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Abstract. We calculate the new contributions to the rare decays Kt —» ot v, Kp, — 7% and K1, — ;ﬁuf
from new Z° penguin and box diagrams induced by the unit-charged scalars (7%, H, 7, 75) appearing in
the topcolor-assisted technicolor (T'C2) models. We find that: (a) the unit-charged top-pion #* and b-pion
H?T can provide large contributions to the rare K decays if they are relatively light; (b) the size of the

mixing elements DﬁR (i # 7) is strongly constrained by the data of B meson mixing: |a%|, |atd| < 0.01 for

aid = a¥ =1/2 and mio < 600GeV; (c) the enhancements to the branching ratios of rare K decays from

new scalars can be as large as one order of magnitude; (d) there is a strong cancellation between the short-
and the long-distance dispersive part of the decay K1, — u' ™, the constraint on the new short-distance
part from this decay mode is thus not strong; (e) the typical TC2 model under study is generally consistent

with the available rare K-decay data.

1 Introduction

As is well known, the study of loop effects can open an
important window on electroweak symmetry breaking and
physics beyond the standard model (SM). The examina-
tion of indirect effects of new physics in flavor changing
neutral current (FCNC) processes in rare K and B de-
cays [1-5] offers a complementary approach to the search
for the direct production of new particles at high energy
colliders.

In the SM, the rare K decays Kt — 7+, K, = 70w
and Ky, — putpu~ are all loop-induced semileptonic FCNC
processes determined by Z° penguin and W box diagrams
[1]. Since these rare decay modes are theoretically clean
and highly suppressed in the SM, they may serve as a good
hunting ground for new physics beyond the SM. Further-
more, relevant experimental measurements now reach a
reasonable or even high sensitivity [6,7], which will help
us to test or constrain the new physics models through
studies of these rare decay modes.

In [2,3], the authors studied the FCNC effects on the
mixing and rare decays for the K and B meson systems
in the minimal supersymmetric standard model and the
two Higgs doublet model. In this paper we will investi-
gate the new contributions to the rare K decays from the
79 penguin diagrams induced by the unit-charged scalars
appearing in the TC2 model [8].
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Technicolor (TC) [9,10] is one of the important candi-
dates for the mechanism of naturally breaking electroweak
symmetry. To generate ordinary fermion masses, extended
technicolor (ETC) [11] models have been proposed. In
walking technicolor theories [12], the large FCNC problem
can be resolved and the fermion masses can be increased
significantly [12]. The S parameter can be small or even
negative in the walking technicolor models [13]. To ex-
plain the large hierarchy of the quark masses, multiscale
walking technicolor models (MWTCM) are further con-
structed [14]. In order to generate a large top-quark mass
without running afoul of either experimental constraints
from the p parameter and the Ry, data, TC2 models were
constructed recently [8,15,16].

In the TC2 model, the relatively light top-pions
(7*,7%9), b-pions (HT, H°, A°) and other bound states
may provide potentially large loop effects in low energy
observables. This is the main motivation for us to investi-
gate the contributions to the rare K decays from the pen-
guin and box diagrams induced by the internal exchanges
of unit-charged top-pions, b-pions and technipions.

In a previous paper [4], we calculated the Z° penguin
contributions to the rare K decays from technipions i
and 3 in the MWTCM [14] and found that this model
was strongly disfavored by the relevant data.

In this paper we calculate the new Z° penguin con-
tributions to the rare K decays from the top-pions 7E,
b-pions H* and technipions 7r1jE and Wgt appearing in the
TC2 model [8]. We firstly evaluate the Z° penguin and box
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diagrams induced by the unit-charged scalars, compare
the relevant analytical expressions of effective couplings
with the corresponding expressions in the SM, separate
the new functions Cy(7;) and Cnp7; (m; = 7%, HE, 7T1i, 7r§t)
which describe the effects of the new particles, and finally
combine the new functions with their counterparts in the
SM and use them directly in the calculation for specific
decay modes.

This paper is organized as follows. In Sect. 2 we briefly
review the basic structures of the TC2 models and study
the experimental constraints on the mixing matrices Dy,
and Dg. In Sect. 3 we firstly show the standard-model
predictions for the branching ratios of rare K decays, and
then evaluate the new one-loop Feynman diagrams and
extract out the new effective Z° penguin couplings in-
duced by the exchanges of unit-charged scalars. In fol-
lowing two sections, we present the numerical results for
the branching ratios B(KT — ntvi), B(K, — 7vb)
and B(Kp, — putp™)sp with the inclusion of new physics
effects and compare the theoretical predictions with the
available data. The conclusions and discussions are in-
cluded in the final section.

2 Basic structure of TC2 models

Apart from some differences in group structure and/or
particle contents, all TC2 models [8,15,16] have the fol-
lowing common features: (a) strong topcolor interactions,
broken near 1TeV, induce a large top condensate and all
but a few GeV of the top-quark mass, but contribute lit-
tle to electroweak symmetry breaking; (b) TC interactions
are responsible for electroweak symmetry breaking, and
ETC interactions generate the hard masses of all quarks
and leptons, except that of the top quarks; (c¢) there exist
top-pions 7% and #° with a decay constant fz ~ 50 GeV.
In this paper we will chose the most frequently studied
TC2-1 model [8]! as the typical TC2 model to estimate
the contributions to the rare K decays in question from
the relatively light unit-charged scalars. It is straightfor-
ward to extend the studies in this paper to other TC2
models.

2.1 TC2-1 model, couplings and mass spectrum

In the TC2-T model [8] the dynamics at the scale ~1TeV
involves the following structure:

SU(3)1 X U(]-)Yl X SU(3)2 X U(l)Yg X SU(Q)L

— SU(3)qep x U(1)em, (1)
where SU(3)1 x U(1)y1 (SU(3)2 x U(1)y2) generally cou-
ples preferentially to the third (first and second) genera-
tion fermions. The breaking (1) typically leaves a resid-
ual global symmetry, SU(3)" x U(1)’, implying a degener-
ate, massive color-octet of coloron (i.e. the top-gluon) V§

! In this paper, we use the term “TC2-I” model to denote
the TC2 model constructed by Hill [8].

(o =1,2,---,8) and a color-singlet heavy Z,. The gluon
A% and coloron V¢ (the SM U(1)y field B, and the U(1)’
field Z), ) are then defined by orthogonal rotations with
mixing angle 6 (6'):

h

hisinf = hocosf = g3, cotf = —1,
ha

qi1sin® = gocos® =gy, coth = ﬂ, (2)
a2

where hy, ha, q1, and g2 are coupling constants of SU(3)y,
SU(3)2, U(1)yy and U()y2, respectively, and g3 (g1) is
the SU(3)c (U(1)y) coupling constant at Apc. In order
to select the correct top-quark direction for condensation,
one usually demands cot >> 1 and cot§’ >> 1.

Both the coloron V and the Z' must be heavier than
1TeV according to the experimental data from the Fermi-
lab Tevatron [17,18]. After integrating out the heavy col-
oron and 7', the effective four-fermion interactions have
the form [19,20]

47
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(3)

where k = (g3/4m)cot? 6 and Ky = (g3 /4m)cot? §’, and
Mg is the mass of coloron V¢ and 7’.

The effective interactions of (3) can be written in terms
of two auxiliary scalar doublets ¢ and ¢2. Their couplings
to quarks are given by [21]

Leg = Al@L(blfR + )\2¥L¢26R5 (4)

where \? = 47(k + 2k1/27) and A3 = 47 (k — k1/27). At
energies below the topcolor scale A ~ 1TeV, the auxiliary
fields acquire kinetic terms, becoming physical degrees of
freedom. The properly renormalized ¢; and ¢o doublets
take the form

P+ == i70
gz)1:<f7r+ﬁ(ht+ )) -

™

and
o+
2=\ L@ +ia) )

where 7% and 70 are the top-pions, H*0 and A° are the
b-pions, hy is the top-Higgs [20], and fz ~ 50 GeV is the
top-pion decay constant.

From (4), the couplings of top-pions to the t- and b-
quark can be written as [8]:

(6)

*

my | .- _ _
—t ittﬁ'o + itRlbLﬁ'Jr + EtLbR’fr—i_ + h.c.
7 my

m

(7)

Here, m{ = (1 —€)m; and mj; ~ 1 GeV denote the masses
of the top and bottom quarks generated by topcolor in-
teractions.
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For the mass of top-pions, the current 1 — o lower mass
bound from the Tevatron data is mz > 150 GeV [15], while
the theoretical expectation is mz =~ (150 — 300 GeV) [8].
For the mass of the b-pions, the current theoretical es-
timation is mpe ~ mzo =~ (100-350) GeV and my =
m%o + 2m? [17]. For the color-singlet m= and color-octet
7r§t, the current theoretical estimations are m,, > 50 GeV
and m,, ~ 200 GeV [22,4]. In this paper we conservatively
consider a little wider mass ranges of new scalars:

mz = (100 ~ 500) GeV,
Mo zo = (150-600) GeV,  my,

mg = (300-1000) GeV,
= (50-100) GeV,

My, = (100-300) GeV. (8)

For fz and €, we use fz = (50-60) GeV and e = (0.03-0.1)
[8,21].

The effectlve Yukawa couplings of ordinary technipions

7 and 7F to fermion pairs can be found in [4,22,23]. The

relevant gauge couplings of unit-charged scalars to the Z°
gauge boson are basically model-independent and can be
written as [4,22]

1—2sin?6
Zrin —igism W( +

(3 7

— !

_ €, 9
2 cos Ow pr)e 9)

_ C1—2sin? 0y _
Z?Tg_aﬂ'&@ : —1gm( t_p )oag - €, (10)
where Oy is the Weinberg angle, pT and p~ are the mo-
menta of relevant scalars, ¢ is the polarization vector
of the Z° gauge boson, and m; denotes the color-singlet

scalars 7%, H* and 7T1i, respectively.

2.2 The square-root ansatz
and experimental constraints

At low energy, potentially large FCNCs arise when the
quark fields are rotated from their weak eigenbasis to their
mass eigenbasis, realized by the matrices Uy, g for the up-
type quarks, and by Dy, g for the down-type quarks. When
we make the replacements, for example,

by, — DPddy, + DPsp, + DPPby,
bR—>D dR-l-D SR+DR bg,

(11)
(12)

the FCNC interactions will be induced. In the TC2-I
model, the corresponding flavor changing effective Yukawa
couplings are

my .. - -
f:c [ 7T (DE trsL + DEdthL)

+HHY(DRtLsr + DRYLdr) + hee.| .

(13)

Although there are many discussions about the mixing
matrices in the TC2 models [8,19,21,24], there exist no
“standard” mixing matrixes currently. In the literature,
authors usually use the “square-root ansatz”: to take the
square root of the standard-model CKM matrix (Voxm =
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U Dy) as an indication of the size of realistic mixings.
It should be denoted that the square-root ansatz must be
modified because of the strong constraints from the data
of B®-B? mixing [21,24].

In the SM, the BY meson mixings occur in second-
order weak interactions. There is evidence for B®-B0 mix-
ing with AMgp, = (3.05+£0.12) x 101 MeV [25], and for
BY-BY mixing, with AMp_ > 6 x 1072 MeV (CL = 95%)
[25].

In TC2 models, the neutral scalars H° and A° can in-

duce a contribution to the BS—ES (¢ = d, s) mass difference
[19,21]

2
7mt

— 12 f2 (5qu]3 FB 5

AMg,
Mg,

(14)

where Mp, is the mass of the B; meson, Fg_ is the B,
meson decay constant, Bp, is the renormalization group

invariant parameter, and dp, ~ |ququ\ For the By me-
son, using the data of AMp, = (3.0540.12) x 10719 MeV
[25] and setting fz = 50 GeV, /Bp,F, = 200 MeV [1],
one has the bound

Spa < 0.76 x 1077 (15)

for mgo < 600GeV. This is an important and strong
bound on the product of mixing elements DP9 . As pointed
n [19], if one naively uses the square-root ansatz for both
Dy, and Dg, the bound (15) is violated by about 2 orders
of magnitude. As shown in [19], the “triangular texture”
of the mixing matrix may provide a natural suppression
of the effect by producing approximately diagonal Dy, or
Dg matrices. This will give d,q &~ 0 and avoids the bound.

Numerically, if we use the square-root ansatz for Dr,
itself and assume that DE?R [Via = a}fR, then the bound
(15) can be written in a new form:

lat] < 1.7 x 1073, (16)

for a{d = 0.5 and mpo < 600GeV. It is obviously a very
strong constraint on Dbd

For the By meson, the available data is only a lower
bound on Amg_ [25]:

AMg_, > 6 x 107 MeV = 19.6AMg, . (17)

But one can get a reliable estimation of AMgp_ from its
relation with AMp,. In the ratio of By and Bgq mass dif-
ferences, many common factors cancel, and we have [25]

Vi - Vis
AMB _AMBdMB | tb tI
d

BBdF2 Vi, - Vial?

= 24.9AMjg,, (18)

where we have used Mp, = 5.279 GeV, Mp, = 5.369 GeV,
and Bp,/Bp, = 1.01 + 0.04 and Fg_/Fg, = 1.15 £ 0.05
from lattice QCD [26]. Using (14) and (18), and assuming
D /Vis = afr, we have

la] < 1.6 x 1073, (19)
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for a{® = 0.5 and mgo < 600GeV. From (17) and (18) we
believe that the true value of AMp_ should be within the
range of (19.6-24.9)AMp,. The inclusion of uncertainties
of the data and input parameters will weaken the above
constraints, but cannot change them greatly. It is thus rea-
sonable to expect that both |a%!| and |a¥| cannot be larger
than 0.01 for af =~ 1/2 (j = d,s) and mg, < 600GeV.
We conservatively use 0.01 as the upper bound on both
a¥ and a¥ afterwards.

In this paper we assume that all elements of Dy, and
Dg are real because we do not study CP violation here.
We will consider the following two typical cases in the
numerical calculation:

— Case A: We assume that ¢ = 0.05 and f7z = 50 GeV,
and we use the square-root ansatz for Dy: a!* = aid =
1/2, but we set aly = als! = 0.01.

— Case B: We assume that ¢ = 0.05 and fz = 50 GeV,
and we use the square-root ansatz for both Dy, and Dg:
ay = 1/2,]ag | =1/2 (j= ds).

Case A is consistent with the constraints from the data
of B)-BY (¢ = d,s) mixing. For Case B, it violates the
constraints (16) and (19). We still consider Case B here
in order to see what will happen if we use the popular
square-root ansatz for both Dy, and Dg.

In this paper, we fix the following relevant parameters
[1,25] and use them as the standard input (SIP):

My = 80.41GeV; e = 1/129;
sin? 0w = 0.23;  me = TMe
(me) =1.35GeV, my=m; (m) =170GeV,
e =1.3GeV, puy =170GeV,

@ _ ®) _
AL =0.325GeV,  ALL =0.225GeV,
A=084, A=022 p=0, n=0.36 (20

where the A, A\, p and 7 are Wolfenstein parameters at the
leading order. For as(p) we use the two-loop expression
as given in the second paper of [1].

3 Rare K decays and new physics effects

In this paper we use the “penguin box expansion” (PBE)
approach [27]. One important advantage of this PBE ap-
proach is that the rare K decays in question depend only
on one or two basic, universal, process-independent func-
tions. At next-to-leading order (NLO), such functions are
X (z¢) and X}, for decays KT — 77w and Ky, — 707,
and Y (z¢) and Yyi, for the short-distance part of the decay
Ky, — pTp~. The functions X (z4) and Y (x4) describe the
dominant m-dependent contributions, while the functions
XIZ\IL and Yy, describe the my-independent contributions
stemming from internal quarks other than the top quark
(usually known as the charm part).

3.1 Rare K decays in the SM

In the SM, the rare K decays KT — ntvw, Ky, — 70w
and the short-distance part of K;, — ptp~ have been

studied in great detail and were summarized for instance
in a new review paper [1]. At the leading order (LO), the
contributions to the rare K decays from Z° penguin and W
box diagrams are controlled by the functions Cy(z;) and
By(x;) (i = u,c,t), which were evaluated long time ago by
Inami and Lim [28]. In recent years, the NLO corrections
have been calculated systematically by many authors [1].
The great progress in both the theoretical and experimen-
tal investigations enable us now to study the new physics
effects on the rare K decays.

At the NLO level, the effective Hamiltonian for KT —
atuw, Ky, — 7% and (Ky, — putp~)sp can be written
as [1]

aemGF
227 sin? Oy
XY X (@) + AXK ] Bd)voa@m)v-a, (21)

I=c,u,7

Heg(KT — 77vw) =

aemGF
2+/27 sin? Ow
XA X (2¢)(8d)v—a(Pv)y—a + hc.,
Gr
Hogr (Kp, — +,,— — __ G®embF
H(( L nop )SD) 2\/§7T Sil’l2 0W
X (MY (z4) + AcYNL] (8d)v—a(fp)v—a + hec,

Hea(Kp — 7000) =

(22)

(23)

where aep, is the electromagnetic fine-structure constant,
Gr = 1.16639 x 107° GeV~2 is the Fermi coupling con-
stant, and A\; = V;iViq and V;; (i = u,c,t;j = d,s,b) are
the elements of the CKM mixing matrix in the SM. The
functions X (z1), Y (z¢), Xk, and Yxy, are

X(w¢) = Co(x¢) — ABo(a) + Zi;xl(xty (24)
Y (2t) = Co(xt) — Bo(wt) + j—;iﬁ(xt), (25)
Xk, = Cnw — 4BY2, (26)
YnL = OnL — Bﬁﬁﬂ’ (27)

where the functions Cy(zt) and By(xt) are leading top-
quark contributions through the Z° penguin and W box
diagrams, respectively, Xi(xt) and Y;(zt) are NLO QCD
corrections, Cyy, is the Z° penguin part in the charm sec-
tor, and finally the functions BI{I/LQ and Bgﬁ/ % are the W
box contributions in the charm sector, relevant for the
case of final state neutrinos (leptons) with weak isospin
T5 =1/2 (—1/2), respectively.

Using the effective Hamiltonians (21) and (22), and
summing over the three neutrino flavors we arrive at [1]

BK* = ntum) = Ky - Klmtxm))? + (RGAC Py(X)

AP A
Re)\tX 2
+ AE’ ( t) ) (28)
o Im, ?
B(Ky, — 7'vi) = Ky, G X(we) ) (29)
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Fig. 1. The new Z° penguin and box diagrams induced by
the internal exchanges of the unit-charged scalars nf, nf, 7F
and H*. The dashed lines are scalars and the u; stands for the

up-type quarks (u,c,t)

where k; = 4.11 x 107! and k1, = 1.80 x 10710 as given
in [1].
For the short-distance part of Ky, — u*u~, we have

Re).
A

B(Kr — " )sp = Ky - [ SPy(Y)

Re) 2
+ )\5 ¢ Y(xt):| )

(30)

where r, = 1.68 x 1072 [1]. The functions Py(X) and
Py(Y) in (28) and (30) describe the contributions from
the charm sector and have been defined in [1]:

1
by [BXNL + 3XNL:|

YNL
B

Po(X) = (31)

Po(Y) = (32)

The explicit expressions for the functions Cpy(xy),
Bo(xt), X1(zy), Yi(2t), Cnr, B NL % and BNL/ can be found
for instance in [1]. For the convenience of the reader, we
present these functions in Appendix A.

3.2 New Z° penguin contributions in the TC2-1 model

For the rare K decays under consideration, the new physics
will manifest itself by modifying the functions X (zy) and
Y (z), as well as the functions Xyp, and Yy, in effective
Hamiltonians (21), (22), and (23).

The new one-loop diagrams can be obtained from the
diagrams in the SM by replacing the internal W+ lines
with the unit- charged scalar lines, as shown in Fig. 1. The
color-octet 7r8 does not couple to the [v lepton pairs, and
therefore is not present in the box diagrams. Regarding
the color-singlet scalars, they do couple to [v pairs through
box diagrams, but the relevant couplings are strongly sup-
pressed by the lightness of m;. Consequently, we can safely
neglect the tiny contributions from those scalars through
the box diagrams.
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In [4], we evaluated the new one-loop Z° penguin and
W box diagrams for the induced dSZ cou fhngb due to the
exchange of unit-charged technipions 77~ and 78 in the
multiscale walking technicolor model [14] In this paper
we use the same method and follow the same procedure
to evaluate the one—loop diagrams induced by top-pions
7% and b-pions H*

We will use dlmensional regularization to regulate all
the ultraviolet divergences in the virtual loop corrections
and adopt the MS renormalization scheme. It is easy to
show that all ultraviolet divergences are canceled for
scalars 7%, HE, 7r1i and 7r§t, respectively, and therefore
the total sum is finite.

By analytical evaluations of the Feynman diagrams,
we find the effective dSZ vertex induced by the charged
top-pion exchange,

I 1

12, = 1622 cos by Z ASLyudiCo(§s),  (33)
J
with
ts* ,td 2~
R
(=1 — 3¢ + 2sin® (1 + ;)
T1(&;) =
() { 8(1-¢)
€2 cos? O
‘W " @1 = )

where \; = V:Viq, & = mi2/m2 with m{ = (1 — €)my,
& = m?/m% for j=c,u.
For the case of unit—charged b-pion HE, we have

11 1

e = 167 coni ZA suyudrCo(ny)s  (36)
with
Colns) = aﬁ*atﬁim%
N R 2Ge M2,
y [ i (=141 + 2sin® Ow (1 + 1))
8(1 =)
2
nj sin 2 Oy
Sz ml| (37)
21— )2 J]]
where 7, = m;‘Q/m%, n; = m?/ml%I for j = c,u.

For the case of technipions 7r1i and Wét , we have

1
1 _ }
Iz, = 1672 cos 09w A Co () (%)
1
v _ E
Iz, = 1672 cos 9w ASEudColz). (39
with
m;
Coly;) = , - T1(y;), (40)

3V2F2Gr ME,
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8m?2
CQ(Zj) = g

—— T8 . T1(z;),
3V2F2Gy M2, (1)

(41)

where yy = m7; /m2, and zy = md /m2_ with my = emy,

and y; = m3/m2 and z; = m3/m2_ for j =u,c.

The new Cj functions in (34), (37), (40), and (41) are
just the same kind of functions as the I'z in (2.7) of [28] or
the Co(z;) in (2.18) of the first paper in [1]. Each new Cy
function describes the contribution to the dsZ vertex from
the corresponding scalar. In the numerical calculations we
will include the new contributions to the rare K decays by
simply adding the new Cj functions with their standard-
model counterpart Co(x;).

In the above calculations, we used the unitary relation
> jmwe.t A;j - const. = 0 wherever possible, and neglected
the masses for all external quark lines. We also used the
functions (By, B,,, Co, Cy, Cp.y) whenever needed to make
the integrations, and the explicit forms of these compli-
cated functions can be found, for instance, in Appendix A
of [29].

When the new contributions from charged scalars are
included, the functions X (zy), Y (x1), Po(X), and Py(Y)
appearing in (28), (29), and (30) should be modified as
follows:

Kiot = X (my) + XNV, (42)
Yiet = Y () + XNV, (43)
Po(X)ior = Po(X) + Py, (44)
Po(Y)iotr = Po(Y) + P, (45)
with
XN = Co(&) + Co(me) + Co(ye) + Co(zt),  (46)
1 B ~

Py = 5l [CNL(Wi) + Cn(HE) 4 Oxi(7y)

+ On(nd)] (47)

where the function XNV describes the correction from
the dominant top-quark part, while the function Pive¥
corresponds to the charm part. The new charm part is
numerically very small: no more than 2% of the total
new contribution. For the convenience of the reader, we
present the explicit expressions of functions Cny,(7;) (m; =
7+ HE, 71'%, 7T§E) in Appendix B.
In the SM, by using the SIP we have

X (zy) = 1.537,
Po(X) = 0.412,

Y (2) = 1.032,

Py(Y) = 0.155. (48)

For Case A, by using the SIP (20) and assuming mz =
100 GeV and mp = 300 GeV, we have

X (&) = 2.258,
X(nt) =—-7x 1074,

PYev (7%) = —0.0146,
| PNev (H*)] < 1076,

(49)
(50)

Here it is easy to see that X (n;) and PN¥ (HE) are clearly
much smaller than X (&;) and Pe¥(7¥). We therefore ne-

glect the contribution from the b-pions HE in Case A.

For Case B, by using the SIP (20) and assuming mz =
100 GeV and mp = 300 GeV, we have

PYev(7%) = —0.0146,
PNV (H*E) = +0.146,

X(&) = 2.258,
X(n;) = £1.746,

(51)
(52)

where the sign of X (1) and PNV (H*) will be determined
by the sign of af*afd. Both X (1) and PNV (HF) will
be positive (negative) when the product a*ald is nega-
tive (positive). In the following, we use the term Case B1
and Case B2 to denote the case of assuming a*ald =
1/4,—1/4, respectively. For Case B1 (Case B2), the new
contributions from #* and H* will cancel (enhance) each
other.

In TC2 models, the new contribution to the rare K
decays from ordinary technipions is strongly suppressed
by a factor of (efz/Fy)? ~ 1073 for F, ~ 123 GeV and
€ ~ 0.05, when compared with that from the top-pions.
Numerically, less than 5% of the total new contribution
is due to 7" and 7F. We therefore use the fixed values
of my, = 50GeV and m,, = 100GeV in the following
numerical calculations. For heavier technipions, their con-
tributions will become even smaller.

In the multiscale walking technicolor model [4], on the
contrary, the enhancements to the rare K decays due to
7F and wF can be as large as 2 ~ 3 orders of magnitude.
The major reason is the big difference in how to generate
a large top-quark mass in different models, which in turn
result in very different effective Yukawa couplings. In the
TC2 models, 71'?: and 7T§: couple to the top quark with
strength em/F, = 0.1, which is much smaller than the
coupling in the MWTCM: m/Fq ~ 4 for Fq ~ 40 GeV
[4]. And finally the technipions 7i° and 75 contribute to
the rare K decays very differently in the MWTCM and
the TC2 models.

Figure 2a and Fig. 2b show the X functions for Case
A and Case B, respectively. The short-dashed line is the
standard-model prediction X (x) = 1.537. In Fig. 2a, the
long-dashed curve shows the function X (&) and the solid
curve corresponds to the function Xio¢. The positive X (&)
greatly enhances the X (z;) for light #%. In Fig. 2b, the
dotted and solid curve show the function X for Case Bl
and Case B2, respectively.

Within the range of ¢ = 0.03 ~ 0.1, the X functions
basically remain unchanged. For fz = 60 GeV, the func-
tions X (&) and X (1) will be decreased by a factor of
(5/6)2.

In the following two sections we will present the nu-
merical results for the branching ratios B(K+* — ntwvi),
B(Ky, — 7vp) and B(Ky, — ptpu~)sp with the inclu-
sion of new physics effects and compare the theoretical
predictions with the data that are currently available.

4 Rare decays KT — ntvv and Ky, — nvp
4.1 The decay KT — ntuvw

The rare decay K* — 777 is theoretically very clean and
the long-distance contributions were known to be negligi-
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ble [1]. When the new contributions from scalars are in-
cluded, one finds

+ 4+ Im)\t 2
B(K"™ = 7n7vD) = ky - G Xiot
ReA Re) 2
+ < X < Po(X)tot + )étXtot) ] ; (53)
where xy = 4.11 x 107! [1], the functions X, and

Py(X)tot are given in (42) and (44).
Using the SIP (20), and assuming mz
and mpg = 300 GeV, we have

(100-500) GeV

B(K" — ntvp) =

9.39 x 10-11 in SM,

(3.92-0.89) x 10719 in Case A, (54)
(1.950.13) x 10719 in Case B1,
(6.59-2.34) x 10719 in Case B2.

On the experimental side, the first event for K+ —
777 has been recently observed by the BNL787 collabo-
ration [6], giving

B(K' = 7T00)exp = 4.2737 x 1071, (55)
in the ball park of the SM expectations. Further data al-
ready collected are expected to increase the sensitivity by
more than a factor of 2, and there are plans to collect data
representing a further large increase in sensitivity.

Figure 3a and Fig. 3b show the ms dependence of
B(KT — 7twvp) in Case A and Case B, respectively. In
Fig. 3, the horizontal band between two solid lines cor-
responds to the data (55), while the short-dashed line is
the standard-model prediction. The solid curve in Fig. 3a
shows the branching ratio B(K™ — 7ntvv) when the new
contributions are included. In Fig. 3b, the lower (upper)
solid and short-dashed curve are the branching ratios
B(K™ — ntwvp) in Case Bl (Case B2) for my = 300
and 1000 GeV, respectively.

From Fig. 3b, an upper bound on ms can be read out:
mz < 285 GeV for mpy < 1000 GeV in Case B1. This upper
bound will be weakened by about 50 GeV if we consider
uncertainties of other parameters.

From Fig. 3 one can see that the theoretical predic-
tions for the branching ratio B(K* — 7 tvv) in the TC2-1

the mass mz in the T'C2-I model. See

M 3 (GeV] the text for more details

model are now in good agreement with the data (55) for
all three cases. The uncertainty of the data is still large.
Further improvement of the data will be very helpful to
constrain the TC2 models from this decay mode.

4.2 The decay Ky, — 7%

In the SM, the rare decay Ky, — 7’7 is completely domi-
nated by short-distance loop effects with the top-quark ex-
changes, and there are no theoretical uncertainties due to
Me, fic and Agrg present in the decay KT — ntvw. Conse-
quently this decay mode is even cleaner than K™ — 7w tvw
and is very well suited for the probe of new physics if the
experimental data can reach the required sensitivity.

When the new contributions from scalars are included,
the branching ratio will be

where k1, = 1.80 x 10719 [1]; the function X is given in
(42).

Using the SIP (20) and assuming m#
and mp = 300 GeV, we have

(100-500) GeV

B(Ky, — 7vp) =

2.74 x 10~ 11 in SM,

(1.67-0.28) x 10710 for Case A, (57)
(0.75-0.01) x 10710 for Case B,
(2.95-0.91) x 10710 for Case B2.

On the experimental side, the KTeV group has recently
quoted a preliminary result [30]

B(Ky — nvp) <1.8 x 107, 90% CL, (58)
and the same group aims at reaching a single event sensi-
tivity of 3 x 1079 in 1999 [31]. The CLOE experiment in
DA®NE can also reach a sensitivity of 10~ in the next
few years [32]

Figure 4 shows the mz dependence of B(Ky, — 7lvi)
in all three cases. The short-dashed line is the standard-
model prediction. The middle solid curve is the branching
ratio in Case A, while the lower (upper) two curves are
the branching ratios in Case B1 (Case B2) for my = 300
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Fig. 3. The branching ratio B(K™ —
7tvp) in the TC2-1 model as a func-
tion of msz for Case A and Case B.
The short-dashed line is the SM predic-
tion, while the horizontal band shows
the data (55). The solid curve in a is

the branching ratio in Case A, while
the lower (upper) two curves in b show

58
—~ T —~ F
= (30) = p o)
(@] (@]
5102 L Data o0 |
) ~—~
1N 1N
A A
+ Cq +
2 Se~4 2
T T
1
+ 100 ;_S_'Vl _____________________ + 10
X X
~—~ N~~~
m m
100 200 300 400 500 100 200
Mz (GeV)
25

~—~

T

o 20

N

N

Ia 15

A

o

k10

A

|

2 5

X

N

(an]

0

Fig. 4. The branching ratio B(Ki, — 7°vp) in the TC2-I
model as functions of msz. The short-dashed line is the SM
prediction. The long-dashed curve is the ratio in Case A, while
the lower (upper) two curves show the ratios in Case B1 (Case
B2) for mg = 300 and 1000 GeV, respectively

and 1000 GeV, respectively. The enhancement can be as
large as one order of magnitude for Case B2.

Although the current bound (58) is still about four or-
ders of magnitude above the theoretical expectation after
including the contributions from new scalars, it is possi-
ble to measure this gold-plated decay mode with enough
sensitivity to probe the effects of new physics in next few
years. Sensitivities around 107! are the goal of three ded-
icated experiments which have been recently proposed [31,
33,34]. A recent proposal [33], for example, aims to make
a ~15% measurement of B(Ky, — 7'vi).

5 The decay Ky, — ptpu~

The rare decay Ky, — ptp~ is a potentially important
channel to study the weak interaction within the SM, as
well as possible effects of new physics. This decay pro-
ceeds through two different mechanisms: a dominant long-
distance (LD) part from the two-photon intermediate state
and a short-distance (SD) part, which in the SM arises
from one-loop Z° penguin and W box diagrams involving
gauge bosons. Since the short-distance part is sensitive to
the presence of a virtual top quark and other new heavy
particles predicted by many new physics models?, it offers
a window into new physics phenomena.

2 In TC2 models, for example, the virtual unit-charged
scalars will appear in the Z° penguin diagrams as shown in

300 400 500

the ratios in Case Bl (Case B2) for
Mz (GeV)

myg = 300 and 1000 GeV, respectively

For the decay Ky, — p™p~, the full branching ratio
can be written generally as follows [35]:

am, \ 2
B(Ky = ptp™) = 26B(Kr = vy) (wMi)
X (Re[A]Q‘ + Im[A]Q) ,

Re[A] = Agp + Arp,

where 3 = /1 —4mZ /MZ, Im[A] denote the absorptive

contribution arising from a two-photon intermediate state,
and finally Asp and App represent the short- and long-
distance dispersive contribution, respectively.
In the SM, the short-distance part of B(Ky, — putu™)
is [1]
B(Ky, — p " )sp = (1.23+£0.57) x 1079, (61)
where the error is dominated by the uncertainty of |Ve|.

Using the measured branching ratio of B(Ky, — ~v) =
(5.92 £ 0.12) x 10~* [25], one gets

B(Ky, — p i )aps = (7.07£0.18) x 107°,  (62)
which is very close to the measured rate [7,25]
B(Ky, — ptp™) = (7.240.5) x 1077, (63)

It is easy to see that the rate B(Ky, — ptu™) is al-
most saturated by the absorptive contribution, leaving
only small room for the coherent sum of the long- and
short-distance dispersive contribution,

B(Ky, — ptp )PP = (0.1 £0.5) x 107°.

(64)
Therefore, the magnitude of the total real part Re[A] must
be relatively small compared with the absorptive part?.
Such a small total dispersive amplitude can be realized
either when the Asp and Ay p parts are both small or by
partial cancellation between these two parts.

In [35], the authors estimated the dispersive two-
photon contribution to the decays P — [T~ (P = 70,

Fig. 1, and thus provide new contributions to the rare K de-
cays.

3 The data constrains only the size of Re[A], and thus leaves
an ambiguity for the sign of Re[A4].
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7,Kp, and | = e, ) in the framework of the chiral per-
turbation theory and large-N¢ considerations and found

that
21— 1., -1
@1 [1+6]+HL22L6’+1}

r } (M) (65)

Re[A(P = 1T17)] =

— 431
+125+ n

_ ) 3205,

2.9090 -

where M, = 0.77 GeV is the mass of p meson, and x(M),)
= 55708 o is the local contribution determined by fitting
the measured ratio B(n — putp~) = (5.84£0.8) x 107° [25].
The relative sign between the short- and long-distance dis-
persive amplitude in (66) is fixed by the known positive
sign of gg in the large-N. limit [36]. From the measured
branching ratios of n — ptu~ and K, — puTu~ decays,

constraints on the short-distance part Asp of the decay
Ky, — ptp~ were derived [35]:

A {2.2%:%, for Re[A] > 0,
SD =

5,

for n — prpu,
Asp, for Ky, — puTp—,

3.6 £ 1.2, for Re[4] < 0 (66)

The first bound is in good agreement with the standard-
model expectation ASM = 1.8 4 0.6 [35], while the sec-
ond bound shows a discrepancy of about 1.4c with the
SM expectation. However, the errors of above two bounds
could be reduced by improving the measurements of the
branching ratio n — utu~ and Ky, — pp~. From (66)
and (66), one can see that the short- and long-distance
dispersive contributions are comparable in size but can-
cel each other strongly. The above bounds on Agp can
be translated into the constraints on B(Ky, — u™p™)sp
directly,

B(Ky, = p 7 )sp = (67)
(0.2-2.8) x 1079, (Bound 1: for Re[A] > 0),
(1.5-6.0) x 1079, (Bound 2: for Re[A] <0).

Obviously, the bounds are still relatively weak because of
the sign ambiguity of Re[A].

In the SM, the branching ratio B(Ky, — ptu™)sp is
known at the NLO level [1], as given in (61). By comparing
the above bounds on B(Ky, — p+u™)sp with the theoret-
ical predictions after including new physics contributions,
one may find useful information on TC2 models.

When the new contributions from scalars in TC2-I
model are included, we have

Re)
A

B(KL = 11" 1 )sp = ki - { Po(Y o
Re/\t

2
N
where £, = 1.68% 1072 [1], the functions Y;o; and Py(Y )tot

are given in (43) and (45). Using the SIP (20) and assum-
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ing mz = (100-500) GeV and my = 600 GeV, one gets

B(Kp — p i )sp =
1.25 x 1079 in SM,
(9.18-1.13) x 107 for Case A,
(4.57-0.03) x 10~ for Case B1,
(15.36-3.81) x 1079 for Case B2.

(69)

The enhancement can reach one order of magnitude.

Figure 5a shows the branching ratio B(Ky, — pu+ ™ )sp
versus the mass msz for Case A and Case B1. The short-
dashed line is the SM prediction, while the horizontal
band here corresponds to Bound 1. The upper solid curve
in Fig. 5a shows the branching ratio B(Ky, — u™u™)sp
in Case A, and a lower bound mz > 280GeV can be
read out. The lower three curves in Fig. 5a are the ratios
B(Ki, — ptp™)sp in Case Bl for my = 300,600 and
1000 GeV, respectively.

Figure 5b shows the same as Fig. 5a, but the horizontal
band here stands for Bound 2. For Case A, the theoretical
prediction is consistent with the bound, while Bound 2
prefers light top-pions for Case Bl: mz < 230GeV for
mg < 1000 GeV.

Figure 6a and Fig. 6b show the same as Fig. ba and
Fig. 5b but for Case B2 instead. The upper three curves
in Figs. 6a and 6b are the ratios B(Ky, — pu™u™)sp in
Case B2 for my = 300,600 and 1000 GeV, respectively.
Case B2 is completely excluded if Re[A] > 0, but is still
allowed if Re[A] < 0 and mz > 270 GeV.

For the decay Ky, — utu™, there is a strong cancella-
tion between the short- and long-distance dispersive parts.
For Case A, the enhancement to B(Ky, — ptu™)sp can
reach a factor of 8 for light top-pions. For Case B1 (Case
B2), the new contributions from top-pions and b-pions will
cancel (enhance) each other, and the resultant enhance-
ment can reach a factor of 4 (12) for light top-pions.

6 Conclusion and discussions

In this paper we calculated the new contributions to the
rare FCNC K decays Kt — 7tvy, Ki, — n%7 and
Ky, — putp~ from the new Z° penguin and box diagrams
induced by the umt chari ed top-pions 7%, b-pions H*,
and technipions 771 and 75~ appearing in the TC2 models
We choose the TC2-I model proposed by Hill [8] as the
typical TC2 model to do the analytical and numerical cal-
culations. It is beyond the scope of this paper to consider
the detailed differences between TC2 models.

From the analytical evaluations of the one-loop Feyn-
man diagrams, we extract the new functions Cy(m;) and
Onw(mi) (mi = 7%, 0%, 7, 7f) which describe the new Z°
penguin contrlbutlons due to unit-charged scalars, com-
bine the new functions with their standard-model counter-
parts and use them directly in the calculation of branching
ratios. The m¢-dependent term XNV in (46) dominates
over the m¢-independent term PV in (47).

The mixing matrixes Dy, and Dy also play an impor-
tant role for the characteristics and magnitudes of the new
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contributions, but unfortunately these new mixing matri-
ces are really the most undetermined part of the TC2 mod-
els. Thanks to the accurate experimental measurement of
B%-B° mixing, we got some strong constraints (16) and
(19) on the relevant mixing factors. Case A is allowed by
the constraints (16) and (19), while Case B1 and Case
B2 are also considered for the purpose of comparison and
illustration.

For the decay K¥ — 7Tvw, the enhancement to the
ratio B(Kt — 7twvi) can reach a factor of 2 ~ 7. The
theoretical predictions in the TC2-1 model generally agree
well with the data (55) for all three cases. Of course, the
uncertainty of the data is still very large and further im-
provement of the data will be very helpful to test or con-
strain the TC2 models from this decay mode.

The decay K; — 7%% is the cleanest decay mode
among the three decay modes in question. The enhance-
ment to the branching ratio B(Ky — 7%v) due to the
top-pions and b-pion can be as large as one order of mag-
nitude. But the central problem for this decay mode is
the very low sensitivity of the available data, which is
about four orders of magnitude above the theoretical ex-
pectation. Further improvements of the data will be very
essential to find the signals of new physics through this
decay mode.

For the decay K;, — wutu~, the situation becomes
more complicated because of the involvement of the long-
distance contributions. After including the additional
short-distance part from new physics, the theoretical pre-
dictions are still consistent with the data for Case A and
Case B1. Case B2, however, is disfavored by the data. The
major obstacles in extracting strong constraints on Asp
out of the decay Ky, — pTp~ is the large uncertainty of
Arp, the sign ambiguity of Re[A] as well as the strong can-
cellation between the short- and long-distance dispersive

parts. Therefore improvements in theoretical predictions
and the experimental data will be very essential for us to
test the new physics effects through this decay mode.

In summary, the unit-charged scalars appearing in
TC2 models can provide sizable new contributions to the
rare K decays KT — nTvw, Ky, — 70w and Ky, — ptp~
through Z° penguin diagrams. The accurate data of B%—
B? mixing lead to strong constraints on the size of ng
and DE{S if we use the square-root ansatz for the Dy,. Some
simple but interesting lower or upper bounds on ms are
obtained by comparing the theoretical predictions with
the relevant data. The TC2-I model is, in general, still
consistent with the available data of the rare K decays in
question. Further improvement of the data and the the-
oretical predictions will be very helpful to constrain the
TC2 models from the rare K decays.

Acknowledgements. This work is supported in part by the Na-
tional Natural Science Foundation of China under Grant No.
19575015, and by the Outstanding Young Teacher Foundation
of the Education Ministry of China, as well as by the funds
from Henan Science and Technology Committee.

Appendix A

In this Appendix, we present the explicit expressions for
the functions By(zt), Co(zt), X1(xt), and Yi(ay). The
functions of Cy(z¢) and By(zt) govern the leading top-
quark contributions through the Z° penguin and W box
diagrams in the SM, while the functions X (x) and Y7 ()
describe the NLO QCD corrections:

1 Tt xy Infzy)
41—z (zg—1)2]

By(xy) = (A1)
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Tt $t—6 3$t+2

Co(xy) = Sl T w1 Infxe] | , (A2)
Xy(ar) = - 23x; (+1 Eixi>24:c§ @y — 1(11x§ Zj?? I ]
8xy + 4w + 2 — at %]
2(1 — )3
_HLQO 2+ 8xta);°7x(:“) Infz,),  (A3)
Y () = _4a:t?::11€ia:i—)l—24xf
S ﬁ) xg;)ﬁg mLAN
Eun
—MLQG — ) + 8wy 8YO£ft) In[z,,], (A4)

where xy = mZ/m;, x,, = p? /M3 with u = O(m;) and

Lo(1—2) = /lw ay 2

— (45)

For the charm sector in the SM, the Cyr, is the Z° pen-

guin part and the Bij/LQ (Blgﬁ/Q) is the box contribution,

relevant for the case of final state leptons with 75 = 1/2
(T5 = —1/2):

(M) oa/95 [ (48 24 696
-y K.+ Sk 222K
Ot = =57 Ke 78t 77 k83

At 15212

(AT 2120 gy
as(p) 1875

2

" 1176244

11—t ) (16K, —8K_) — ——==

+< nm2>(6 + 8K = s K

2302
6875

56248 81448
K ( 1375 1+ T Gs7p

3529184
48125

4563698
K-+ e K33>] , (A6)

as(Mw) _ as (i)
as(p) Re

as(m)
K_ = K712/25’ K33 — K71/25

K33

where
K =

b

K+ —_ K6/25,

and

(A7)

15212

4

—_— (1 -K!
: (%(u)* g7 (e ))

I rlnr

15212
625

15581
K, 4 158 KKQ],

(A8)

—1/2 x(m)
By = TK§4/25 {3(1 — K>)
Ar 15212
iy S ot

: (asw) e ))
2
42329 15212 30581

B A it K KK, | (A9

noE T o T gas Kot g K| (A9)

Here Ky = K33, m = me, p = O(me), z(m) = m2 /Mg,
r =mi/mZ(u) and my; is the lepton mass.

Appendix B

For the dominant top sector in the TC2-I model, the
Co(m;) (m; = #+, HE, nif 7f) functions have been given
in (34)~(37).

For the charm sector in the TC2-I model, the Cny,(m;)
(m; = 7%, HE, 7T1i, Trét) functions take the form

m2 48 24 696
ONL(Wi) = aimTKC24/25 |:(K+ + 7K_ — Kgg)

2 7 11 7
Ar 15212 _ 12
——(1-K1! 1—In—
(g o 0=k + (1)
1176244 2302
16K, —8K_) — — K_
< (16K )~ 3125 K+ s
3529184 56248
P K + K, [ 220
T agros s A ( 4375 1
81448 4563698
o PP K Bl
6875 144375 33)} ’ (B1)
with
Kc _ as(u) 7 Km; _ as(mﬂ'i)’ K+ _ (Kﬂi)6/25’
as(me) as(p)
K_ = (Kﬂi)712/257 K33 = (Kﬂi)71/25
uw=0(me). (B2)
For top-pion #% and b-pion H* we have
ay = ais*aid K= ozs(’n”b‘,})7
64v/2f2Gy o ()
ts* ,td ~
. )
8V2f2G o ()
For ordinary technipions 7r1i and wgt we have
1 as(my,)
ag = —/—————, o= TN
96v2F2Gp 1 ars ()
1 s (Mg )
ag=—— K =T B4
YT BRI GE T as() (B
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