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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 ---, ic, t6) < 5 × 10 6 
and BR(Z ---, b~,bs) < 2 x 10 6. 

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-fight 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 Vl/V2, 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 UI/U 2. 

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---, ic 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 --+ t6 is an opportunity to produce a single t-quark with m t < m z < 2mt, 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 --+ ic is at 
most 10-lO [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 10 7, 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. B o u n d s  on v l / v  2 

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 

(/12 ~ - - ~ 2 ,  U R ~  --UR 

which makes the two Higgs doublets distinguishable and ensures that one Higgs 
doublet, ~2, couples only to the right-handed up-quarks u R and the other one, @1, 
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: 

g, H+ { m u v l _  
d ) ms U 2 

+- - - - -ULrVKMrsdRs  + h . c .  (2.1) 
mw v 1 
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u R = PRu = ½(1 + "ys)u is the Dirac spinor for the right-handed up-quarks, d c the 
left-handed down-quarks, r, s = 1,2,3 are the family indices. VKM is the 
Kobayashi-Maskawa (KM) matrix for which the following parametrization will be 
used [6]: 

V =  

Vud Vus 

Vc~ V. 

V,d v~ 

Vub ( c1 

Vcb = $1c2 

Vtb $1s2 

--SlC 3 --SIS 3 ) 

CLC2C3--$2S 3 e i8 c1c2s3--}-$2c3 e i~ 

CiS2C3+C2S 3 e ia cis2s3--c2c 3 e i~ 

(2.2) 

with s i = sin0~, ci = cos 0~. For simplicity one can replace c 2 and c 3 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: 

u d ) 
£#VukH+=--~-g H +/• mr Vl_ ms Vl 

--uR~VKMrsdLs FtcrVKMrsdR~ +h .c .  (2.3) 
tmwV2 mwV= 

In both cases the new parameter vl/o2, 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 IB °) and IB °) do not mix and are 
degenerate in mass. But if the weak interactions are turned on, they interact for 
example via the famous Gail lard-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 ww and to eigenstates IB1.2), 
whose deviation from the CP eigenstates I B °) _+ I B °) can be parametrized by the 
CP violation parameter ~ww [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. 

~, = __wL_ _ a 

d . . . .  - - b 
W- 

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 H, and the u-quark mass 
one obtains for these two contributions to Am B [10]: 

2 4  2 
Am wH= 5GF ~U2] [(gcb Vcd) mc(4mw12(m~) + I3(mc)) 

. . 2 2 2 16(mc, mt + 2Vcb VcdVtb Vtamcmt (4mwls(mc, mt) + )) 

Vtb td) m t ( m w I 2 ( m t )  + +( *V, 2 4 4 2 i3(rnt))]f~B,mB, 

A m e n =  ]G2(Ol ] 4 2 K , ~ Z  v,V,  2 2--," 02 ] [(Vc~Vcd)Zm4Ii(mc) + cb 'cd'tb tarncmd4(mc, mr) 

+(Vt~Vtd)2m4tIl(mt)]f~B,m,. (2.4) 

G F is the Fermi constant, the parameter fB is the analogon to the pion decay 
constant f .  and of the same order of magnitude. B B is the "bag parameter", the 
value B B = 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: 

Ii(m ) - 16~rn~I1 , 

l + x  2x 
i l (X)- -  ( 1 - x  "2) + ( l - x "  3) l nx  l + O ( 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 i and j are then the down-quarks d, s, b. 
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2.3. BOUNDS 

There are now four experimental observables, AmK, eK, Am B and AmD, which 
can be used to obtain bounds on Vl/V 2. It turns out that Am K does not give a very 
stringent upper bound, because the leading contribution in eq. (2.4) for the K-sys- 

tem is only the mc 4 term due to the KM matrix. Also e K is not a useful quantity, 
because there is no strong lower bound on the phase 3 in the KM matrix within the 
two Higgs doublet model. Therefore Am B will be used. Am B was measured in 1987 
by the A R G U S  collaboration in T(4s) decays via the observable 

r ~ 
N( B°B °) + N(B°B °) ( a m ~ F )  2 

N(  B°B °) 2 + ( A m / F )  2" 

The experimental result reads [13] 

3 . 1 × 1 0  aOMeV<Am B < 5 . 1 x 1 0  lOMeV. (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 vl/v2, I will assume for 
simplicity that Am~ H is the leading contribution to Am~3 xp and that Vl/V 2 >> 1. 
Then one has 

Am~ n < Am~ xp . (2.7) 

4 is retained. In Am HE [eq. (2.4)] only the leading term proportional to m t 

Using the B ° lifetime ~B = (F(b ~ u) + F(b ~ c)) -1 and the ratio R = F(b ~ u ) /  

F(b ~ c) one obtains a lower bound for the parameter s 2 in the GWS model [14]. 
% = 1.16 × 10 -12 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 % and R due to the charged 
Higgs boson are small. 

Putting all this together, and using fB = 160 MeV, m B = 5275 MeV and B B = l / 3 ,  
one finds the bound: 

(v,]2<m. m Jam./m. ( ) 
1 . 9 T e V  m H ] _ l / 2  { m 2 

< m - - - - 7  mt 1 km 2 
(2.8) 

The best lower bound for Vl//V2, o r  rather upper bound for O2/Vl, c a n  be obtained 
from the D ° - D  ° system, now under the assumption v2/v I >> 1. Transferring for- 
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mula (2.4) gives 
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Am~H G2 2 024 1 . - , 2  4q_ , 2 4 

= 24~r 2 fDBDmD-~a  G (VubVcb) mb 2Vu~VebVu*Vesm~m 2 + (Vus Vcs) ms]. 

(2.9) 

The lower bound for Vub is very small (0.002), so only the leading m4-term will be 
retained. Using A m ~  p < 6.5 X 10 -10 MeV, mD = 1864 MeV [16] and fDBD2 _ fBB B _  2 
the bound Amg H < A m ~  p gives 

v2] mH 
< . (2.10) 

v 1 ] 0.57 MeV 

For  realistic mH, 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 

g mb U2 ) 2 /  
- -  4 ~  

O£yu k ~ ~ m w  o 1 

which yields 

(v2/vl) 2 < 1.8 x l0 s . 

< 1, (2.11) 

(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 ZQC: t vertex, 
where Q and q are quarks of different flavor. The main decay modes of the Z-boson 
are flavor diagonal: Z ~ fd, qC t ( l :  leptons). But the flavor changing Z-decay 
Z ~ QCI does occur at the one-loop level via the Feynman diagrams (fig. 3). The 
internal quark i is a down(up)-quark, if t he  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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w ~ w i 

Z Z* 

O Q 

(1) (2) 

Z* Z 
Q Q 

(3) (4) 

Fig. 3. Standard contributions to the flavor changing Z-decay. 
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F(Z  ~ Q(t) + F (Z  --* Qq) 
B R =  

r ( z  -~ all) 

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

BR(Z ~ Top) - 10 11, 

Even the amount  of CP violation 

F (Z  ~ bg) - F (Z  ~ bs) 

F (Z  ~ bg) + F(Z  --* bs)  

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

BR(Z ---, Bottom) - 10-8.  (3.1) 

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 I 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 



22 C. Busch / Charged Higgs bosom 

"~O Q 
(1) (2) 

Z"-w~~ Z--w-~'~ Q 
i "~.Q 

(3) (4) 

Fig. 4. Charged Higgs contributions. 

formal expansion in U1/U 2 for Z ~ bg and in U2/U 1 for Z ~ ic, since every H+-vertex 
contains a factor (Vl/Vz)(mi/mw), respectively (Vz/Vt)(mi/mw). Only the terms 
-(vl/v2) 4, respectively - ( v 2 / v t )  4 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 ~  bg the expected enhancement factor (vl /Vz)a(mt/mw) 4 is 
assumed to be large, whereas the fac to r  ( v 2 / u 1 ) 4 ( m b / m w )  4 is assumed to be large 
when calculating F(Z --, ic). 

3.3. RENORMALIZATION 

Since the ZQ~ 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 e = 4 - d, keeping only pole and finite parts. When 
adding the four diagrams, the e-poles have to cancel. For the matrix Y5 I assume in 
d dimensions: 

() '",) '5} = 0 ,  Y 2=1,5 )'~=Ys. (3.2) 

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 m z, mH, m i, mQ, mq non-zero leads to an algebraic 
explosion. A considerable simplification is achieved by neglecting the masses of the 
light quarks ms, m c and m b. This is a good approximation, because the relevant 
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scale in this process is given by the Z-boson mass m z or the charged Higgs 

mass m H- 
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: 

~(pQ, SQ)~Q=~(pQ, sQ)mQ, /~c~v(pc~, sea)= -mqV(pq,  sq), ~ 2 = p 2 =  m2. 

p ~ t , ( p z ,  Sz) = 0 = p ~ e , ( p z ,  Sz) = - p 4 t ~ ( p z ,  Sz).  (3.3) 

The amplitude MQC ~ is then expressed in the form 

MQC a = C~t( pQ, SQ)((ALP L + ARPR)p~ + BL'/"P c + BRY"PR)v(pct, s~)e.( Pz, Sz).  

(3.4) 

Here C is a constant, A L, A R, B L and B R are " fo rm factors", PL/R is the 
lef t / r ight-handed projector, u and v are the free field Dirac spinors in momentum 
space, e, 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 

w ( m  2 , m S , m  2) , 2 

F(Z  ~ QCt) = 16rrm3 z ~ [MQct[  , 
(3.5) 

where ~ '  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 Cl, w is the kinematic 
function 

w( x, y, z) - (x  2 + y 2  + z 2 _  2xy - 2 yz - 2xz ) 1/2. 

3.5. CHECKS ON THE CALCULATION 

Several checks of the results have been carried out: Cancellation of the poles in e 
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 
m Q = m q = 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:  F(Z--+ Qc l )=  F(Z--+ Qq).  
provides  a nontr ivial  check for Z --+ tc, where mQ 4 mq. 

This 

3.6. RESULTS FOR Z + b~ 

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 b = m s = 0, only the form factor BLb s = BL(1) 
+ BL(2 ) + BL(3 ) + BL(4 ) remains. The result of  the lengthy calculation is 

~ s 2 ( m Z - m 2 )  2 Co(mt,  mH, mt ;O,O,m 2) BLh., = (½--2s2)m2t - m 2 

+ 
[((m2m2 4 ) 

31S 2 3 " " t  - -  2 ' ~ H  1 m t + 1 

m 2 m 2 + 2 ( m 2 _ m ~ i )  2 

4 1 2] 1 m t m t 

4 (mr  2 _ m 2 )  2 2 m 2 In m 2  

2 m t -- m h 
+ 

m 2 
m +1) 

X 

[ { 4mtJm l  i2arctan 4mJm l' 
1 - 1 - 4 m t / m  z 

- ¢ l - 4 m 2 t / m 2 z  ln~- v - - ~  +i~r  , 
- 4 m t / m  z 

m z < 2mr / 

m z > 2 m t J  

{ ¢ 4 r n 2 / m ~ - 1  (~  - 2 arctan ¢4rn~/m 2 - 1  ) ,  

q- ( 12 -- S 2) , [ 1 -- ,/1 -- 4mZ/m2z 
-- ¢1 -- 4 m ~ / m  2 / ln  - - - ~ - - - ~  + i~r 

1 + ~1 -- 4 m H / m  z 

m z < 2mH t 

, mz  > 2mrlJ  

) (  2 m 2 
+ ( _ ½ + ~ s  2 m t - -  

m2z 

2 + m 2  l m  t 
2 m ~  - - ~ + s 2 "  

4 m  t -- 
(3.6) 

The  abbrevia t ions  S 2 and c w stand for the sine squared and the cosine of the 
Weinberg  angle. The  scalar three-point  funct ion C o can be expressed in terms of the 
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Spence function 

Sp(x)  ~ - f o l d t  
ln(1 - xt) 

(3.7) 

and is given by 

Co(ml, rn2, ml;O,O, p 2) 

=Co(m2, mx, ml;O, pZ,O) 

 s,,o sp(,O,)  [sp( t / 
- • /  P ~ ) -  \Yo-Yl --i~2 YO \Yo--Yi 

m 2 - m 2 m 2 - i6 
with Yo p2 ' Yl--mZ_m~, y2=~(l+~l--4rnZ/p2+i3) (3.8) 

3 

As expected, the divergent terms proportional to e -1 have cancelled and do not 
appear in the result (3.6). The real and imaginary parts of BLb ~ 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 mn. The imaginary part arises due to real particles in the loop on the 
mass shell. The threshold at m t = m z / 2  is clearly visible. 

The decay rate reads 

2 
m t  2 4m z [ g3 2 U2 

F ( Z ~ b ~ )  + F ( Z - - * b s )  = 167r /1 32~r2Cw m 2  v)lVtYt~'l,5 ]BCbsl " (3.9) 

This leads to the branching ratio: 

m4 v4 12 - ' 2  t 1 
BR(Z ~ Bottom)--- 2.5 × 10 61vts I m~ v v~IBLbs(S2, mz, mH, mt) 

m 4 v 4 

- - 6 . 2 × 1 0  9m~ v va[BLbs(S2, mz, mH, mt)l 2. (3.10) 

For  F(Z ~ all) a theoretical value of 2.6 GeV [26] was used, the other parameters 
have been taken from ref. [16]. [BLbs] 2 is of the order 10 -2  to  10 -1.  The result is of 
the same form as the GWS model result [18], but aside from the enhancement factor 
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1 
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- - -  30 OeV 

50 OeV 
- - -  70 OeV 

100 OeV 
150 GeV 
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-.,[ 
-.2 

{-quark mass [GoV] 

Fig. 5. The real part of BLb s for different m H. 

(Vl /V2)4(mt / /mw)  4 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: 

B R ( Z  ~ Bot tom)  < 3.4 X 10-6 ~ [ B L b s [ 2 i 1 - 1  
FR W 

(3.11) 

Fig. 7 shows this maximal branching ratio as a function of m t for different values 

o f  m H.  
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/ 

i mH = 20 OeV ......... 30 OeV 
50 OeV 
70 OeV 
I00 OeV 
150 OeV 
300 GeV 

Fig. 6. The  i m a g i n a r y  p a r t  of  BLb s for  d i f fe ren t  m H. 

3.7. R E S U L T S  F O R  Z ---, -tc 

N o w  Q and q are the up-quarks c and t, the internal quark is the b-quark. After  

setting m b = m c = 0 only the formfactors ARt c = AR(1 ) + AR(2 ) and BLt c = BL(I ) + 
BL(2 ) + BL(4 ) are different f rom zero. They are shown in table 1. 

The  required functions C o read 

Co(O, m,O, p~,O, p~) 

1 ) ~_~ ±/sp/,o (~o, ~p(~011 
i=1 \ YO -- Yi 
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~ J  mH = 20 OeV 
. . . . . . . . . . .  35 OeV 

Y5 OeV 
150 OeV 
~00 OeV 
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Fig. 7, The maximal branching ratio for Z ---> Bottom. 

m 2 
wi,h  ~o y ,  = I .  ~ + '~ p2 p2 

' t i  - -  i8 ' 

m 2 / p 2 - - i 8  p12>m 2} Zl=l+i8 
Yz = t mZ/p21 + i8 pZ < m 2 ' z 2 = - i 8  

, z O  Co(O, m m; px 2, m,  ) 

l spi )_sp -sp( t 
P~-p~ ,=~ yo- y, ! 
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with Yo = 
m 2 

P 2 z - P 2  y l = ½ (  1 + ( l _ 4 m Z / p ~ + ~ ) ,  ZI={ ~-i~ ' - - i 8  ' 
2 

1 - m2/p~- i8 m2 > p211 (3.12)  
Z 2 ~ 

1 -m2/?2+i8  m2<p~) 

Again  the results (1') and (2') in table 1 do not  contain any divergent term - e-1 .  

The real and imaginary parts of  mt -ARt  ~ and BLt c are shown in figs. 8 - 1 1 .  The 
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decay rate is now )2 
F(Z ~ tc) + F(Z ~ t a )=  v~IVobVt~] f(s2, mz, mu, mt) 

(3.13) 

with 

F(~ ~, m~, m~, m,) 

\ 
- - I A R I  2 - mt(A~B L + B~AR)) 

2m~ ] 
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This gives the branching ratio: 

m 4 
u.,  t 2 

BR(Z ~ Top) -- 2.5 X 10-61Vcbl2~mw ~ F ( s  , m z ,  m s ,  mt) 

U 4 
- 14  2 --- 6.7 X 10 T s F ( s  2, m z ,  rnH, mr).  

01 

(3.14) 

F is in the range 10 -3 to 10 -l.  Aside from the enhancement factor 
( m b / / m w ) 4 ( O z / t ) l )  4 the result is of the same form and order of magnitude as the 
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GWS model result. Use of the bound (2.10) leads to the maximal branching ratio: 

BR(Z~T°p)<2"I×10-3(100mIaGeV]]2F(s2 'mz  mH'rn')'  . (3.15) 

Using the more sensible bound (2.12) one gets 

BR(Z ~ Top) < 2.3 × 10-SF(s 2, mz, mH, mr) (3.16) 

This maximal branching ratio is shown in fig. 12. 
2 m 2, 0) and The imaginary part of the three-point function C0(0, mH, m . ;  mr, 

therefore the imaginary part of Ar~(2) has a logarithmic singularity at m ~ =  
rn~(1 - 2 2 mJrnz )  for rn z > 2rn m because at this point all three propagators in the 
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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. O T H E R  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 u l /o  2. For the second and third family we 
have m u >> m d, so the bound o n  o a / v  2 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 ~ bg, whereas F(Z --, ic) now contains no eventually very 
large enhancement factor (v2/vx) 4. The charged Higgs contributions to F(Z--,  ic) 
are about a factor (mb/mt)  2 smaller than that to F(Z ~ bg). 

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 
(vl/v2) were derived within the standard model with two Higgs doublets. 

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

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

BR(Z ° ~ T o p ) < 5 × 1 0  6, BR(Z ° ~ B o t t o m ) < 2 × 1 0  -6. 

These are enhanced by factors of 10 4 and 10 compared to the maximal GWS model 
results [3,18,19]. The possible enhancement for Z ~ ic 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 ] 0  7 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 

N u m e r i c a l  ca l cu la t ions  and  the  p lo ts  have  been  m a d e  at the  R e g i o n a l e s  R e c h e n -  

z e n t r u m  fi ir  N i e d e r s a c h s e n  ( R R Z N ) ,  H a n n o v e r .  

Note added in proof 

A f t e r  this  m a n u s c r i p t  was c o m p l e t e d  I b e c a m e  aware  of  two  recen t  pape r s  

[27, 28], w h e r e  s imi lar  resul ts  h a v e  been  o b t a i n e d  for  the  decay  Z -~ bL 
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