effects are dominant, thefj~|6|. Note
above, the corresponding unitary matf)y . Note the fol- that, since the matrixyp determines the down- and strange-
lowing: (i) we can perform an arbitrary rotation in the spacequark masses, we expeata’=0(mg/my), as|f,|~m,.

of thed ands quarks to make the corresponding anglécf. = So «,«’ are expected to be larger than the corresponding
Eg. (51)] equal to zerojii) we would like to investigate elements éB,eB') of U .

whether the angle® can be the sole source of we&kP The Kobayashi-Maskawa matrh(EU[DL now reads
|
cy+O0(e) sg+0(e) Cylae—ep)+s,(a’'e’—ep’)
V=| —s,+0(e) Cy+0(e)  cyla'€’—€eB')—s,(ae"—€p) |, (59)
—ae %+eB —a'e '+ ep’ 1

where c,=cosp, s,=sing. This successfully predicts a residual U1) interacting strongly with the third generation
|Vepl=~| Vil =ms/my, but does not distinguish between the implies that thezZ’ will also couple to leptons in order to
first two generations, given that we do not incorporate anycancel anomalies. This generates contributions to a number
dynamics to do so. The matrices will have to be such as to of semileptonic processes. On the other hand, in model Il the
suppresse and give ¢~ 6., the Cabibbo angle. A certain induced four-fermion interactions remain nonleptonic. In all
cancellation will still have to occur between the two terms incases where quark field rotations are involved we must
Vyp in order to bring it to the correct value. We also note choose an ansatz for the mass matrices or, equivalently, for
that, with eB~mc/m;, a’~ms/m, and a small, one ob- y, . andD_ y as defined in previous sections.
tains a Jarlskog parameter of the right size: A possible choice is to take the square root of the CKM
J~—e€Ba’sing cosp sing~6x 10" °siné. matrix as an indication of the order of magnitude of the
effects. This is compatible with the matrices derived5ad)
and (55), regarding the mixing of the third and the second
generations. However, this simple ansatz does not make a
In this section we study some of the consequences dfistinction between the left- and the right-handed couplings.
top-color dynamics in low-energy processes. Potentia”ySUCh a distinction might arise in some realizations of the
large flavor-changing neutral currer@®&CNC’s) arise when models, as seen in Sec. Il C where triangular textures were
the quark fields are rotated from their weak eigenbasis telerived. In those cases, the vanishing of some of the off-
their mass eigenbasis. In the case of model I, the presence dfagonal elements precludes contributions to particle-

IV. LOW-ENERGY PHENOMENOLOGY
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antiparticle mixing from nonleptonic four-fermion interac- DES* v 2
tions, although they do not have the same effect in  Ci/(My)=———| —
semileptonic transitions, where left and right mixing factors Vis | f5

enter additively rather than multiplicatively. We first present

. ) L 1 m’b"
the constraints on tcc))p c_oolor FCNOC fr_%m thg existing data on « gA(Xﬁr)— —2B(x=+)—B(xi:)],
b—sy as well asB"—B"” and D*—D" mixing. Then we My
show several predictions for semileptonic processes. 63)
A. Constraints from b—sy wherex;=mZ/m? and the functioné\(x) andB(x) are given

in [18]. HereD, andDg are the matrices defining the rota-

for th o 15 N traint ®ion from the weak to the mass eigenbasis in the down sec-

Qrt efproct:es )—SY E tr} puts zevgre corésh;alnlz or:/\(/a V@ tor, defined in a way analogous to E&0) for the up sector,

riety ot extensions ot the standar mod&M) [16] € andf~~50 GeV is the top-pion decay constant. The param-

study here the constraints on top-color models. In doing sQ x . ;
. : X N etermy is proportional to the couplings ap, to by and

we will neglect possible long-distance contributions to theg to t which are only induced by instantons and mixing

-di i i 2 R
b— sy rate. Long-distance effects have been estimated in theffects. For definiteness, we shall assume thatttheiark

literature[17] to be somewhere between 5 and 50 % of the . . ) , .
rate and would loosen these constraints mass is mainly generated by the instanton dynamics, with a

The effective Hamiltonian fob— sy transitions is given plece_of~1 GeV coming from the _epr|C|t Higgs Yukawa
coupling. These two effects add with an unknown sign, so,

The recent measurement of the inclusive branching rati

by [18-20 under our assumptions, the rati}/m, lies in the range
4 0.8smg/m,=<1.2. We have used the value 0.8 in our nu-
Herr=— EGFV:(thbZ Ci(n)Oi(p). (59 merical estimates. Variation ah}/mj in the above range
' tends to tighten the constraints we report, but not substan-
tially.

In order to account for the renormalization-group evolu-
tion of C; andC; down to the low-energy scale we need to
know also the coefficients @g andOg, including top-color

e o contributions. At theM,y scale these coefficient§€g(My)

= 16,2 Mo(S0 ., 0R)FHY. (60 andCj(Myy), can be obtained fror€,(M,y) and C3(M)
by simply replacingA—D and B—E, where the functions
D(x) and E(x) are also defined if18]. At the scale
However, when evolving down to the low-energy scalex=m,, O; mixes withOg as well as with the four-quark

u=m,, O; will mix with the gluonic penguin operator operators. The complete leading logarithmic approximation,
within the SM first obtained if19], gives

At the weak scale, the only contributing operator is

07

g — Y 8
08:_16772 mb(saaﬂszﬁbRB)Gg‘ , (61 Co(my) = 752, (M) + §(7714/23_ 792 Co(Myy)
8
as well as with the four-quark operata®s —Og [18-20. +§1 h 7 Pi, (64)

The top-color | contributions t&€,(My,) have been pre-
viously considered iri6,11]. They arise from the couplings
of ¢, and ¢, to quarks in(24). Their charged components,
the top pion7* and the charged scalat, give additional
penguin diagrams where they replace e They also gen-
erate contributions to the new operat@$ and Og that are 8
obtained by switching the chirality of quarks {60) and / _ . 16/23~/ 2 (14123 _16/23 ~7
(61). If one neglects the running from the top-pion aid Cr(my) =757 (My) + 3(77 7 Co(Mw).
mass scales down i, the coefficients 00; andO; now (65
take the form[11]

where 7= as(M)/as(M,). The coefficientsh; and p; can
be found in[20]. The “wrong” chirality operatorO; mixes
exclusively withOg, giving

The current experimental information on the inclusive
b— sy rate comes from the recent CLEO measureni#ht,
UW)Z B(b—sy)=(2.32+0.57+0.35)x 10 * which can be trans-
f_~ lated into 95% confidence level upper and lower limits as

1 DPs*
Cy/(My)=— EA(XW) + RV
ts

*

me 1 1X 10 4<B(b—sy)<4.2X10 % (66)
m—b[B(X;:) —B(xf=)]— gA(X;:)

X

Normalized by the inclusive semileptonic branching ratio,
(62) theb—sy branching fraction can be written as
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[ my=350 GeV
! @ m:=1 80 GeV o
65 Z
mz:g ) i n I . n n L n L L L L L . (E
=0:5 zz {
m
R .
DESNQS 0 400 600 5;0;---- 1000 1200 14‘00
MH([GeV]
T N FIG. 3. The predictions for thé— sy branching ratio in the
i mj=1000 GeV ; -
0)  my=180 GeV top-color model | as a function ahy . In this figure we have taken
DPS/Vs=0.5, D2V,;=0, m#=0.8m,, m=175 GeV. The top-
;/_\ pion mass is taken to ha- =180 GeV(dashegl m;-=240 GeV
» i /_\\ (solid), and mz==300 GeV (dotted. The horizontal lines corre-
% -+ i K_)y — e spond to the 95% C.L. upper and lower limits from Réf5].
\—/ . . . .
os values ofmg=. This can be appreciated in Fig. 3, where the
rate is plotted versumpy+ for different values ofmz+ and
i for Dbs*/V* 1/2 and Dbs 0. Nonzero values oﬂ:)bS
Ay would compensate the cancellatlon bringing the rate back up
. in better agreement with experiment, given ti4t always
L/ Vis

contributes positively to the rate.
FIG. 2. Constraints frorb— sy in the (DP*/Vi¢, D2V, plane. AIthougtharge region is still allowed for any given pair
HereD S/Vts is assumed to be real. The allowed region between thé)f 7 andH" masses, the data are already constraining

two ellipses corresponds to the 95% C.L. lower and upper bound®(™/Vis to be positive or small. A simple ansatz for the
from Ref. [15]. (a) is for mg==350 GeV, whereagh) is for mixing matrlcesDL and Dy is to assume they are of the

mi+=1000 GeV. In both casesy;+=180 GeV. order of the square root of the CKM mixing matrix. This
gives|DEfR|:(1/2)|VtS|. As a reference, this is indicated by

B(b—sy) |V AVARE: the square in Fig. 2. Triangular textures as the ones discussed
T (|Co(mp)|2+|Ch(mp)[3), in Sec. Il C, allow one of the mixing factors to be very small.

2
B(b—cev)  [Vel* 7g Z) Theb— sy data then implies a constraint on the other factor

67 that can be extracted from Fig. 2. These textures seem to be

. os . _ necessary to accommodaB?-B° mixing, as we will see
where g(z) =1—8z°+8z°—-z°—24z"Inz, with z=m;/m,, next.

is a phase-space factor arising in the semileptonic branching
ratio. In order to illustrate the constraints imposed®§) on

the parameters of top-color models, we plot the allowed re-
gion in theDPs* /v — DB /V¥ plane for fixed values of the At low energies the top-color interactions will induce
charged top-pion and charged scalar masses; and four-quark operators leading to nonleptonic processes. In or-
mp+. The top-pion mass arises through the couplings of theler to study the phenomenology of these interactions it is
top quark to the Higgs boson, which are proportionakto useful to _ divide _ them in three categories:
and constitute an explicit breaking of chiral symmetry. Esti-DDDD, UUDD, andUUUU. Rotation to the mass eigen-
mates of this mass in the fermion loop approximation andbasis will give new four-quark operators now involving the
consistent with45) give [6] mz+~ (180-250 GeV. Onthe second and first families. Although suppressed by mixing
other handmg;+ can be estimated using6). The main con- factors, these operators can in principle give contributions to
tribution to it comes from the top-color interactions. For in- low-energy processes. In top-color I, the down-down opera-
stance, in11] it was shown that near criticality and in this tors give rise to potentially large corrections By and By
approximation it could be as small ag;+~350 GeV. We mixing. They also induce transitions not present in the SM to
show the constraints frotm— s+ for this value as well as for lowest order inGg, most notablyb—ssd although with
mg+==1 TeV in Fig. 2, whereDES*/V{*S is assumed to be very small branching ratios. In the second category, the up-
real. The data are more constraining for larger values oflown operators give vertices that induce corrections to pro-
mg=. This is due to a partial cancellation of the top-color cesses allowed at tree level in the SM. These corrections are
effects in(62) and (63), which is more efficient for lighter ~10" 2 relative to the SM amplitudes, and are therefore very
scalar masses. The second ternt@g) reduces the value of hard to observe, given that they appear in channels like
C-(My,) with respect to the SM for an important range of b—ccs. The effects of the operators in these two categories

B. Constraints from nonleptonic processes
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are not sizable in top-color I, since the right-handed down 2

quarks do not couple to the strong @Y and there is no AmEOPC':EfZDmD zm—tz| Seul- (72
strong U1). Finally, in the up-up operators, the most inter- 2 f=m=,
esting process i©°%-D° mixing given that it is extremely
suppressed in the SM. In the yCKM ansatz and for a top-pion mass ko= 200
o GeV we obtain
1. B%-B ? mixing
AmPC~2x 10714 GeV, (73

The most important effects of the top-color model in

B®-B° mixing are due to the scalar sector generated at lowyhich is approximately a factor of 5 below the current ex-
energies. They were studied in detaillil]. The field¢, in  perimental limit of 1.3 10722 GeV[21]. On the other hand,
(24) contains the two neutrddb bound state$i®, A%, which  the SM predictsAmSM< 1015 GeV [22]. This puts poten-

in the approximation(48) can be rather light. When the tja|ly |arge top-color effects in the discovery window of fu-
quarks are rotated to their mass eigenbasis, flavor-changingre high-statistics charm experimefigs].

couplings ofH® A? are generated. They induce a contribu-  The effect is even stronger in the top-color Il model. In

tion to theB%-B° mass difference given byl1] this case the strong coupling of the right-handed top with the
) left-handed charm quark induces scalar and pseudoscalar
Amg 7 m; top-pion couplings of the form
=— SpaBef3, 68
Mg 12 fqumgH‘O bdPB'B ( )
, m 0,: O
. . L= — + tg+H.c. 74
wheré 5,4=|DPIDEY. Using the experimental measure- \/Ef;CL(WS mp)tetH.c 74

ments ofAmg [21] one obtains the bound
The operator contributing tAmp is now
1)
24210712 Gev 2, (69)
Mo Hef=—
Thus, ifmyo is of the order of a few hundred GeV, thésn)

represents an impqrtant constraint on the mixing factors. I:OLszing the JCKM ansatz, one observes that in this case the
instance, if one naively uses the ansatz that takes the squ meson mass difference is typically larger by a factor

root of the CKM mixing matrix forboth D, and Dy, the N4 :
T . compared to the top-color | scenafkiwith the Wolfen-
bound(69) is violated by 1-2 orders of magnitudes. How—astein parametex = 0.22). Thus we estimate

ever, the triangular textures motivated in Sec. Il C provide
natural suppression of the effect by producing approximately 1
diagonalD, or Dg matrices. This gives,q~0 and avoids AmPPCl~ AmIoPCl — ~ 1071 Gev, (76)
the bound altogether. A

2
m;

USCUR* UT"™ USu cruge, . (75)

2 2
M

2. D°-D ° mixing which violates the_ current gxperimenfnal upper limit by al_ao_ut
] 2 orders of magnitude. This is the single most constraining
At the ch_arm quark mass sgale the dominant effeCt."biece of phenomenology on the top-color I model. How-
flavor-changing neutral currents is due to the flavor-changingyer. once again, these constraints can be avoided in models
couplings of top-pions. In the case of the top-color | modelyit triangular textures in the up sector.
the operator inducin@®-D° mixing can be written as

1 m? C. Semileptonic processes
t —_— —
]feﬁ=—2 7~ 572 Ocull Y5CUYsC, (70) We study here the FCNC at tree level induced by the
Mzo exchange of th&’ arising in top-color | models. The corre-

sponding effective Lagrangian is given(it3). After rotation

to the mass eigenstatd4.3) generates four-fermion interac-
Yions leading to FCNC. With the exception of the effect on
the Y(1S) leptonic branching ratio, the cases considered in
Mwhat follows are of this type.

where 8;,= (U{"*UK)? is the factor arising from the rota-
tion to the mass eigenstates. Here we have for simplicit
assumed)["* US=UL*U!°, since we are only interested in
the order of magnitude of the effect. In the vacuum insertio
approximation,
JE— +|-
(DurectsclD®)=-213m3, (73 ST
Although these processes do not involve FCNC, they still
wheref is theD meson decay constant. Then the contribu-receive additional contributions frod’ exchange in top-
tion of (70) to the mass difference takes the form color | type models. The resulting modification of the
777 rate violates lepton universality. Experimental results
onY(1S)—1*1~ might therefore yield important constraints
The numerical coefficient on the right-hand side of expressioron model parameters, which are independent of quark mix-
(68) inadvertently appears as 5/12 [ih1], rather than the correct ing factors.
7/12. TheY(1S)—I|*I~ amplitude can in general be written as
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ated with the third generation. We have illustrated such a
possibility within the framework of the top-color | scenario.
In any case, a more precise measurement of the rati®2n
could give useful information on this type of physics and is
very desirable.

) da —
A (1S)—=1t17)=— M<O|(bb)v|Y(e)>

X[rv(W)er rA(W)A]- (77)

Note that the axial vector piece of theequark current does
not contribute. For the dominant photon exchange contribu-
tionry=1 andr,=0. In the case of the-lepton mode these
couplings are modified by the effectivg interaction in(13)

2. B—I71~
The part of the effective interaction given {&3) that is
inducingBs— 7" 7~ can be written as

into
X TKq —
3k, M2 K, M2 »:%eﬁerW(DEb*DES(bS)v—A
2t Y —_ 1Y z'
=t 16a M;’ A 16a M;' (79 bb% bs e — —
—2DR* DR(bS)y+ A (TT)y—at2(77)y+al

The Z’ contribution to the electron and muon modes are
suppressed by a factor of taf, which we neglect.
Using (77) and

(83

after performing the rotation to mass eigenstates. Using the
fact that only the axial vector part of the quark current con-

(0](bb)&| Y (€))=iFyMye*, (79 tributes to the hadronic matrix element and
one finds for the decay rate <0|b_3/MySS|BS( P.)=ifg Py, (84
41 F% m? th ihuti i o=
1= Y o e top-color contribution to the amplitude Bg— 7" 7~ is
T[Y(1S)—1717] 27 My 1 4M%
mTK
S omEL m ATB— T )= G Py
x|rf| 12z |+l 14| 1Mz,
(80) X[(77)v-at2(77)ysal, (89
wherem is the lepton mass. Froif78) and (80) we see that where we defined
the leadingzZ’ effect is given by the interference of tiE 6bS:DEb*DES+2DEb*DgS' (86)

exchange with the photon amplitude. This interference is de-

structive, reducing the rate in comparison with the electron
and muon modes according to

r(Y(18)—7'77) L 4m§ l+2m§
TY(1S)—uTu) M T M
3k, M2

Assuming that only top-color contributes, the width is given
by

2 2
(B 7 )= —— i 12 mg m2 Sy [ 14—
S 28&\/'2, s s T S mB

(87)
Using stz 0.23 GeV one gets

In the standard model this ratio is slightly reduced by a
phase-space factor which amounts to 0.992. The lepton uni-
versality violatingZ' effect leads to an additional suppres-
sion. For k;=1 and M;, =500 GeV this suppression is
~2%. Experimentally, the ratio is measured to[B&,24]

2
K
T(Be—7 77 )=7x10"9 5bs|2M—i Ge\®. (89
Z/

For the neutral mixing factors we make use of the CKM
square-root ansatz/CKM). This choice is rather general in
this case given that86) involves a sum of left and right
contributions and will not vanish when the textures are tri-
angular as in23). We still have the freedom of the relative
Presently, the error is still too large for a useful constraint tosign between the elements bf andDyg in (86). This intro-

be derived from this measurement. However, a sensitivity aduces an uncertainty of a factor of 3 in the amplitude. Taking
the percent level, which would start to become binding, doex;=1 we get

not seem to be completely out of reach. It is interesting to

note that the central value i{82) actually exceeds unity. If .

this feature should persist as the error bar is reduced, it B(Bs—7 7))~
would tend to sharpen the constraint on the negafivef-

fect discussed above. Generally speaking, it seems quite

plausible that a decay lik¥ (1S)— 7" 7~ could potentially ~where we have used the positiyeegative relative sign in
yield important constraints on new strong dynamics associt86). The SM prediction i8SM~10° [25,26].

rYAS)—r'r) oo
TY(AS - p) o0

(82

1(0.1)x 102 for M, =500 GeV,

6(0.7)x10 ° for M, =1000 GeV,
(89
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On the other hand, first- and second-generation leptons ez —
couple to the weaker (1) y,. The corresponding amplitudes OéZW(SWbR)U ¥, (92
are similar to(85) with 7 replaced bye or u, except that
they carry an additional factor of(tarfg’). For instance, e? L
for B—u " u~ one obtains OioleTrz(S_mbR)(' Yysl). (93
2 2\ —1/2
m . :
B(Bs—u u )= == (1—4—2) tarf 9’ These are given by
m, mg,
1 DbS* Dbb
XB(Bg—7" 7). (90) CIPMy) = = ——F, (94)

2 V:(svtb
The choicex;=1 corresponds to ta#i~0.1. This gives a

suppression factor of5X 10~ 7 with respect to the- mode. 1 DPs*DPP

TopC, —
Of this suppression, a factor of 3¥3.0" 3 comes from helic- Cio" (Mw) = 6 VEV,, F, (95)
ity. This is not present in the—slI*1~ decays, which makes '
the u modes more accessible. The SM predicts Dbs« pbb
BSM(By—p " ") ~4x10"° [25,26. . CLTP(M ) = — 1ﬁﬁ (96)
Finally, the rates for theB4 purely leptonic modes are tsVtb

obtained by replacin@ff’R by DEij. In the VCKM ansatz 1 DY Dl

this represents a suppressiorn~of0~ 2 in the branching frac- CI TP M) = — = E (97)
tions with respect to th&, case. 10 w 3 ViV
3. B=XJ '™ where we defined
Using the normalization of the effective Hamiltonian as in 422 Ky
w

(59), the operators contributing to these processe®areas F= —. (99

given by Eq.(60), and a Mz
- — Herev2=(2\2Gg) "1=(174 GeV}2. (Note that in this sec-
O9:W(37nbL)(l 74, tion it is assumed that an adequate order-of-magnitude esti-
mate of the novel effects can be obtained by only consider-
e — ing the consequences at’ exchange. In particular, the
O10= 752 (57ub) (17 ¥5l). (91 scalar bound-state contributions to the coefficient functions

C; and C; [cf. Egs.(62) and (63)] are not taken into ac-
The contact interaction induced by tiZé exchange gives count) Equation(98) applies to the case of thelepton. For
new contributions to the coefficient functio@s andC,pat e or wu, F carries an additional factor of
w=M,, as well as nonzero values for the coefficients of the(—tarf§’)~—0.01. The dilepton mass distribution has the

new operator$27] form
dB(b—sl*l7) 4x , , , )
TZK(l—S)2 - (|Col?+[Cgl?—|C10®—[C1d?) 6+ (|Cg|?+|Cg|?+|C1gl*+[C1d?)
2X 2x|  4|C4)? 2X
X[ (s=4x)+| 1+ —|(1+8) | +12C/RECol| 1+ — |+ ——| 1+ —|(2+9), (99)

wheres=g%/m2 andx=m?/mZ. The factorK is given by 5. To illustrate the possible size of the new physics effect
we choose again th¢CKM ansatz. In this case we also have
2 ‘V*V ‘ZB(b—>cev) to choose the sign obPS, which is taken to be positive.
K=-—s ts'tb (100 Furthermore we sek,;=1. To estimate the order of magni-
47| Vg | 9(z2) ' tude of the branching ratios, we simply integrate the dilepton
invariant mass spectrum i(®9) from 4x to 1. Numerical
where the functiorg(z), z=m./m,, can be found after Eq. results are given in Table I. The branching ratios are similar
(67). The SM contributions tdo—s!|™1~ reside in the coef- to those forB.— 7" 7, given that the partial helicity sup-
ficientsC,,Cq, andC,,. For the present discussion we will pression is balanced by the phase-space suppression in the
neglect QCD effects. This gives a reasonable approximatiorihree-body decay. There are no presently published limits on
which is completely sufficient for our purposes. We use herany of ther channels. On the other hand, the angular infor-
the coefficient functions frorh28] in the limit of vanishing  mation in these decays provides a sensitive test of the chiral-
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ity of the operators involved. This is true not only for the Estimates of this mode in the SM givBSM=4.5x10"°
inclusive decayq29] but also for exclusive modes like [25,26.
B—K*|*I~, where the SM lepton asymmetry is very dis-

tinct in a region where hadronic matrix elements can be re-

liably predicted[27,30.

4. BsXpv

5.K*—satvr

As in B—X,vv, we are concerned with the contact term
involving 7 neutrinos, given that they constitute the most
important top-color contribution. The top-color amplitude is

The decayo— svv could have an important contribution given by

from the 7 neutrino which couples strongly to the(1), in

. . 4l R
top-color | models. The top-color amplitude can be derived 7 PAK =7 vw,)

from (13) and reads

AT 5.57) = — — 59, (D) -+ Ga(SH)a]
12m7,
X(v,v)v-a, (10D
where
g, =D’ —2DY'DY*
ga=— (D}'D™ +2DRDY*).
On the other hand, the SM amplitude is
JSM )= —F T\
A (b_)SV’TVT) \/E 20 SinZeWVtSthX(Xt)
X (Sb)y-a(v,v,)v-a,
(102

wherex,=m?Z/M?, and the Inami-Lim functior(x) is given
by

X X 2+X 3x—6I 103
=g~ 1=x 1-x2™ (103

Taking the mixing factors to be

1 1
5bs: DEbDES* = ngDgs* -~ Elvts| -~ §|Vcb| ) (104)
we have

"’%Topd_zﬂ'zsinzawv\%/ k1 V[Gu|*+104l

3aX(X) M2, \2[ViVy)

Al

K

~4X10° GeV2—yp-.
M

ZI

(105

The square of this ratio divided by the number of neutrinos
gives an estimate of the ratio of branching ratios. We obtairk/IZ

BTPS(b—sy ) [ 93ki for Mz =500 GeV,

ek L
BSM(b— svv) 6«7 for M, =1000 GeV.
(1098

TKq

Sas{mF (K)[(sd)y|K™ (p)
12M§, d<7T | v| )

(107)
where nowys=DP¥*DP4—2DR*DEY. The hadronic ma-

trix element in(107) can be written in terms of the one
entering the semileptonic decay

><(V—TVT)V*A ’

(" (k)| (sd) | K (p))y=2( (k)| (su)4|K " (p))
=f_ (g% (p+k)* (108

and the form factof , (q%) is experimentally well known. In
any case it will cancel when taking the ratio to the SM am-
plitude. For one neutrino species this is given by
GF o «
T 2 sty 2, VRVieX ()
X(m* |(sd)|[K") (v, v )v-n,

(109

AMKT =7t )=

wherex;=mf/M{, and X(x) is the Inami-Lim function de-
fined in(103). Here we have neglected QCD corrections and
the 7-lepton mass effects. Since only the vector quark current
contributes to the exclusive transition, the Dirac structure in
the top-color and SM amplitudes is the same. The ratio of the
top-color amplitude to the SM is then

Mrope | 2mPSiPOW0Y, Ky s 110
"/‘/;SM v N 3a’ M;, ?’ ( )

where we defined
s:j:Em VEVig X(x;). (112

For m=175 GeV, we havegS|~10 2 and the ratio can be
expressed as

TABLE |. Estimates of inclusive branching ratios for
b—sl*1~ in the SM and the top-color model 1.
+ (GeV) B(b—srt77) B(b—sutu)
500 1.4¢10°3 6.7X1076
1000 0104 6.0x1076
SM 3.7x10°7 6.3x10°°
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_ATop K1 ) to the gauge quantum numbers that distinguish generations.
—sw| —6X 109|5ds|M—2 GeV-. (112 A chiral-triangular texture emerges as a natural possibility
' Vr z which can suppress dangerous processes suBlBasixing.

Without this natural source of FCNC suppression, the model
would require fine-tuning or aad hoctexture assumption.
We view top-color as a family of models. We have dis-
cussed two classes: Top-color | models which involve an
additional U1) '’ to tilt the chiral condensate into theflavor
direction; top-color IlI, based upon the gauge group
when choosing positivénegative relative signs between the SU(3) X SU(3) ; X SU(3) ;X U(1) y X SU(2), where there is
two terms entering injys. This gives, forM; =500 GeV  only the conventional (1), and no strong additional ().
andk,=1, a ratio of amplitudes which is about(8). These latter models admit a rather intriguing anomaly can-
In the SM one expectB(K*—x*v»)~10""° [31].  cellation solution in which theq(s), r doublets are treated
Presently, the experimental upper limit is %20 ° [21].  differently under the strong S8),x SU(3), structure and a
Experiments are under way at Brookhaven National Laboratriplet of “Q quarks” occurs which can condense to break
tory (BNL) to reach the sensitivity necessary to observetop-color. Top-color | has a number of sensitive implications
K*— o vvifit occurs at the SM level32]. Any significant  in semileptonic processes which we have detailed; top-color
deviation from the SM expectation should then also show upl gives only a handful of novel effects in nonleptonic pro-

The VCKM ansatz yields

1 3
5ds: - Z)\5<Z)\5

(113

in these experiments. cesses, most notably B°-D° mixing.
In general, it appears that top-color does not produce an
V. CONCLUSIONS overwhelming degree of obvious new physics in the low-

In this paper we have given a treatment of the low-enera €Y spectrum. Therefore, significant GIM-violating dy-
pap 9 Iamics in the third generation does not seem to imply large

phen.omenolog|c_al [mpl[cat[ons of top-color models, .W'th observable deviations from the standard model in low-energy
possible generic implications of extended technicolor

; . : experiments at present. The most sensitive effects are semi-
schemes. We have also given an effective Lagrangian anal

sis of the bound states in top-color models. This provides ieptomc and trace to the more model dependgnt These

. ) effects may be shared by other generationél)Unodels
point of departure for further studies. For example, we haV?e Holdom’s[12]). The purely nonleptonic effects are
not examined the question of whether theerm in TopC 9. y purely P

gives rise to novel, non-CKM observab®P violation. The harder to disentangle from electroweak physics. Thus, the

! ; ! electroweak scale itself and the scale of the top-quark mass
potentially observable effects we have considered arise bea—w P-a

) —are pl look for the new physics. Our analysis show:
cause the current basis of quarks and leptons of the thir e places to look for the new physics. Our analysis shows

eneration experiences new strong forces. When we dia hat dramatic new physics can emerge at fpghin the third
9 P 9 ' 9%eneration having eluded detection in sensitive low-energy

nalize the mass matrix to arrive at the mass basis there wi xperiments. However, in a large number of future high sta-

be m_o_luced flavor-changing Interactions. These are Iarglel¥|stics experiments there are potential signatures of this new
amplified by the bound-state formation, e.g., effects such aﬁhysics and these should be sought

BB mixing are induced by coloron exchange, but the forma-
tion of low-mass top pions gives the dominant contribution
in a channel contained by the coloron exchange. Hence, it
really suffices to consider the dominant effect in the context This work was performed at the Fermi National Accelera-
of the effective Lagrangian. In the semileptonic processes th#r Laboratory, which is operated by Universities Research
effects are controlled by thé’ exchange, and the top-pion Association, Inc., under Contract No. DE-AC02-
effects are not dominant. Top-color, to an extent, explaing6CHO3000 with the U.S. Department of Energy. D.K.
the suppression of the-32,1 mixing angles, though without thanks the Fermilab Theory Group for their warm hospital-
further assumptions about the origin of generational structuréy. He further acknowledges support from NSF Contract No.
it cannot distinguish between first and second generations.PHY-9057173 and DOE Contract No. DE-FG02-91ER40676
We have also sketched how the top-color scheme can imwhile at Boston Universityand from the German DFG un-

pose textures upon the mass matrix which is inevitable duder Contract No. Li519/2-1.
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