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Are there really no experimental limits on a light Higgs boson from kaon decay?
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We reexamine the theoretical estimates of the decay K~nH and the experimental constraints on
the existence of a light Higgs boson from this process. We find that (i) pole diagrams generated
from the Higgs-boson —gluon coupling via a loop of heavy quarks do contribute to K~~H, (ii) there
is an additional contribution to the K —+~H amplitude coming from the eftective KHR and ~HR'
couplings, (iii) even if 8, the unknown parameter in the chiral-Lagrangian description of K —mH

transitions, is nonzero and even if the real part of the K~~H amplitude is canceled accidentally,
the imaginary contribution alone suSces to rule out a Higgs boson lighter than 2m, and (iv) wheth-
er Higgs bosons in the mass range 2m„(m& (350 MeV are excluded by the imaginary part of the
K—+~H amplitude depends on the branching ratio of H~p+p and the top-quark mass. Decay
modes KL ~~+~ H and K+ ~l+ vH are briefly discussed.

I. INTRODUCTION

In the last decade, particle physics has harvested the
marvelous successes of the standard model (SM). Howev-
er, the Higgs bosons, which are the indisputable building
blocks of the SM, are still missing. The search for them
or their surrogates in the current or future high-energy
experiments has become one of the top-priority issues.
Unfortunately, the problem is obscured by the absence of
any theoretical constraint on the number or masses of the
Higgs bosons within the framework of the SM. For the
minimal model, there is a vacuum stability bound,
mII &7 GeV, but this argument fails when there exist
heavy fermions, or when there are more than one doublet
of Higgs bosons. Recently, the ARGUS and CLEO Col-
laborations have reported a large Bd-B d mixing. This,
when combining with the null signal of the top-quark
search by the UA1 Collaboration, indicates that the top
quark is likely to be heavy. Thus, it is important to con-
sider possible experimental limits on the existence of the
light Higgs bosons.

Within the minimal model, it has been pointed out ear-
lier that the branching ratio for B~HX could be as
large as several percents for a light Higgs boson (i.e.,

mtt (4.5 GeV) and a heavy top quark. This provides a
good laboratory for the light-Higgs-boson search. How-
ever, results from various experimental groups seem to
rule out the existence of a light Higgs boson within the
mass range of 0.3 (rnII (5 GeV. But, as pointed out by
the authors of Refs. 6 and 7, even though the branching
ratio for B—+HX is fairly large, the theoretical uncertain-
ties in the H~p p branching ratio may ruin any
definite conclusions.

In this paper, we update and fi11 up loopholes in argu-
ments ' of using various K decays to exclude light
Higgs bosons with mass m~ (360 MeV. In an earlier pa-
per, Vainshtein, Zakharov, and Shifman have pointed
out that m~(350 MeV is ruled out by the K —~~—H
mode. However, their calculation assumed a

momentum-independent K~ transition amplitude which
is inconsistent with the underlying chir al symmetry.
Later, Willey and one of us (H.L.Y.) presented a quark-
model calculation which includes a one-loop s~d+H
transition, but neglected the contributions from the non-
spectator diagram, Fig. 1(e). Pham and Sutherland' ad-
vocated that both the nonspectator contributions and
EI =

—,
' enhancement are important and may partially

cancel the spectator term; therefore, this raises doubt in
the conclusion of Willey and Yu. 'Willey, " in a later pa-
per, has made a detailed reanalysis of this problem by us-
ing Fermi statistics and Bethe-Salpeter equation tech-
niques to demonstrate that the spectator and nonspecta-
tor contributions are in fact constructive and hence rule
out a Higgs boson of a mass between 50 ~ m~ (211 MeV.
On the other hand, Chivukula and Manohar' (CM) used
chiral perturbative theory and vacuum insertion to obtain
an expression which indicates a destructive interference
between the spectator and nonspectator diagrams and
which depends on an unknown parameter B in the
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FIG. 1. Contributions to K~m.H. Shown are (a) and (b) pole
diagrams, (c)—(e) nonspectator diagrams, and (f) the one-loop
spectator diagram.
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effective chiral Lagrangian. Despite the above complica-
tions, CM still managed to conclude that mH (360 MeV
from the KL ~m e+e and KL —+m p+p decay modes
is ruled out. Taking a rather conservative attitude, Raby,
West, and Hoffman argued that because B is unknown,
many of the claims in the literature excluding Higgs bo-
sons from kaon decays are not valid.

In light of the above-mentioned confusing status we
shall present in this paper an updated version of the cal-
culation of' the K~m.H decay amplitude. ' We claim
that (1) pole diagrams which include the Higgs-boson in-
teraction with gluons via a triangular loop of heavy
quarks do contribute to K ~mH, (2) .there is an additional
contribution to the K~~H amplitude corning from the
effective ICHW and vrHW couplings, and (3) the imagi-
nary contributions alone to K~~H suffice to rule out a
Higgs boson lighter than 270 MeV. Finally, to complete
our discussion we also calculate the branching ratio of
Ki ~m. +~ H and K+ —+e+vH, though the present ex-
perimental limits on the corresponding KL
—+~ m e e and K+ ~e+ve+e decay modes cannot
give any conclusion on the Higgs-boson masses.

1 loop 32 2g ~ ts rd ~2

X —[m, d(1+ys)s +mdd(1 —y&)s]
H

+H. c. , (2.4)

&m+m. H) = —m+m x m;q;q; 0) .
1

v
(2.5)

which was first obtained by Willey and Yu.
We first consider the pole diagrams, Figs. 1(a) and 1(b).

At the quark level, pole diagrams corresponds to Higgs-
boson emission from the bound-state quarks of initial and
final rnesons. It has been argued in the literature' that
diagrams 1(a) and 1(b) compensate as the Higgs-boson
coupling is proportional to the meson mass squared, i.e.,
gH~~/gHxx. =m /mx. . However, as we shall see shortly,
the Higgs-boson —meson coupling does not vanish even
in the chiral limit, and hence the pole contributions are
not necessarily zero. To see this, let us consider the ma-
trix element

II. THEORETICAL EVALUATION
OF E —+ mH AMPLITUDES

We shall reexamine in this section the theoretical esti-
mate of the K~vrH rate. To begin with we write down
the relevant effective Lagrangian for K ~vrH (Ref. 13):

&=i gq, y„B"q — 1+—g m;q;q;
H

t' I

nhA,'+X — HG' G'"
1 loop 12 )M~

(2.1)

where we have included effective Higgs-boson —gluon in-
teractions via a heavy-quark triangle diagram for later
purposes, nh is the number of heavy quarks,
U = I/(&2GF)' =246 GeV, X =' is the effective
AS= 1 weak Lagrangian

6='= —&2GF V„, V„'d g c;(p)O;(p), (2 2)

cl = 2 ~ 1 1 c2 =0.12 c3 =0.09

c4 =0.45, c5 = —0.025, c6 = —0.003 .
(2.3)

The term X& &„ in Eq. (2.1) is the Aavor-changing hS= 1

two-quark interaction induced at the one-loop level:

where V; are the Kobayashi-Maskawa mixing matrix ele-
ments, 0; are four-quark operators [we follow the nota-
tion of Eq. (3.9) of Ref. 15], and c; (p) are Wilson
coefficient functions in which perturbative QCD correc-
tions from M~ down to the renormalization scale, typi-
cally chosen at 1 CreV, are taken into account. The
characteristic values of Wilson coefficients are'

It is well known that heavy quarks contribute indirectly
to the Higgs-boson —pion coupling by virtue of the trian-
gle diagram" [i.e., the last term in Eq. (2.1)]

where the subscript I denotes light quarks. The
momentum dependence of the matrix element
(m'+(p&)m (pz)~H) is easily seen from the approach of
chiral Lagrangian. In the chiral limit the general chiral
representation for the HGG interaction given in Eq. (2.1)
reads'

2f. H—(a TrB Ur)"U +b TrU U )+H. c.
16 v

(2.7)

This chiral Lagrangian will contribute not only to the
Higgs-boson —meson coupling but also to the effective
HPW vertex responsible for the nonspectator diagrams,
Figs. 1(c) and 1(d), as we shall see later. It is straightfor-
ward to check that'

( +(p) (p)~H) = p p, . (2.8)

The unknown coefficient (a b) in Eq. (2—.8) is inti-
mately related to the trace of energy-momentum tensor

(33—2ni)a,

I 24m
(2.9)

where nI is the number of light quarks, and use of heavy-
quark operator-product expansion' has been made.
Therefore,

nh 0!s(~ ~ lH ) = —(m+m x m, q, q, — G„',G'"' 0),

(2.6)
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2nh(~+~ IH-& = — (~+~ Ie-~ Io)
v 33 2nI

r

1 2nh+ — 1 — vr+m xm~q, q, 0).
v 33 2nt

(2.10)

for small (p, +p2 ) . Likewise,

4nh
&sr+(p, )x-(p, )IH) =—

The lowest-order chiral Lagrangian implies

(pi)7r (p2)le"„I0)=2p) p2+4m

Hence, (a b) i—s fixed to be

4nh
a —b=

33 2ni
and

6nh+ +m~
33 2n)

(2.11)

(2.12)

(2.13)

+ mI +mz
33 2nl

(2.14)

Raby and West' have emphasized recently that the
0—+~a decay is further enhanced by final-state interac-
tions via a possible resonance in the ~m-scattering ampli-
tude. However, this is not relevant for the pole contribu-
tions discussed here.

From Eqs. (2.13) and (2.14) it is easily seen that the
pole diagrams with momentum-dependent Higgs-
boson —pion couplings (i.e. , the p, p2 terms) do not can-
the pole amplitude to be

4n,
A (E+~7r+H), ),=-

v 33—2n)

& +(p )l~"='l~+(p )& —
& +(p. )l&"='l~+(p. )&

mlr- m ~
2 2

(2.15)

The E-~ transition can be evaluated in several different
methods (for a detailed discussion, see Secs. 6.1 and 7.3 of
Ref. 15). Here we focus on the chiral-Lagrangian ap-
proach. The lowest-order chir al representation for

' has the form (using the notation of Chap. 7 of
Ref. 15)

where o =m /(m„+md)=m +/(m„+m, ) character-
izes the spontaneous breaking of chiral symmetry, and
Az- I GeV (Ref. 22) sets the scale of higher-order chiral
terms. with the Wilson coefficients Eq. (2.3) it turns out
that the sign of (7r+IX ='IK ) and hence g8 is fixed to
be negative. It follows from Eq. (2.16) that

~hs=l g Tr(g g Ug) Ut)+g(l/2)e(27, 1/2)
chiral 8 6 p 27

{3/2) 8{27,3/2) (2.16)

& +(p. )l&,",,,=., 'l~+(p )&

4
(g8+g27 +g27 )pK p1r

{l /2) {3/2) (2.19)

Ig, +g" "
I

=0.26 X 10 'm '

Ig27 'I =0.86X10 ' m
(2.17)

but with their signs undetermined. To fix the sign we see
that a direct application of factorization yields [cf. Eq.
(6.40) of Ref. 15]

& +(p.)I&"='Ilt'(p )&

2
~us ~ud c l

—2c2 —2c3 —2c4

2

+ —", (c8+ —",c6), f'.(pk p.»
A~

(2.18)

where U =exp(2ig/f ), P=(1/i/2)P'A, ', and Tr(VA, )
=2&'~. Total derivative terms such as TrB"(A6UB„U )

are prohibited because the AS=1 weak Hamiltonian at
the quark level respects an additional discrete CPS sym-
metry, which is the product of ordinary CP with a
switching symmetry S, which switches the s and d
quarks. ' The coupling constants are determined from
the experimental K —++~ rates to be'

The final result for the pole contribution has the form

v 33 2n) f
(2.20)

We turn next to the nonspectator diagram, Fig. 1(e), in
which the spectator u quark in E+ participates directly
in the Higgs-boson production. The amplitude of Fig.
1(e) governed by the interaction —2(M/v)X s ' reads

~ (z+ ~+II), = (~+(p.)~I~&"—=) II:+(p~) & .=2

(2.21)

Because of the Higgs-boson —gluon interaction arising
from the heavy-quark triangle diagram, there are two ad-
ditional contributions to the K~mH decay: namely,
Figs. 1(c) and 1(d). At the quark level, the effective HPW
vertex is depicted in Fig. 2. The HPW coupling can be
obtained by coupling the chiral Lagrangian for HGG in-
teractions [Eq. (2.7)] to external gauge fields /I „and 3„:
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Recalling that

lM
I

K
—f W" Tr(I d„P)

2 2
(2.25)

FIG. 2. The effective HKR'vertex at the quark level.

we find

g (K+ ~n+H), = A (X+~m+H)d

a„U D„U =a„U+ w„'U —Uw„' . (2.22)
4n~

33 n(
& ~+a~He" ='~X+ ).

In the present case the external fields are identified with
left-handed W„boson fields

(2.26)

w'= —i g wr, a'=o,
P Q2 P ' P (2.23)

Summing over the nonspectator amplitude of Figs.
1(c)—1(e) we obtain

where I is identical to the KM matrix element V; for the
pseudoscalar meson constructed from q;q and vanishes
otherwise. For example, I;.=0 except for I i2= V„d for
H~+ W coupling. It is easily seen from Eqs. (2.7), (2.22),
and (2.23) that

3 (K+ +rr+H)N—s

=2 4nh2—
v 33 2n(

& ~+alar" ='II~+ ) (2.27)

+Hgw
4n~ ' —H W~Tr(ra y) .

33—2nl 2v'2 U

(2.24)

To evaluate the K-mH matrix elements we note that in
the chir al Lagrangian approach the Aav or-changing
AS= 1 interactions involving Higgs bosons are given
b 13 25

r

1 —2—X = =g, [Tr(A, B„UB"U ) —B TrX'(A, UB„U )] 1 —2—+C 1 —2—Tr A, M 1+—as=& H H y H +H. c. ,

(2.28)

&lr+(p )~sd~K+(pz)) =rr (2.30)

with cr being defined in Eq. (2.18). It follows from Eq.
(2.4) that

where we have neglected the 27-piet contributions (recall
that go~7~ ' =gl27r ' l5). As noticed in Ref 24, CpS sym-
metry eliminates the B term as before, but it does not re-
move away the CTr(A, 6M )H contribution. The chiral
rotation which diagonalizes the quark mass only deletes
the Higgs-boson-independent piece of the C term. To
eliminate the remaining C term via a Higgs-boson-
dependent chiral rotation will reintroduce the B term.
This means that the K-vH transitions receives an addi-
tional contribution depending on the unknown parameter
B. We find the nonspectator amplitude to be

IC+ ~+H)Ns

4 4nh gs 2 2 22 [Pl~ Pt PlH
U 33 2lll f

+ ,'B (mg. —m—}]. (2.29)

We now turn to the spectator diagram, Fig. 1(f), in which
s ~dH occurs at the one-loop level. The hadronic matrix
element of the sd density is given by

u, c, t I
32m sin L9~ M~

u, c, f

h, . (2.31)

Note that the sign of h, relative to A (IC+~rr+H)Ns is
unambiguously fixed and is independent of the quark
phase convention. For example, h, is of opposite sign to
the nonspectator amplitude due to the negativity of the
coupling g8, in agreement with Ref. 13. To evaluate the
t-quark contribution we recast the KM matrix element
V,d V,*, in terms of the Wolfenstein parametrization

V,d V,', = —A. A (1 p iq},—— (2.32)

where A, =
~ V„, ~

=0.22, A is close to unity, and r) mea-
sures CI' violation. The spectrum of leptons in semilep-
tonic B decay implies (p +g )' (0.9. The recent
ARGUS and CLEO observations of B„-B„mixing
strongly suggest a negative p and a heavy top quark:
I, )60 GeV. The parameter g can be determined from
the recent NA31 measurement of e'/e. In the standard
KM model e'/e has the expression
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I

S

where

(2.33) A (K vr+H) = —1.5 X 10-"(1—-,') 1+
m~

+0.73X10 ' +h,
&~+~- O, ~K')

&
~+~-

~ O, ~K')

~O, ~K')

0.055 GeV
(2.34)

measures the deviation of the K-~~ penguin matrix ele-
ment from the 1/X, calculation (for a detailed discussion,
see Ref. 29), analogous to the parameter Bz defined in
K -K mixing. Using m, = 150 MeV, 8& = 1, and the
NA31 result e'/e=(3. 3+1.1)X10,we find

+8(0.39X10 '
) GeV,

A (KL ~rr H) =Re A (K + +sr+—H) .
(2.37)

From Eq. (2.37) it is obvious that the K ~rrH amplitude
is at least of order 10 ' GeV and is dominated by the t-

quark contribution. The branching ratios are then given
by

g=0. 57+0. 19 .

Now we have

(2.35)
2@~8 (K+~rr+H) =7.57 X 10
mg 10 ' GeV

m,
h, =4 3X10 ' GeV

M~
(1 p

—ig—) . (2.36)

Because p&0 inferred from the Bd-8 d mixing data, a
conservative lower bound for the real part of h, can be set
by putting p =0. Since h, =0.73 X 10 ' GeV for
m, =1.5 GeV, it is evident that the dominant contribu-
tion to the spectator amplitude arises from the top quark.
As we shall see in the next section, even the imaginary
part of h, alone sufTices to rule out light Higgs bosons
within certain mass ranges.

Summing over the contributions from Figs. 1(a)—1(fl,
we find the amplitude for K ~rrH to be [for three genera-
tions, i.e., n& =nh =3 (Ref. 30)]

2S'a8 (KL ~ rr H) =3. 15 X 10
mlr- 10 ' GeV

(2.38)
2

where p~ is the momentum of the Higgs boson.

III. LIMITS FROM K —+mH DECAYS

To set a limit on a light Higgs bosons from existing ex-
perimental data, it is important to take the experimental
situation into consideration, for instance, the experimen-
tal decay vertex requirement. For this purpose, we follow
the analysis of Raby, West, and Hoffman (RWH) to
summarize the available data for K ~mH:

(1) Ref. 31, 8(K+~vr H)B(H~e+e )(2.7X10 for 100 MeV&m~ &2m„,

(2) Ref. 32, B(K+~rr+H)B(H~e+e ) &3.5X10 for 140 MeV&mIt &2m„,

(3) Ref. 33, 8(K+~m+H)8(H~p+p )(1.5X10 for 220 MeV&mtt &320 MeV,

(4) Ref. 34, 8 (K+ ~~+H) & 1.5 X 10 for 0 & mt' & 80 MeV,

(5) Ref. 35, B(E+ +vr+X) &1.—4X10 for 5 MeV&m& &100 MeV,

(6) Ref. 36, B(Kr ~vr H)8(H~e+e ) &2.3X10 for 80 MeV&m~ &2m„,

(7) Ref. 37, 8(KL~~ H)8(H~e+e )(2.0X10 for 10 MeV&m~ &2m„,

(8) Ref. 36, 8(KL ~rr H)8(H~p, +p ) & 1.2X10 for 2m„& m~ &360 MeV .

(3.1)

When m~ & 2m„, H ~e+e is the dominant decay
mode, while for 2m„&mII &2m, the Higgs boson will

predominately decay into p+p . It was argued recently
by RWH (Ref. 7) that because of the undetermined 8 pa-
rameter in the chiral Lagrangian (2.28), no unambiguous
and definite limits on the existence of light Higgs bosons
can be drawn from kaon decays. However, we have
shown in Sec. II that the imaginary contribution to the
K+ —+a+H amplitude coming from the intermediate top
quark in the s —+dH loop is large and suKces to rule out a

Higgs boson lighter than 2m as long as m, &45 GeV.
Hence, even if8 is nonzero and even if the real part is can
celed accidentally, the imaginary contribution alone is
enough to exclude Higgs bosons with m~ & 2m

For 2m & m~ & 360 GeV, the branching ratio of'

H —+p+p is suppressed due to the existence of the de-
cay mode H —+~+. An estimate of H~m. m rates by Eq.
(2.13) leads to a branching ratio of 40%%uo for H~p+p at
m~ =300 MeV. Raby and West' claimed a large
enhancement of H~~m by final-state interactions and
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they concluded that B (H ~p+p ) = —,', at the same
Higgs-boson mass. A recent reanalysis of this issue by
Truong and Willey, found, however, no large enhance-
ment of H ~m.m for mH & 950 MeV; they estimated
B (H ~p+p ) to be of 30% at mH =300 Me V. As a re-
sult, whether Higgs bosons in this mass range can be ex-
cluded by the imaginary contribution to the K+ —+m H
amplitude depends strongly on the branching ratio of
H —+p+p and the top-quark mass. For
(H~p, p )=0.3, we find that light Higgs bosons with
2m & mH & 350 MeV do not exist if m, )65 GeV. (Re-
call that m, ~80 GeV is required to evade the Linde-
Weinberg constraint. ') But if B(H~p+p )= —,'~, the
top quark must be heavier than 105 GeV in order to im-
plement the job.

v'26~m~

PPl

96m m 1—

XB(K+~p+ v),„J'(x)

=6.4X10 f (x), (4.5)

of light Higgs bosons unless m, & 100 GeV.
We have also calculated the branching ratio for the

process K+~e+vH. Since the pole contribution van-
ishes in the limit m, ~0 due to vector-current conserva-
tion, Higgs-boson production comes from the emission
from the virtual 8'boson and from the K-8 vertex. We
find4'

IV. KL, —+++m 8AND E + —+ l+ vH DECAYS

2fRQz = f oU— (4.1)

it follows

+m ~sy, d~.K') = —(n-+n. ~dy, s~K') = i—

Processes, e.g., K ~m~H and K ~l vH can in principle
be used to constrain the existence of a light Higgs boson.
Here we confine our attention to the decay modes
Kl —+~+a H and K+ —+I+vH because of the avail-
ability of the experimental measurements of
KI —+sr+a e+e and K ~e+ve+e

From Eq. (2.1) it is clear that the decay Kz +rrrrH is-
prohibited in the limit of CP symmetry. Since the imagi-
nary and real parts of the KM matrix element V«V,*, are
comparable, the dominant contribution to the CP-
violating KL ~mm. H obviously arises from the t-quark
loop diagram. From the chiral representation of the
quark density

f (x)=[(l—8x+x )(1—x ) —12x inx]

2nI,
X 1—

33 2nI

2

(4.6)

with x =mH /mz. The available experimental measure-
ment B (IC+ ~e ve+e ) =(2.1+i'i) X 10 indicates
that nothing can be learned from this decay mode. Simi-
larly, for ~+~e+vH we obtain

B(vr+~e+vH)=3. 3X10 f (y) (4.7)

with y =mH /m . It seems to us that the branching ratio
obtained in Ref. 7 is too large by a factor of 2. Recently,
the SINDRUM Collaboration has obtained upper limits
on the branching ratio B(m ~e+vH) ranging from
10 to 10 " depending on the mass and the lifetime of
the Higgs boson. A mass range 10&m~(100 MeV is
clearly ruled out.

(4.2) V. CONCLUSIQNS

Consequently,

A (Kz ~m+m H) =i v'Za

16&sin 0~
Xlm( V,d V,*, )

mz —m2 2 2

'2

=i (1.64+0.55) X 10

(4.3)

m,B(Kz ~sr+sr H) & (1.7+1.2) X 10 (4.4)

for mH &0. Consequently, the current experimental
upper bound ' B(KI ~err e+e ) &2. 5. X10 is not
strong enough to provide evidence against the existence

where use of Eq. (2.33) has been made. After integrating
over the phase space we find

2

We have explored the Higgs-boson production in the
process K~mH. Efects such as heavy-quark contribu-
tions to the pole and nonspectator diagrams via the trian-
gle diagram with external gluons and CP-violating e6'ects
on the K —+mH decay mode, which were not considered
by previous calculations, are elaborated on.

We find the K~~K amplitude to be dominated by the
t-quark contribution in the s~dH loop. Unfortunately,
there is an undetermined parameter 8 in the chiral-
Lagrangian description of the K —+mH transition. Never-
theless, the imaginary contribution to the K+~n+H
amplitude coming from the imaginary part of the
Kobayashi-Maskawa mixing angles in s~dH is large.
%'e conclude that even if B is nonzero and even if the real
part of the K+~~ H amplitude is canceled accidental-
ly, the imaginary contribution alone with m, 45 GeV
will su%ce to rule out a Higgs boson lighter than 2m
Whether the Higgs bosons with 2m &mH &350 MeV
can be excluded by the CP-violating contribution depends
strongly on the branching ratio of K~p p . For
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8(H~p+p )=30%%uo, a top quark heavier than 65 GeV
will rule out a light Higgs boson in the above-mentioned
mass range. But if 8(H~p+p )= —,'„ the top quark
should not be lighter than 105 GeV in order to put con-
straints on the light Higgs boson in the mass range
2m & m~ & 350 MeV.
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