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Flavor changing Z°-decays are analyzed within the standard model with two Higgs doublets.
Taking into account constraints from the K°-K° D?-D° and B°-B° systems we obtain the
maximal branching ratios for heavy-light quark—antiquark final states: BR(Z — c,t5) < 5 X 107¢
and BR(Z — b5, bs) <2 x 1076

1. Introduction

Today the standard model [1] of strong and electroweak interactions of Glashow,
Weinberg and Salam (GWS) describes all known phenomena in elementary particle
physics very well, but it will have to pass a lot of precision tests in future
experiments at LEP and HERA. There is still an open question in this model: the
nature of spontaneous breaking of the weak gauge symmetry. Experimentally,
almost nothing is known about the Higgs sector. While the single neutral Higgs
scalar in the GWS model is yet to be found, there is some speculation, whether the
Higgs sector is to be enlarged or even replaced by a whole spectrum of dynamically
generated states due to an additional strong interaction. At a less dramatic level
there are some currently interesting models, which involve at least two Higgs
doublets, such as left—right symmetric gauge theories, supersymmetric versions of
the standard model or the Peccei—Quinn model.

In a model with two Higgs doublets there occurs besides two additional neutral
scalars one charged Higgs scalar in the physical spectrum. Related to this charged
Higgs boson is the appearance of the additional parameter v, /v,, which is the ratio
of the vacuum expectation values (VEV’s) of the two doublets. It enters the Yukawa
couplings and can enhance the effect of the charged Higgs boson in various physical
processes.

In particular rare processes are very interesting, because they often provide a
window to particles which are too heavy to be produced directly. I will consider two
neutral flavor changing processes. They are rare due to the GIM mechanism [2],
which ensures that in the GWS model flavor changing neutral currents (FCNC) are
naturally absent at tree level and suppressed even at one-loop level. This is also true
for the standard model with two Higgs doublets, which is considered here.
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In sect. 2 experimental data on the neutral meson mixing in the K°-K° B°-B°
and D°-D? systems are used to obtain bounds on the parameter v, /v,.

In sect. 3 the contributions of charged Higgs bosons to flavor changing Z°-decays
into a heavy-light quark—antiquark final state Z — bs and Z — tc are calculated.
Using the bounds from sect. 2 the maximal branching ratios for these processes
within a two Higgs doublet model are obtained.

A heavy-light final state will give the highest decay rate and have the clearest
experimental signature, namely one fat, heavy jet opposite to a thin, light one or two
jets and a hard lepton, if the heavy quark decays further semileptonically. The decay
Z — t¢ is an opportunity to produce a single t-quark with m, <m, <2m,, which
cannot be pair-produced.

Branching ratios for flavor changing Z°-decays within the GWS model are much
too small to be observed in the near future. For example the ratio for Z — tc is at
most 10 1% [3]. But they can in principle be substantially enhanced in extensions of
the GWS model. So it is important to look for these decay modes at LEP, where one
expects a large number of Z-bosons, about 107, per year. In this paper I will
compute the maximal enhancement which can be achieved in an extension of the
GWS model with a second Higgs doublet.

2. Bounds on v, /v,

2.1. YUKAWA COUPLINGS

In the GWS model the Yukawa couplings of the neutral Higgs bosons are flavor
diagonal, because the Yukawa coupling matrices are proportional to the fermion
mass matrices (they differ only by a factor v, the VEV of the Higgs field) and are
diagonalized together with the last ones. This is no longer true for the two Higgs
doublet model, but there are several possibilities to avoid FCNC (which are very
small in nature) at tree level. A natural way to achieve this is to introduce an
additional discrete symmetry, for example

0,0 —-9,, Ug € —up

which makes the two Higgs doublets distinguishable and ensures that one Higgs
doublet, ®,, couples only to the right-handed up-quarks uy and the other one, @,,
only to the right-handed down-quarks [4]. By diagonalizing the fermion mass
matrices and the Higgs mass matrix in the usual way one obtains [5] the Yukawa
couplings of the physical charged Higgs field H™ to the quark fields:

d
B Em | TG a2 5Py 4 e he. (20)
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up = Pru = 3(1 + v5)u is the Dirac spinor for the right-handed up-quarks, d; the
left-handed down-quarks, r,s=1,2,3 are the family indices. Vi, 1is the
Kobayashi—Maskawa (KM) matrix for which the following parametrization will be
used [6]:

Vaa Vs Vo ! RSS! 5153
_ i i8
V|V Voo Vool|=1]5C 10263525387 165855+ 55658 (2.2)
i is
Va Ve Ve 5157 15303 T 08387 (15,53~ €65 ¢

with s, =sin#,, ¢;=cos8,. For simplicity one can replace ¢, and c; by one. The
couplings (2.1) have the structure required by supersymmetry [5] and the
Peccei—Quinn model [7] and will be used throughout this paper, if nothing else is
said.

Another way is to couple only one Higgs doublet to the quark fields as in the
GWS model and let the other one be without Yukawa couplings to the quarks. In
this model one finds the following couplings of the physical H*-boson:

g .| miv_ m{ v,

Lok g+= 7—2_H - U—zuRrVKMrdes - e, U_zaLrVKMrsts +he. (2.3)

In both cases the new parameter v,/v,, the ratio of the VEV’s of the two Higgs
doublets, can enhance or suppress the strength of the Yukawa couplings.

2.2. NEUTRAL MESON MIXING

In pure QCD the two neutral meson states |B°) and |B°) do not mix and are
degenerate in mass. But if the weak interactions are turned on, they interact for
example via the famous Gaillard—Lee box diagram [8] (fig. 1). The internal quarks i
and j are the up-quarks u,c,t. Diagonalization of the effective weak hamiltonian
describing this mixing leads to a mass splitting Am} " and to eigenstates |B, ,),
whose deviation from the CP eigenstates |B°) + |§°) can be parametrized by the
CP violation parameter ey " [9]. The index WW means that this contribution
results from the exchange of two W-bosons. “Long-distance” contributions are
usually neglected. In the two Higgs doublet model there are the additional contribu-
tions in fig. 2, where one or both W-bosons are replaced by charged Higgs bosons.

o
=
s
ja N

Fig. 1. B-meson mixing in the GWS model.
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Fig. 2. Charged Higgs contributions.

Neglecting external momenta, which have the magnitude of the B-meson mass and
are therefore small compared to the charged Higgs mass m, and the u-quark mass
one obtains for these two contributions to Ampg [10}]:

2

U

amy =163 2] (Vv 4ty (m) + 1)
2

+2I/cl=)kl/cdl/tgl/tdmgm%(4m%ﬁ]5(mc’ m.) +I(m,, mt))

+ (Ve td)zm?(4m%vl2(mt)+13(mt))]f}?2.BBmB7
4
Ul 2
Amg =363 2] (Vv mth(m) + WV Vimimi(mesm)
2
2
+ VgV mL(m,)] f3Bumy. (2.4)

Gy is the Fermi constant, the parameter f; is the analogon to the pion decay
constant f, and of the same order of magnitude. By is the “bag parameter”, the
value By =1 corresponds to the vacuum insertion approximation when calculating
the hadronic matrix element of the effective weak hamiltonian. The integrals I, are
given in the appendix of ref. [11], in particular:

1 _[m?
hlm) = Sz i o |

1+x 2x
+
(1-x)* (1-x)

I(x)= Inx=1+0(x). (2.5)

There are QCD corrections to the results (2.4) [12], but they are small in the
B-system and will be neglected. The results can be transferred to the K°-K° system
by replacing B by K and b by s. For the D°-D? system one has to replace B by D,
d by u and b by c, the loop internal quarks ; and j are then the down-quarks d,s, b.
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2.3. BOUNDS

There are now four experimental observables, Amy, ey, Amy and Amp, which
can be used to obtain bounds on v, /v,. It turns out that Amy does not give a very
stringent upper bound, because the leading contribution in eq. (2.4) for the K-sys-
tem is only the m? term due to the KM matrix. Also eg is not a useful quantity,
because there is no strong lower bound on the phase § in the KM matrix within the
two Higgs doublet model. Therefore Amp will be used. Amp was measured in 1987
by the ARGUS collaboration in 7(4s) decays via the observable

_ N(B°B°) + N(B%B°) _ (4m/T)’
T T N(BBY) T 21 (Am/T)

The experimental result reads [13]
31X10 1"MeV <Amy<5.1x10" 9 MeV. (2.6)

This is much larger than the standard model prediction for a wide range of
parameters. In order to obtain an upper bound for v,/v,, 1 will assume for
simplicity that AmH is the leading contribution to Am$® and that v,/v, > 1.
Then one has

AmPE < Amg®, (2.7)

In AmEH [eq. (2.4)] only the leading term proportional to m? is retained.

Using the B? lifetime 3 = (I'(b — u) + I'(b — ¢)) ! and the ratio R = I'(b > u)/
I'(b — c) one obtains a lower bound for the parameter s, in the GWS model [14].
75 =1.16 X 1072 s and R < 0.08 [15] yield s, > 0.01, which can be used even in the
two Higgs doublet model, since the corrections to 7, and R due to the charged
Higgs boson are small.

Putting all this together, and using f; = 160 MeV, my = 5275 MeV and By =1/3,
one finds the bound:

(i)2< my v247rVAmB/mB f—1/2( m% )
2
)

m;  Ggl thlfBVBB !

1.9TeV my -, , m?
< —1I -1 (2.8)

m, m, my

The best lower bound for v, /v,, or rather upper bound for v,/v,, can be obtained
from the D°-D? system, now under the assumption v,/v, > 1. Transferring for-
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mula (2.4) gives

G2
2
AmgH~ dda 2fD DmD 4 ‘( cb) mé+2Vu V;’S"Vcsm%m§+(V*V ‘

us cs

(2.9)

The lower bound for ¥V, is very small (0.002), so only the leading m?-term will be
retained. Using Am$P < 6.5 X 1071 MeV, mp, = 1864 MeV [16] and f3B, =f:By
the bound AmBH < AmSP gives

2
Uy my
=] €« — 2.10
( v, ) 0.57 MeV ( )

For realistic my, which is at least 19 GeV [17], this bound seems to be unrealisti-
cally high. In fact perturbation theory was used to obtain this bound, so the theory
should not be strongly interacting. Hence I will impose the condition

2
g My Uy
= 4o <1, 2.11
v (V mwvl)/W ( )

which yields

(vy/v,)* <1.8x10°. (2.12)

This bound is stronger than that in eq. (2.10). A strongly interacting theory violating
eq. (2.12) is not the subject of this paper.

3. Flavor changing decays of the Z-boson

3.1. STANDARD CONTRIBUTIONS

In the standard model there are no FCNC at tree level due to the GIM [2]
mechanism. This means, that the tree lagrangian does not contain a ZQq vertex,
where Q and q are quarks of different flavor. The main decay modes of the Z-boson
are flavor diagonal: Z — ¢/,qq (Z: leptons). But the flavor changing Z-decay
Z — Qq does occur at the one-loop level via the Feynman diagrams (fig. 3). The
internal quark i is a down(up)-quark, if the final state quarks Q and q are
up(down)-quarks, summation about i =1,2,3 is understood. Every W-vertex con-
tains an element of the KM matrix, and this one-loop contribution is suppressed by
the unitarity of the KM matrix, which is again a result of the GIM mechanism. The
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3 “

Fig. 3. Standard contributions to the flavor changing Z-decay.

branching ratios
ppo [Z2Q0)+ I'(Z - Qq)
I'(Z - all)

in the GWS model have been calculated for Z — bs in refs. [18,19] and for Z — tC in
ref. [3]. The results are in fact very small:

BR(Z - Top) ~10'*,  BR(Z — Bottom) ~ 1078, (3.1)
Even the amount of CP violation

I'(Z - bs) — I'(Z - bs)
I'(Z - b8) + I'(Z - bs)

in these decays has been calculated in refs. [20, 21].

3.2. NON-STANDARD CONTRIBUTIONS

Any extension of the GWS model can in principle enhance these decay rates. The
possibility of a fourth family of quarks and leptons was also discussed in refs.
[18,19]. The contributions due to gluinos and scalar quarks in the loop within a
supersymmetric model were first calculated in ref. [22].

In the two Higgs doublet model there are the additional contributions shown in
fig. 4, where the W-boson is replaced by the charged Higgs boson, and they will now
be calculated.

Since I am interested in the maximal possible enhancement which one can obtain
within the two Higgs doublet model 1 will assume, that the main contributions are
the non-standard ones and neglect the standard contributions and the interference
terms between standard and Higgs boson contributions. This can be understood as a
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Fig. 4. Charged Higgs contributions.

formal expansion in v, /v, for Z — bs and in v,/v, for Z — tc, since every H "-vertex
contains a factor (v,/v,)X(m,;/my,), respectively (v,/v,)(m,;/my). Only the terms
~ (v,/v,)%, respectively ~ (v,/v;)* will be retained in the decay rate. From the
sum over the internal quarks only the heaviest one will be considered for simplicity.
So in the case Z — bs the expected enhancement factor (v,/v,)*(m,/my)* is
assumed to be large, whereas the factor (v,/v;)*(m,/m)* is assumed to be large
when calculating I'(Z — tc).

3.3. RENORMALIZATION

Since the ZQq vertex is computed to the lowest non-vanishing order in a
renormalizable model, it does not get renormalized and the decay amplitude is
expected to be finite. Generating counterterms in the usual way by multiplicative
renormalization one can see, that the lowest non-vanishing order counterterms do
not contribute to the flavor non-diagonal Z-decay.

Although the sum of the four diagrams in fig. 4 is finite, the single diagrams are
divergent. Thus dimensional regularization was used to handle the divergent terms.
The amplitudes are expanded in ¢ = 4 — d, keeping only pole and finite parts. When
adding the four diagrams, the e-poles have to cancel. For the matrix y; I assume in
d dimensions:

(1) =0, ¥=1, vi=v. (32)

This assumption is justified, since the standard model with two Higgs doublets is
anomaly free and the complete amplitude is finite [23].

3.4. CALCULATIONAL SCHEME

Keeping all five masses mz, my, m;, mq, m, non-zero leads to an algebraic
explosion. A considerable simplification is achieved by neglecting the masses of the
light quarks m,, m_ and m,. This is a good approximation, because the relevant
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scale in this process is given by the Z-boson mass m, or the charged Higgs
mass myy.

The calculation then proceeds as follows: From the Feynman rules one obtains
analytic expressions for the Feynman diagrams (1)-(4) in fig. 4. The appearing
d-dimensional momentum tensor integrals are expressed by external momenta and
scalar integrals using Lorentz invariance as described in ref. [24]. A computer
program for algebraic manipulations was used to check the results. These are
simplified using Dirac algebra and the following mass shell conditions:

l_‘(PQ,SQ)fQ=a(PQ’SQ)mQ’ quU(Pq’sq)= _qu(Pq»Sq)a ﬁ2=P2=m2-
phe(pz,52)=0=ple (p,,s,) = —phe,(Ps.52). (3.3)
The amplitude My is then expressed in the form

MQa= CE(PQ’ SQ)((ALPL +ARPR)P6+ B y*P, + BRY#PR)U(Pa, Sq)%(l’z’ Sz)~

(3.4)

Here C is a constant, A, Ay, B; and By are “form factors”, Py is the
left /right-handed projector, u and v are the free field Dirac spinors in momentum
space, &, is the Z polarization vector. The scalar integrals are expressed in terms of
logarithms and Spence functions as described in ref. [25]. The decay rate is then
given in the Z rest frame as

(3, m m3)
167m3,

I'(z - Qq) - - > | Mogl?, (3.5)

where X’ means the average over the polarization of the Z-boson and the sum over
the polarization and color of the final state quarks Q and g, w is the kinematic
function

w(x,y,z)= (X2+y2+22—2xy—2yz— 2xz)1/2.

3.5. CHECKS ON THE CALCULATION

Several checks of the results have been carried out: Cancellation of the poles in &
was verified at each stage of the calculation. Ward identities for the flavor changing
Z-decay were found to be satisfied, although they are not very useful in the case
mq = m_ = 0. The imaginary part of the amplitude Z — tc due to diagram (2) in fig,
4 has been calculated via unitarity relations and was successfully compared with the
direct result. Since from the sum over the internal quarks only one term (the
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heaviest one) is kept, the result is CP invariant: I'(Z — Q) = I'(Z - Qq). This
provides a nontrivial check for Z — tc, where mq # m,.

3.6. RESULTS FOR Z — bs

In this case the quarks Q and q are the down-quarks b and s, whereas the internal
quark i is the t-quark. When setting m, = m = 0, only the form factor B, = B, (1)
+ B, (2) + B.(3) + B (4) remains. The result of the lengthy calculation is

(m?—m})’

2 2 2 . 2
B, = ((%—%s )mt-—gs T Co(ml,mH,mt,O,O,mz)
Z

2 2132
(mt—mH)
+(1—5?) m§+——m2 Co(my, my, my; 0, m%,0)
z
2 2
t my 1 m,
+||3s%3—5 - + = +1
3 ( my my 2 (mi-m)’
m! 1 m? " m? . mi—mi 1)
T . N2 A 2 2 2 2
4 (m?—m})” 2mz| my mz

yami/my - l(w—2arctan\/4mf/m%—l), my <2m,

2.2 _ _ 2 2
X 13 ~ 1~.__.___4m2/m% lrl1 v1—4mi/mz
' 1+ y1—4ml/mj

+im|, my>2m,

1/4m%{/m%—1(77—2arctanv4mf{/m%—1), my <2my

1— 1 —4mi/m;3
-1 —4miy/m3 |In ;{ j—i-i'n' , mgz>2my
1+ 1 —dmy/m3

_+_
—_—
8=
|
(%]
e e

2 2 2 2

my—-my 1 mi+my
(=14 142 : - — 1452, 3.6
( 2 ) m% 4 m? — my : (3.6)

The abbreviations s? and c, stand for the sine squared and the cosine of the
Weinberg angle. The scalar three-point function C, can be expressed in terms of the
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Spence function

Sp(x) = — foldt———ln(1 — )

3.7
, (37)
and is given by

C()(ml, mz, ml;O’O’ P2)

= Co(mz’ my, ml;O’ p2’0)

sl sl Bl L)

2 2 2_
. my—m; m3 — id .
with 3= ===, =g = i(lE i amipieis) (39)
1

3

As expected, the divergent terms proportional to e ! have cancelled and do not
appear in the result (3.6). The real and imaginary parts of B, have been plotted in
figs. 5 and 6 as a function of the t-quark mass m, for different values of the charged
Higgs mass my. The imaginary part arises due to real particles in the loop on the
mass shell. The threshold at m, = m, /2 is clearly visible.

The decay rate reads

3 2 z 2
4my g o 2
I'(Z > b5) +I(Z—>bs) = Tn mm UI Virl | 1Brosl®- (3.9)
w 2

This leads to the branching ratio:

mt v}
BR(Z — Bottom) = 2.5 X 10| V[~ i|BLbs(s2,mz,mH,mt)|2
My

4 4
t

=62x10" 9mw L Br(st my, mg,m)[. (3.10)

For I'(Z — all) a theoretical value of 2.6 GeV [26] was used, the other parameters
have been taken from ref. [16]. |B}, | is of the order 1072 to 10~ L. The result is of
the same form as the GWS model result [18], but aside from the enhancement factor



26 C. Busch / Charged Higgs bosons

Re BI

t-quark mass [GeV]

—————————— nH= 20 GeV
——————————— 30 GeV
- e 50 CeV

—————— 70 GeV
————- 100 GeV
———— 150 GeV
e —— 300 GeV

Fig. 5. The real part of B, for different my,.

(v,/v,) (m/my)* it is about one or two orders of magnitude smaller. This deficit
has to be compensated by the enhancement factor, before the charged Higgs
contributions begin to dominate.

Using the bound (2.8) one obtains for the maximal possible branching within the
two Higgs doublet model:

m? _ [ m?

BR(Z - Bottom) < 3.4 X 10~ —~|B [21_1(—t . (3.11)
2 Lbs 1 2
My my

Fig. 7 shows this maximal branching ratio as a function of m, for different values
of my.
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Im BI

—_— 300 GeV

Fig. 6. The imaginary part of By, for different my.

3.7. RESULTS FOR Z > tc

Now Q and q are the up-quarks ¢ and t, the internal quark is the b-quark. After
setting m, = m, = 0 only the formfactors Ag,, = Ax(1) + Ag(2) and B, =B (1) +
B, (2) + By (4) are different from zero. They are shown in table 1.

The required functions C, read

CO(O’ m’O; P%’O’ p32)
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Fig. 7. The maximal branching ratio for Z — Bottom.
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TaBLE 1
Form factors Ag, and By ..

2m, 3mim}
2,22 2
\Aﬁs A 2 Nvu —HWQ AN§N§:+ \SNISN QOAO,STTOQSTO“SWV
my — mj z t
3mym2
IAwl,ﬂNVA 5 = — mi(m%+m?) | Co(0, my, my; m2, m30)
mz — my
2 2 2 2 2.2
+ Alwn_rmhmvE.TAwlwva \EIAM§N+§HV |§NSI
SR 2 S m% —m? 2m?
2 2
my m 0 m,<my
X|| =5 -1|lnfl- = |+1+{ s ‘
my my :AHI‘::\S,V m > my
3mimi  m3 m3
O B | ey iy
my — m; 2 my
AH Nv m%  3mimi
—_—ls -5 ||||l+||
: 2 m% —m?
Jam/mi -1 ? — 2arctan \/d4m} /m3 — 1 v my < 2my
x| = 1-y1-4amd/md +1
-Vl —dmi/mi |In — —————+in| m,>2my
2 2
1+y1—-4my/m3
—i(=i+ 1) (mi-mi) (1)
! 102,42 2 2
B L2 mym5Col0, myg, 0; mi, 0, m3)

+§w§wv - WAW IHNXSWAEMNISWV

2 2
my m 0 m <my
|| = -1l - —|+1+{ ) .
my miy ECISm\E.v m, > my
2( .2 2 2
SNASNliv my
+ 152 5 = — mym? In— +1+in
mz

— Aw IQNVSWA:\:N — SNN+ M§w~v

1
2
A Jamly/m% =1 (7= 2arctan Am3/m3—=1)  my < 2my,
1
2

1- 1-1-4m}y/m}
—y1—4m}/m} |In /e + i my>2my

141 —amy/m?

1 —4s7). 2)
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2
ith v — . \/*—2—2—’— _ [ +id
wit }’o‘ﬁ, y1=5(li— 1_4m/P2+16)a Z) = _-Sa
Py~ P p i
l—m?/pi—is  m?>p} (3.12)
Z,= . .
2l 1-mipieis m? < p}

Again the results (1’) and (2’) in table 1 do not contain any divergent term ~ g~ %
The real and imaginary parts of m,- Ap,. and By, are shown in figs. 8-11. The
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decay rate is now
3 2 2 2
- _ my 4 my, U;
INZ-tc)+I(Z-1) = VoV 2 my, my,
( ) ( ) 167 (3277 C %V U%| | (S Mz, My mt)
(3.13)

2 2 2
my my — my
g EL

2

+[1+

mt(AﬁBL+BE‘AR))

t
2m3
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Re BI

GeV
GeV
GeV
GeV
GeV
GeV
GeV

Fig. 10. The real part of By .

This gives the branching ratio:

4 4
b U2
T4

m
BR(Z — Top) =2.5 X 10| VCbIz;nT . F(s?, my, my, m,)
W

4

v
56.7X10‘14U—‘2‘F(s2,m7_,mﬂ,mt). (3.14)
1

F is in the range 1073 to 107'. Aside from the enhancement factor
(my/my)*(v,/0,)* the result is of the same form and order of magpitude as the
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Im BI

mH= 20 GeV
e I 30 GeV
——————— 50 GeV
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| Se—— 300 GeV

Fig. 11. The imaginary part of B ..

GWS model result. Use of the bound (2.10) leads to the maximal branching ratio:

my

2
M) F(s2,mz,mH’mz)- (3.15)

BR(Z — Top) <2.1 X 10‘3(

Using the more sensible bound (2.12) one gets
BR(Z — Top) < 2.3 X 10 °F (52, m,, my, m,) (3.16)

This maximal branching ratio is shown in fig. 12.

The imaginary part of the three-point function C,(0, my, my; mZ, m%,0) and
therefore the imaginary part of Ay(2) has a logarithmic singularity at m§ =
m2(1 — m?/m%) for m, > 2my, because at this point all three propagators in the
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Fig. 12. The maximal branching ratio for Z — Top.

loop can be on the mass shell simultaneously. This is not a physical singularity,
because the perturbation theory used to calculate the decay rate is not valid, when
the decay rate becomes too large. So the region close to this point has to be
excluded. In practice the involved particles have a natural line width, and there is no
singularity, which will be discussed in more detail elsewhere.

3.8. OTHER TWO HIGGS DOUBLET MODELS

In the previous calculations the Yukawa couplings (2.1) were always used. But in
a slightly different model one can also have the couplings (2.3) as mentioned before,
which are throughout proportional to v;/v,. For the second and third family we
have m" > m9, so the bound on v, /v, is essentially due to the first term in eq. (2.3)
and identical with the previous bound (2.8). Therefore this change of the model does
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not affect the process Z — bs, whereas I'(Z — tc) now contains no eventually very
large enhancement factor (v,/v,)* The charged Higgs contributions to I'(Z — tc)
are about a factor (m,/m,)* smaller than that to I'(Z — bs).

There is also the possibility of having no natural neutral flavor conservation at
tree level in the model, so that flavor changing Yukawa couplings of neutral Higgs
bosons appear in the tree lagrangian. The bounds on these flavor non-diagonal
couplings are very strong, because they contribute at tree level via neutral Higgs
boson exchange to the neutral meson mixing. But in the decay of a physical Z-boson
they occur at the one-loop level, and their contributions are small compared to the
possible contributions of charged Higgs bosons, which we have calculated.

4. Summary and conclusions

The minimal extension of the GWS model with a second Higgs doublet is of
phenomenological interest and is theoretically motivated by supersymmetry as well
as by the Peccei—Quinn model.

Using experimental data for neutral meson mixing bounds for the parameter
(v,/v,) were derived within the standard model with two Higgs doublets.

The contributions due to charged Higgs bosons to the flavor changing rare decays
Z — tc and Z — bs were calculated in one-loop order neglecting the masses of the
light quarks s, ¢, b.

Taking into account the bounds derived previously, one obtains for this model the
maximal branching ratios:

BR(Z°— Top) <5%x107¢,  BR(Z°- Bottom) <2 X 1079,

These are enhanced by factors of 104 and 10 compared to the maximal GWS model
results [3, 18, 19]. The possible enhancement for Z — 1ic is large, because the suppres-
sion of this process is very strong in the GWS model. Enhancement in one case
excludes large enhancement in the other case.

The result is typically for models with charged Higgs bosons, whose Yukawa
couplings are constrained by experimental data on neutral meson mixing.

With about 107 Z-bosons being produced per year at LEP the branching ratios
above are on the point of being experimentally observable. Contrary to the rates
predicted by the GWS model, which are unobservable, a charged Higgs scalar could
in principle lead to a few flavor changing Z-decays at LEP. Observation of larger
branching ratios would require a more dramatic change of the standard model
beyond an extension of the Higgs sector.

I would like to thank W. Buchmiiller for suggesting this topic and for many
helpful discussions.



36 C. Busch / Charged Higgs bosons

Numerical calculations and the plots have been made at the Regionales Rechen-
zentrum fiir Niedersachsen (RRZN), Hannover.

Note added in proof

After this manuscript was completed I became aware of two recent papers
[27,28], where similar results have been obtained for the decay Z — bs.
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