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The processes b ~sy and b ~sg are examined within the context of the two-Higgs-doublet exten-

sion of the standard model. The usual W loop diagrams responsible for these decays are now sup-

plemented by loops involving charged Higgs bosons (H ). We find that the total amplitudes for
both processes are substantially enhanced in this model for a wide range of top-quark and charged-
Higgs-boson masses. For a reasonable range of the ratio of the vacuum expectation values of the
two Higgs doublets, these decays can provide important tests of such models.

The standard model of the electroweak interactions is
in complete agreement with all experimental data. ' How-
ever, we remain ignorant of the detailed nature of the
Higgs-boson sector of the model since it has yet to con-
front any direct experimental tests. In many extensions
of the standard model (SM), such as tnodels with spon-
taneous CP violation and horizontal symmetries or in-
volving supersymmetry, the Higgs-boson sector is en-
larged from a single doublet to two (or more) doublets
which necessitates the existence of charged Higgs bosons.
This possibility has already received substantial attention
in the literature. The probing of loop-induced couplings
provides a means of testing the detailed structure of the
SM at the level of radiative corrections where Glashow-
Iliopoulos-Maiani (GIM) cancellations are important.
Compared with s-quark loop decays, those involving b
quarks are expected to be far more frequent, quite sensi-
tive to the t-quark mass (since the b quark also lies in the
third generation), and to have calculable QCD short-
distance corrections.

In this paper, we will examine how the existence of
charged Higgs bosons may influence the decay rates of
loop-induced processes; in particular b —+sy (Ref. 5) and
b~sg (Ref. 6). Both of these processes have been dis-
cussed at some length in recent literature. We hope to
show that for a reasonable range of parameters, con-
sistent with existing experiment, the charged-Higgs-
boson diagram substantially modifies the conventional
8'-penguin contribution to both of the above processes.
It should be noted that the existence of the charged-
Higgs-boson-exchange diagram would not alter the usual
SM expectation that Pb ~dy)II'(b ~sy)
=

i V«/V„ i
[and similarly for I (bldg)/I'(b~sg)],

so that these modes are still expected to be suppressed
in contrast with what may happen in models involving
the fourth generation.

The diagrams responsible for the generic processes
b~qy and b~qg which result from charged-Higgs-
boson exchange are shown in Fig. 1. The conventional
IV-loop amplitude for b~qy is given by (assuming t
quark dominance)
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and Q, =—', . The corresponding amplitude for
b~ gq(A ) is obtainable from (1) via the substitutions

e~g, A,, /2, e ~e„H =0, and Q, =l where A,, /2 are
the SU(3)-color generators with g, being the strong cou-

pling constant. Note that as x ~ 00, both H and
I -const apart from logarithmic corrections. In order to
calculate the diagrams in Fig. 1 we note that the
charged-Higgs-boson coupling to t quarks is given by

m,
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FIG. 1. Diagrams contributing to the processes b~qy, qg

where the y(g) is on shell.
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where a, b =1+(mq/m, )tan p and V, is an element of
the Kobayashi-Maskawa mixing matrix. tanp=v2/vi
where v, (v2) is the vacuum expectation value of the
doublet which gives mass to the Q =—', (Q = ——,') quarks.
Since mb pm, and m, & m, one might expect v2 & v, al-
though we will not assume this in what follows. Natural-
ness suggests v2/v, —1 and limits from the K-E system
also suggest values near unity for this quantity. Note
that in the limit m /m, tan P «1 (which is clearly true
for q =d, s) we find a =b =1 so that H is chirally cou-
pled.

Given (3) we find that the Higgs-boson-induced ampli-
tude is given by

GF~k= - q&i ~ "(I+ys)bmb ~~b V('
&2 16m

t tq

x [6(5)+Q,F(5)]e",
where 5=—m, /mH. The functions F and G take the forms
F(G)=Fi(Gi)+Fz(Gz)/tan p where the integrals F;
and G; (i =1,2) are given in the Appendix. We note that
for large values of 5, I'; and G; both tend to constant
values just like H(x) and I(x) do for large values of x.
In what follows we will use the results of Ref. 1 which
strongly indicates 25~mt (200 GeV and the e+e ex-
perimental data which imply mH &20 GeV. Taken to-
gether these two constraints imply &5 & 10 where for a
fixed value m„e.g., m, =60 (100) GeV we obtain v'5& 3
(5). The corresponding Higgs-boson-induced amplitude
for b ~sg ( A$ ) can be obtained from (4) by the same sub-
stitutions as above with G =0. Note that we have not in-
cluded the QCD corrections in our discussion below.

Figure 2 shows the ratio Rr =
~

A$/AQ
~

as a func-
tion of m, /mH with m, fixed at 60 GeV for tanp=0. 5, 1,

and 2, respectively. Note that for light mH (m, /mH & 1),
R is reasonably large for all values of tanp. For large
mH (m, /mH & 1) we find that the relative enhancement is
quite small, e.g., for mH ——150 GeV we obtain R&-1.
Figure 2 also shows the importance of keeping terms of
order unity when v2/v, is not greatly different from one.
Note that even for very large values of tanp we still ob-
tain a significant "irreducible" enhancement due to the
terms of order unity. For light-Higgs-boson masses one
can, in principle, use our results to put bounds on the
value of tanp if one could reliably calculate the exclusive
mode B~E'y (Ref. 5)

Figure 3 also shows R~ but for m, =100 GeV. As one
might expect, R is reduced somewhat in this case since
A Q scales roughly as m, . Again for light mH there is a
reasonably substantial enhancement in the b usy arnpli-
tude even for modest values of tanp. Note that we obtain
R~=1 for mH=200 GeV and that there is still some
enhancement even when m, /m& ~ 1.

It is clear from this discussion that if m, /mH &1 and
tanP-1 one may expect very sizable enhancements in
the b usy branching ratio and that values in the range
3-10 are not unusual. Such enhancements may be some-
what larger than the effect of fourth-generation fer-
mions. '

Figure 4 shows Rs ——
~
A$/Af

~

as a function of
m, /mH with m, fixed at 60 GeV for tanp=0. 5, 1, and 2.
Since G =0 in this case (as is H) we expect the magnitude
of the enhancement to be somewhat different for this pro-
cess. As shown in Fig. 4, Rg =R& for m, =60 GeV. If
B(b~sg) is 10 (3&(10 ) in the SM, and we demand
that this branching ratio be less than 10 ' (so as not to
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FIG. 2. The ratio of amplitudes, R~, for m, =60 GeV as a
function of m, /mH. The values assumed for tanP are shown.
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FIG. 3. Same as Fig. 2but with m, =100GeV.
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FIG. 4. The ratio of amplitudes, R~, for m, =60 GeV as a
function of m, /rnH. The values assumed for tanP are shown.
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FIG. 5. Same as Fig. 4 but with m, = 100 GeV.

upset b-decay phenomenology too much) one can obtain
a tanP bound dependent on m, lmH ~0.7 (1.0—3.0) for
m, =60 GeV; larger values of tanP only yield a limit on
the branching ratio if the SM value is assumed to be
10

Figure 5 shows Rg for m, =100 GeV as a function of
m, lmH As expec.ted from the above discussion of Rr,
R is somewhat smaller in this case since the W contribu-
tion is enhanced. We again see that for reasonable values
of the parameters the branching ratio for b~sg can be
enhanced by an order of magnitude.

The main points of this paper are as follows: (i) The
existence of charged-Higgs-boson scalars can substantial-
ly enhance the branching ratios for the rare processes
b usy and b ~sg for a wide range of parameters; (ii) the
largest enhancement occurs when mH & m„' (iii) terms in-
dependent of u t lu2 and/or proportional to mb cannot be
neglected in calculating the Higgs-boson contribution to
either process; (iv} for fixed m, and mH we find that
b~sg is as enhanced as b~ y, si.e., Rs-Rz', (v) im-
provement in the present experimental upper limits on
B~K*y may provide bounds on Uz/U, and mH for fixed
values of m, if one could relate the inclusive b ~sy pro-
cess to the exclusive B~K*y process.

Clearly, new experiments on rare decays may yield the
first clue to the nature of the Higgs-boson sector of the
standard model.

Since this paper was completed, several other au-
thors"' have also considered the effect of charged-
Higgs-boson scalars on the b ~sy and b ~sg processes.
All of the results appear to be in general agreement.

APPENDIX

In this appendix we give the explicit forms of the in-
tegrals F, and G, (i =1,2) used in the text. Explicitly we
find that

G, (5)=25I dt

=25(1—5) [—,'(1 5)+51n5—]

=1 as 5~~, (A 1)

t'1 t-
Gi(5)=5J dt

=5(1—5} '( —,
' —5+-,'5'+-,'5' —5'ln5)

as 5~~,
3

(A2)

F, (5)=25J dt

= —25(1—5) '( —,
' —25+ —,'5'+ ln5)

=1 as 5~oo, (A3)
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t'1 t—
F,(5)=5f ct

=5(1—5) '(-,'+-,'5 —5'+-,'5'+5 ln5)

as 5

(A4)

It should be noted that in each case the large-5 limit
yields a constant and not a decreasing power of 5 as one
might expect. This is due to the couplings of the charged
Higgs scalar which are proportional to m, for the situa-
tion being discussed here.
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