
PHYSICAL REVIEW D VOLUME 41, NUMBER 9 1 MAY 1990

Are light Higgs bosons allowed?

Sally Dawson
Physics Department, Brookhauen National Laboratory, Upton, New York 11973

John F. Gunion
Department ofPhysics, University of California, Davis, California 95616

Howard E. Haber
Santa Cruz Institute for Particle Physics, University of California, Santa Cruz, California 95064

(Received 14 July 1989)

We examine the experimental limits on a standard-model Higgs boson available prior to the data
which will be forthcoming from the Z factories. Particular attention is paid to the theoretical un-

certainties involved in extracting these limits. We find that, subject to a number of theoretical as-
sumptions, the Higgs-boson mass must be greater than 2m, .

I. INTRODUCTION

The search for the Higgs boson of the standard model

(P ) is a fundamental goal of all accelerators. We explore
the limits that can be placed on m o prior to the start-up

of CERN LEP. In this paper we examine a variety of ex-
perimental limits on such light Higgs bosons. Many of
our results are extremely sensitive to the coupling of the
Higgs boson to the nucleon and to kaons and pions and
we pay particular attention to the theoretical uncertain-
ties involved. Section II contains a discussion of the lim-

its obtained from nuclear physics. These experiments
typically require m o 11 MeV. Higgs-boson production

in kaon decays is considered in Sec. III and limits from B
physics are presented in Sec. IV. The limits obtained
from these processes depend on a variety of theoretical
assumptions which we discuss in detail. In Sec. V we

present our conclusions. Some of the issues discussed in
this paper have also recently been treated in Ref. 1.

We consider only the production of the Higgs boson
contained in the minimal version of the standard model,
although many of our results can easily be extended to
more complicated scenarios. A recent review of the
properties of the standard-model Higgs boson and a
guide to the literature can be found in Ref. 2.

II. LIMITS FROM NUCLEAR PHYSICS

A very light standard-model Higgs boson (m, &20
MeV) may influence low-energy processes in a variety of
ways. In this section we will review a selection of possi-
bilities and the experiments which give rise to the strong-
est constraints and limits.

The best limits on Higgs bosons with a mass less than 1

MeV come from x-ray transition rates in muonic atoms.
Beltrami et al. have measured the 3d5&2-2@3/2 x-ray
transition in Mg and Si. They looked for any muon-
nucleon isoscalar interaction mediated by a neutral scalar
or vector boson. The presence of a light scalar boson
would induce a Yukawa potential for the muon-nucleon

interaction and cause a change in the transition wave-
length,

g poNNg po""[9f(2)—4f (3)],
10sraZ

(2.1)

~g, g, ~
&7X10 for m o &1 MeV . (2.2)

Using g o =gm„/2m~, and defining rl via

gM~

m~
(2.3)

we find from Eq. (2.2) that this experiment requires
q(0.04 for m o & 1 MeV. The value g=1 would corre-
spond to a point nucleon. This is not a realistic estimate
for a nucleon made up of quarks and gluons. Following
Ref. 5 one may use Higgs-boson low-energy theorems to
estimate g=0. 3. Using this estimate, we would conclude
that these experiments exclude Higgs bosons which are
lighter than about 8 MeV. The results of Ref. 4 are
shown in Fig. 1, where the region above the curved line is
excluded. The prediction using standard-model cou-
plings and g=0.3 is also shown. (For g =0.1, this exper-
iment excludes Higgs-boson masses less than about 3
MeV. )

In the mass region 2m, (m o (20 Me V certain
0+ ~0 nuclear transitions would see the effect of a light
Higgs boson. Kohler et al. searched for ' O(6.05
MeV)~(ground state)+P, P ~e+e . Their results ex-
clude 2m, ~ m o

~ 5. 8 MeV for q 0.3. Freedman
et al. have performed an experiment involving the excit-
ed He decay, He(20. 1 MeV) ~(ground state)+4),
P ~e+e . They conclude that Higgs-boson masses

where Z is the nuclear charge, g o and g o are the

Higgs couplings to nucleons and muons, respectively,
f (n) =(1+nm 0/2aZm„) ", and n is the principle

quantum number of the muonic state. For small m o,

f(n)~1 and the shift in the wavelength is independent
of the scalar mass. In this limit, Beltrami et al. find the
result
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FIG. 1. Limits on light standard-model Higgs bosons from
the measurement of the 3d5/2-2p3/2 transition rates in muonic
atoms of Ref. 4. The region above the curved line is excluded
and the straight line is the prediction of the standard model
with 7) =0.3 [see Eq. {2.3)].

2. 8+m p ~11.5 MeV are excluded for g=0. 3.~ ~
pp

Numerous other mechanisms for searching for a Higgs
boson with a mass less than 20 MeV have been proposed.
None of them improve the limits listed above. The exact
limits deriving from the experiments we discussed all de-
pend on the assumed value of the Higgs-boson —nucleon
coupling and, hence, on g. However, for q~0. 3, all
Higgs-boson masses less than 11.5 MeV are excluded by
the measurements of the x-ray transitions in muonic
atoms and by the 0+ ~0+ transition experiments in He.

B. Higgs bosons in kaon decays

The decays K*~~—+1+1 and KL ~m. 1+1 can be
used to place limits on a Higgs boson with a mass less
than mz —m, which could contribute through the decay
sequence E~mP, P ~!+1 . Similarly, K ~nyy . limits
have the potential for placing limits on the Higgs boson
in the m, range where the P decays significantly to two

photons. In addition, dedicated searches have been made
for the decay E+~n+P. , P ~e+e (Refs. 13 and 14)
and E+~m+P, P ~p+p (Ref. 15). Hence, if the rate
for E~nP can be reliably calculated, we may be able to
rule out the existence of a very light Higgs boson.

There are two classes of diagrams which contribute to
a quark model calculation of K+~nP .—The. first class
consists of spectator diagrams corresponding to the two-
quark operators which contribute to the transition
s~dP . The second class consists of nonspectator dia-
grams corresponding to four-quark operators. The calcu-
lation of the amplitude for s ~dP is straightforward and
has been checked by several groups

GF 3
2' 16m

+mdd(1 —y5)s]go

+H. c. , (3.2)
III. LIMITS FROM m AND K DECAYS

A. Higgs bosons in pion decays

The rate for Higgs-boson production in charged-pion
decay can be easily obtained using chiral Lagrangian
techniques. The result is "'

Pm+ —+e+v, P )

I (m+ ~p+v„)
&2 GFm4f (x) 1—

96m m (1 m lm—
)P P

=1.9X 10 f (x),

2
2NH

3b

(3.1)

where f (x)—:(1—8x+x )(1—x )
—12x ln(x) with

x —=m 0/m, and we have taken NH =3 and b =11—
', nL—

with nL =3 light fields. (NH =3 corresponds to the three
heavy flavors: c, b, and t )The NH-in. dependent piece is
due to the tree-level graph in which the Higgs boson is
emitted from the virtual 8'. The NH-dependent piece of
Eq. (3.1) arises from the inclusion of graphs in which the
Higgs boson couples to the gluons in the pion via heavy-
quark intermediate loops.

The SINDRUM Collaboration" has recently searched
for decays of the type m. +~e+v, e+e . A Higgs boson
in the mass range 2m, & m p

~ m would yield events of
this type, since it would decay primarily to an e+e pair.
In Ref. 11 a 90%-confidence-level upper limit on
8(m+~e+v, P ) is obtained as a function of m 0. This
limit is roughly a factor of 3 below the theoretical predic-
tion quoted above' over the range of Higgs-boson masses
from 10 to 100 MeV, which clearly excludes a standard-
model Higgs boson in this mass range.

where V; are the elements of the Cabibbo-Kobayashi-
Maskawa (CKM) matrix and m; are the corresponding
quark masses. Re1ating the two-quark operator of Eq.
(3.2) to the SU(3) currents and using an isospin rotation
and the measured rate for KI3 decay, we And the contri-
bution of the two-quark operator to the matrix element
for E ~n.

6 3/2

JR(K ~n Q )=,q4 mx gm VdV;, .2' 16m
(3.3)

The simplest nonspectator diagram for s +u ~d
+u+P gives rise to the (low-energy) effective four-
fermion —Higgs-boson interaction:

26 3/2

V„'d V„,dy"(1 y5)uu—y„(1—ys)st|) +H. c.21/4

(3.4)

Gluonic corrections introduce additional four-quark
operators. One could compute the matrix elements of the
four-quark operators between an on-shell kaon and pion
state using the vacuum-insertion approximation. Howev-
er, this method is known not to be very reliable; for ex-
ample, it does not reproduce in detail the observed
AI =

—,
' rule. Instead, we prefer to use the chiral-

Lagrangian technique. Following Ref. 19, the EI=—,
'

piece of the AS =1 chiral Lagrangian is parametrized by
a parameter A, whose magnitude (but not its sign) is deter-
mined by K nonleptonic decay data to be ~A, ~=3.2
X 10 . In our convention the sign of A, is negative in the
vacuum-insertion approximation; we adopt this sign for
our computations. Second, there is a AI =

—,
' contribution
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which is parametrized by a parameter a. However, we
know from experiment that ~a~ && ~A, ~, so we will hence-
forth neglect effects due to the EI =—', contribution. A
third parameter A appears which parametrizes weak K-m
mixing. However, the A parameter can be rotated away
by mass diagonalization in the absence of Higgs-boson in-
teractions. From the chiral Lagrangian, the Higgs-boson
interactions with the pseudoscalar mesons can be ob-
tained by applying Higgs low-energy theorems, reviewed
in Refs. 2 and 20. Following a similar procedure, the au-
thors of Ref. 9 obtained the contribution of the nonspec-
tator diagrams to K ~m P . In addition to A. , the am-
plitude for K ~m.P also depends on the parameter A, re-
ferred to above. When one performs the mass diagonali-
zation to rotate away the E-m. mixing, a contribution to
the K~m.P amplitude, proportional to A, remains. For
Ntt = 3 heavy quarks and b = 1 1 —2nt =9 (for nt =3
light quarks), we obtain '

JK~(K ~n P )

V„'d V„,= —V,d V„=sing, cos0, ,

V,d V„=—A sin 8,(1 p+—ir)} .
(3.7)

&7.9X10 "GeV, (3.8)

where we have taken m, =80 GeV, as required in order
to have a very light standard-model Higgs boson. Us-
ing I (K~mg }=B,~JK~ /(16nmx ), where B O=2p 0/
mx, and normalizing to the total decay rate, I (K*)
=5.32X10 ' GeV, we fin

Experimentally, sin8, =0.22, the parameter A is close
to unity (A =1.05+0. 17 according to Ref. 24), and
p&0 (based on the observed B Bm-ixing). In addition,
the CERN measurement of e'/e may be used to deter-
mine a value of g. Values in the range 0. 1 ~ g ~ 0.6 have
been obtained in the literature. ' In the analysis below
we shall take a somewhat conservative value, g=0.2.
Thus, taking the imaginary part of the amplitude as
determined from Eq. (3.3), we get

Gz 3m&m, gA sin 8,~'yo)
~

& 2'"

(3.5) B(K* n. P )&4.3X10 B~o . (3.9)

In~Af, —10-'R~, . (3.6)

Since we expect the real parts of A, , and JR& to be rough-
ly of the same order of magnitude, we conclude that
Iax/kt, should be the dominant source of the imaginary
part of the total amplitude.

We therefore obtain a lower limit by setting the real
part of the total amplitude to zero (which would happen
for some choice of the parameter A ). It is convenient to
use the Wolfenstein parametrization of the CKM ma-
trix, where

The parameter A is expected to be roughly of the same
order as A, , but no further theoretical information on its
magnitude or sign is available at present. '

Without any a priori knowledge of the value of A, the
sign of Afz can be positive or negative. Thus, there is no
definite theoretical prediction for B(K~nP}. How. ever,
it was recently pointed out in Ref. 22 that there is a pre-
diction for a lower limit for B(K ~nP) —due .to the
fact that the amplitude for K*~m. P is complex. This
suggestion would make sense only if the dominant source
of the imaginary part is due to the heavy quark mixing
angles which appear in JK, . In fact, we believe that this is
the case. The two-quark operator is special in that the
amplitude contains an explicit factor of the quark mass
squared [see Eq. (3.3)]. The t-quark contribution in the
sum is greatly enhanced, which permits Immi&/ReJII& to
be of order 1. On the other hand, simple dimensional
analysis suggests that the contributions to the amplitude
from the four-quark operators can at best approach a
constant in the large-m, limit. It follows that the ratio of
the imaginary to the real part of the four-quark ampli-
tudes can be no larger than (roughly) Im V,d V„ /( V„d V„, )

which is of order 10 . Thus, it follows that

Of course, the limit of Eq. (3.9) depends crucially on the
assumed value of rl derived from e'/e If it. should turn
out to be that e'/e is very near 0 (which is consistent with
the results of Ref. 28) then clearly no limit on K*~rt*g
can be derived from the imaginary part of the amplitude.

Let us next turn to the decay Kt ~n P The .one im-
portant change in the analysis results from the fact that
the matrix element for this process is real. In particu-
lar, we have

3/2

z mx g m; Re( V;d V;, ),2'" 16~'
(3.10)

JK,(K n +P )=—

,(K no, +P )= —ReAt, (K m P ) .

B (K,o ~'y') & 10-'B, (3.11)

We also note that if e'/e =0, then the result for

Thus, we cannot obtain such a definitive theoretical
bound for Kt ~n P, since, unlike in the case above,
there exists a particular value of A for which this ampli-
tude vanishes. Nevertheless, we can examine the branch-
ing ratio as a function of the unknown parameter A in
JKz. We do this by considering several values for A

(which is presumably of order A, ) and computing the de-
cay width as a function of m, ~Re V,d V„~. The resulting
width is normalized with respect to the total width
I (Kt )=1.27X10 ' GeV. For m, =80 GeV we expect
m, ~Re V,d V„~ & 2. 5 GeV, with large uncertainty. Thus,
we plot in Fig. 2, B(Kt ~m P ) vs m, ~ReV, V„d~ for
three different values of A. We see that only for a very
narrow range of m, ~ReV,d V„~, and only for positive
values of A does the branching ratio for Kt ~~ P ever
fall below 10 . Therefore, barring a very unlikely con-
spiracy of parameters, we obtain a predicted branching
ratio which satisfies
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FIG. 2. The KLp~n p branching ratio as a function of
m, lReVd V„l, assuming m p «mz. The three curves shown

are A =0 (solid), A =2k, (dot-dashed), and A = —2A, (dashes),
where A, = —3.2X10 '.

K+~@+Pcorres—ponding to Eq. (3.11) is

8(K*~n*g )&2.5X10 8 p . (3.12)

Limits on m p obtained on the basis of Eq. (3.12) are gen-

erally not very difFerent from those based on Eq. (3.9).
Similarly, we can calculate the amplitude for the CP-

violating decay Kz~n P . If we can neglect ImA and
Imk, as suggested above (and neglecting small CP
violating effects in the kaon state mixing), then At2 can be
ignored. Jkt, is modified by replacing ReVd V„with
Im Vd V,, in Eq. (3.10). Using the numbers quoted above
we find

B(Ks~m P )=10 B~p . (3.13)

We now turn to a discussion of the extent to which
currently available experimental data can be used to con-
strain the existence of a light Higgs boson.

Potentially relevant experimental data are of two types:
first, there are limits on the branching ratio for K decay
to a variety of final states to which production of a P
might contribute —these typically must be examined criti-
cally in order to determine the extent to which they lead
to limitations on the Higgs boson; and second, there have
been a number of direct searches for Higgs bosons in
many of the same final states. We begin by reviewing
data of the first type. Available limits are the following.

Ll: 8(KL ~sr p+p ) &1.2X10 (Ref. 31);
L2: B(KL~vr e+e ) &2.3X10 (Ref. 31), with re-

cent limits of &3.2X10 (Ref. 32) and &4.2X10
(Ref. 33);

L3: 8(K+ m+e+e ) =(2.7+0.5) X 10 (Ref. 34)
and &2.7X10 (Ref. 35);

L4: B(K ~m+p+p, ) &2.4X10 (Ref. 36) with a

recent experimental limit reported of &2X10 (Ref.
37);

L5: 8 (K+ ~a.+yy ) & 8X 10 (Ref. 38), and
8(K+~n+yy) &1.4X10 (Ref 3.9); and

L 6: 8 (K +~sr+ + nothi ng ) & 3.8 X 10 (Ref. 40), and
a new liinit of & 3 X 10 (Ref. 41).

Some discussion concerning the above limits is neces-
sary. In particular, to ascertain the implications of the
above limits for the standard-model Higgs boson, we
must know the branching ratios for P ~yy, P ~e+e
and P ~p+ p . We must also consider the expected life-
times for the P when these various decay modes are
dominant. Finally, we must examine the extent to which
the quoted limits are restricted in applicability to the pp

search by limitations coming from experimental accep-
tance, cuts and backgrounds. For example, the lepton
pair final-state limits have typically assumed a phase-
space distribution over a certain invariant-mass range,
while the y y and nothing final-state limits can only be ap-
plied to Higgs-boson decays after accounting for the
Higgs-boson lifetime.

First, consider the limits L2 and L3 for the e+e final
state. These limits will be relevant for I 0 (2m„, where

the Higgs boson decays almost exclusively to e+e
There is a question as to how far down in M(e+e ) they
can be applied. Unfortunately, the recent very strong
limit of Ref. 32 does not apply for M(e+e ) &2m„(the
region of interest for P decays). In the case of Ref. 32
one finds that their branching-ratio limit deteriorates
very rapidly as M(e+e ) decreases, rising to 1.2X 10
at their lowest quoted point of M(e+e )=240 MeV. A
similar deterioration occurs in the case of Ref. 31 (see
also Ref. 43). In both cases the limit deterioration is due
to the accumulation of backgrounds in this region.

The limit on KL~n.e e from the Fermilab experi-
ment E731 (Ref. 33) is also of dubious utility because of
the cuts made in obtaining the explicit acceptance plots
as a function of M(e+e ) that are presented. While
these show good acceptance over the region 50 MeV
&M(e+e ) &350 MeV, their current method of analysis
is such that the e+e would have to emerge within
roughly 1 m of the initial EI ~m decay vertex. Since
their initial EL has momentum of -60 GeV on average,
the P emerging in KL~a. P would be quite energetic.
For m p

& 2m„, where the decay P ~e+e is dominant,
the P will have a long lifetime and its path length gen-
erally exceeds 1 m. For instance, for m 0=140 MeV,
cr-0. 8 cm; to first approximation the mand P wi. ll
share the KL momentum in proportion to their masses
yielding a boost factor of order 220 and a path length for
the P of order 1.6 m. Even for m p-200 MeV, the path
length is only just below 1 m.

Turning to the other experiments we note that explicit
branching-ratio limits as a function of M(e+e ) are not
available for the K+~m+e+e experiments of Refs. 34
and 35. Reference 34 quotes a lower limit on accepted
M(e+e ) of 140 MeV. Reference 35 quotes a lower lim-
it of 50 MeV. In analogy with the two analyses discussed
above we expect that the actual lower limits in the region
M(e e ) &2m„are significantly worse than those quot-
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ed above based on a phase-space distribution of
M(e+e ).

For m 0 &2m, the P ~yy mode dominates. Howev-

er, the P lifetime is so long that it would have escaped
the apparatus used to establish the experimental limit L5,
which is not sufficiently strong to have been useful in any
case. Fortunately, because of the long P lifetime the lim-
it L6 becomes relevant and clearly rules out m p (2m„
given the predicted branching-ratio lower bound of Eq.
(3.9).

For 2m, & m, &2m„, the P decays to e+e and yy,
with the branching ratio for the e+e mode being close
to 1 over a large part of this mass range. If we adopt the
conservative lower limit of Eq. (3.11) away from the can-
cellation dips in Fig. 2, we have 8 (Kr ~m P ) X8 ( P
~e+e ) ~0.8X10 . Unfortunately, as we have dis-
cussed, the Kz ~m e+e limit from E731 is not applic-
able. Further, the upper limits on this decay for
M(e+e ) &200 MeV (8 &10 } from the other experi-
ments do not allow us to rule out any m p values below

2m„on the basis of this decay if we are anywhere near
the cancellation dips of Fig. 2.

Consider next the charged-kaon decays. The nominal
limits on 8 (E+~n+e+e ) are a factor of more than 30
below that expected from J +~m+Po(~e+e ); see Eq.
(3.9). But, as discussed above, we cannot be certain how
these limits would apply as a function of M(e+e ).
Thus, a conservative conclusion (away from the cancella-
tion dips of Fig. 2) is that the K~ne e experiments
that are not explicitly dedicated to searching for the P
rule out only a very small range of Higgs-boson masses,
200MeV&m p &2m„.

However, there is still the possibility that the
K+~m++nothing limit L6 in our list can be used to
rule out the P for some range of m 0 above 2m, . The
idea is that the P has a sufficiently long lifetime, even
when the P ~e+e channel is allowed, that some of the
decays will have been invisible to the detector. Since the
detector of Ref. 40 is much smaller than that of BNL-787
(Ref. 41), only the former experiment will be considered
in the following discussion. Consider, for example,
m, =50 MeV; the lifetime of such a P is 8.5X10 "sec
and the time dilation factor in the K rest frame is -4.6,
implying a decay path length of order 0.1 m. The fiducial
dimension of the apparatus in the experiment of Ref. 40
was about 0.37 m. A fraction e -0.03 of the P de-
cays would have occurred outside the apparatus. Thus,
the theoretical prediction of Eq. (3.9} would imply an
effective branching ratio for K ~m+P, P ~nothing of

1.3X10, which is clearly excluded by limit L6.
Even for m o

=60 MeV, where the P lifetime is

6.5X10 ", the decay path length is of order 0.072 m,
and the effective branching ratio for K +~n+P, .
P ~nothing computed using Eq. (3.9) is -2.3X10
only slightly below the limit of Ref. 40. The apparatus
size used above was supplied by Shinkawa, from the
collaboration of Ref. 40. In addition, Shinkawa has
checked that there is a high probabihty that the range of
the detected pion falls in a background-free region. Com-

bining all efflciencies, he finds that the 90%-confidence-
level upper limit for 8 (E+~n+.P ) is 1.3 X 10
6.3X10, and 4.6X10 for m p=50 MeV, 60 MeV,
and 65 MeV, respectively, confirming that masses up to

p 55 MeV are excluded.
Shinkawa has also pointed out that their collabora-

tion s 1imit (see limit L 5 above) on the visible electromag-
netic decays K+ ~m+yy can be reinterpreted to yield
limits on IC+~m+P, where the P decays either to yy
or e+e inside their lead-glass detector. According to
Shinkawa's analysis, in order for the (I) decay to be ob-
served, the decay must take place after 5 cm and before 2
radiation lengths short of the 37-cm lead-glass average
size, i.e., before 32 cm. Including also the probability
that the n. + be in a background-free range region,
he finds 90%-confidence-level upper limits on
8 (E+~m+P ) of 15, 4.5, 2.5, 5.1, and 5.9X 10 at m 0

values of 10, 20, 50, 75, and 80 MeV (Ref. 44). Compar-
ing to Eq. (3.9) we conclude that m o values between

about 25 and 40 MeV would be ruled out on the basis of
not having seen the visible decays of the P . The range of
m p values excluded in this way would broaden to in-

clude the range from 20 to 80 MeV if there is any
significant real part to the charged K decay amplitude.
Of course, if e'/@=0 and we adopt the lower bound of
Eq. (3.12), the rn, regions excluded via the ~+yy and

m++nothing analysis would be slightly smaller than
those quoted above on the basis of Eq. (3.9).

For 2m„& m 0 & 2m, the P decays almost entirely to
p+p, and we believe that the limits L 1 and L4
definitively rule out this region of m p values. For the

case of m p & 2m, the Higgs-boson-mass limits will de-

pend crucially on the relative sizes of 8(P ~lu+p ) and
8(go~mm). There is uncertainty in the theoretical pre-
diction for 8(P ~em) due to the possibility of strong-
interaction corrections coming from final-state ~m in-
teractions. These tend to enhance 8 (P +no ) [at—the
expense of 8 (P ~p, +p )], particularly near the fo(975)
resonance. There is some disagreement in the literature
as to the size of the mm decay mode enhancement as a
function of M (see Refs. 45 and 46). Employing the
benchmark branching ratio of Eq. (3.11), we require
8&OXB(P ~p+p )~0.15 in order that the prediction

for 8 (Kz ~n P ) be clearly larger than the limit L 1 for
the m. p+p final state. Since the kinematical factor 8 p

is significantly smaller than 1 (8 0 =0.53 for m o -2m ),

8(P ~p+p ) is only marginally large enough even in
the absence of ~m decay-mode enhancements. Thus, any
amount of enhancement in the P ~~m. decay width
(whether the moderate amount found in Ref. 46 or the
very large enhancement found in Ref. 45) would make it
impossible to eliminate any m p )2m „on the basis of the
limit Ll. However, note that if B(KI ~~ P )&10
(which may be possible according to Fig. 2), then
8 OXB(P ~p+p, ) values as small 0.015 would still al-

low exclusion of a p using the limit L 1. Severe suppres-
sion from 8 & only sets in very near threshold; for
m p &340 MeV we find 8 p&0. 2 and 8 p&0. 5 by
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m o=2m„.Then, for 8(KL —+m. P ) & 10, a value of'0
B(P ~p+p ) &0.075 at m, =340 MeV would be

suScient to violate the bound L1. Such a branching ra-
tio is consistent with the moderate mn. enhancements pre-
dicted in Ref. 46, but not with the larger enhancements
predicted in Ref. 45.

In contrast, the E+~m+p+p limit L4 cannot be
used to exclude a Higgs boson with m 0 )2m . Combin-

ing limit L4 with the lower bound of Eq. (3.9), we find
that a P is excluded only if B($ ~p, +p )8 0&0.5,
which is inconsistent with the values of B 0 quoted

above. However, in parallel with the discussion of the
preceding paragraph, the lower bound of Eq. (3.9) on
B(K+~n+P } would be a substantial underestimate
away from zeros of the real part of the amplitude. In this
case, some restrictions on allowed m 0 values from limit

L4 might be possible, depending upon the precise
amount of mw enhancement.

We now turn to the dedicated Higgs-boson search
analyses that have been performed for E decays. We
shall see that these eliminate all the gaps left by the re-
strictions obtained in the analysis of limits L1 through
L6. Let us focus first on the dedicated searches for a
Higgs boson that have been performed for K+ —+m+po in
Refs. 13, 14, and 41. The first experiment places a limit
on a light Higgs boson decaying to e+e pairs which is
dependent on its lifetiine (see Fig. 3}. To calibrate this
figure we note that a Higgs boson of mass 1.8, 10, 50, 70,
100, and 200 MeV has a lifetime of approximately
4X10, 4.3X10 ', 8.5X10 ", 6X10 ",4.3X10
and 2 X 10 " sec, respectively. From the available
curves we estimate that the Baker et al. limit falls below
the prediction of Eq. (3.9) at 60 MeV. The existing
analysis, however, only applies for m, & 100 MeV (Ref.
47). Furthermore, the most recent data of Ref. 47 gives a
limit

8(K ~+/ )XB(P e+e ) &10 (3.14)

for all M(e+e ) above 120 MeV. Thus, these experi-
ments' ' rule out Higgs-boson masses in the range
60&m 0&100 MeV and 120 MeV&m 0&2m„, respec-

tively.
The second direct search K+-decay experiment relies

on measuring the decay spectrum of the m+ and does not
rely on detecting the P decay products. It is thus poten-
tially applicable for any m 0 kinematically accessible in
K+ decays. From the results of Ref. 14 (see their Fig. 2)
one sees that there is no sensitivity to the mass range
110& m 0 & 150 MeV, due to the large rate for
K+~~+~ . Above 150 MeV their limit is above 10
which is too high to be useful for the theoretical lower
bound branching ratio of Eq. (3.9), but below 100 MeV
their limit is below 4X10 and m 0 & 100 MeV is ruled

out (down to their lowest plotted point of about 10 MeV).
The third I( +-decay result is that quoted in Ref. 15 for

Brookhaven experiment BNL-787. They obtain

B(K+~rr+P )XB($ ~p+p ) &1.5X10, (3.15)

for 2m„& m 0 & 320 MeV. Combining the lower bound

on 8 (K+ ~m+P ) of Eq. (3.9) with 8,-0.34 at

m, =320 MeV, we see that 8($ ~}u+p ) &0. 1 is re-

quired in order to exclude a P of this mass. Since m,
values below 320 MeV yield even larger values for 8 o

than obtained at m 0=320 MeV, we conclude that the

BNL-787 results exclude m 0 values throughout the

range quoted above, provided that B(p ~op, +p ) is not
unduly suppressed. Even if e'/a=0 and we employ Eq.
(3.12), the required B(P ~p+p )&0.17 is still con-
sistent with the moderate nmmode en. h.ancement of Ref.
46.

The final direct Higgs-boson search in K decays is that
performed by the CERN NA-31 experiment on I( L de-
cays. They have obtained a 90%-confidence-level upper
limit of
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FIG. 3. The experimental limit on the kaon decay width to a
light Higgs boson as a function of its lifetime from the mode
K ~vr+P, P ~e+e from Ref. 13.

throughout the range 50 & m 0
~ 350 MeV, except for the

region of m o within 15 MeV on either side of m where

their limit for the above 8 product is & 4 X 10 . Using
the results of Eq. (3.11) and Fig. 2, we see that this exper-
iment conclusively eliminates all m o values in the range

50 MeV & m 0 & 2m„, where 8 (P ~e+e } is near 1.
In summary, even if we adopt the conservative branch-

ing ratios of Eqs. (3.9) and (3.11), we are able to conclude
from current experimental information that kaon decays
do not allow a standard-model Higgs boson in the mass
region m 0 2m„, with the strongest information coming

from the limits of Refs. 14, 40, and 48. In addition the
region 2m„& m 0 & 320 MeV is excluded on the basis of
the results of Ref. 15 (with additional support in some
mass regions from a variety of other experiments) unless
the ~m. enhancement is as large as predicted in Ref. 45.
We also note that further analysis of the data from many
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of the existing experiments on rare E decays may yield
additional restrictions on m 0. We conclude by again

cautioning that most of the restrictions on m o con-

sidered above are subject to potentially significant
theoretical uncertainties. In addition, if we allow for the
possibility of a fourth generation, the CKM matrix ele-
ments could be substantially altered, thereby invalidating
some of the more marginal constraints. Certainly, the
improved limits from rare E decay experiments now in
progress should further reduce the impact of the theoreti-
cal uncertainties.

IV. LIMITS FROM b FHYSICS

A. Exclusive and inclusive B decays

we remind the reader that in order to have a very light
Higgs boson in the standard model we must require
m, -m~ (Ref. 27). Since the P will, in part, decay to
lepton pairs, it is useful to now consider the implications
of available experimental limits on the branching ratio
for B~l+l X, with l =e or p.

For m 0 & 2m„, the P decays to e+e and yy, with

the branching ratio for the e e mode being nearly 1.
The Mark II Collaboration at SLAC PEP has looked for
the decay B~EQ, with the Higgs boson decaying to
e+e . They exclude the region 50 MeV (m 0 (2m P
(Ref. 49).

Turning next to the region 2m„(m 0 &2m, we first
note that the decay P ~p+)u has a branching ratio
near 1. The most directly relevant experimental informa-
tion derives from the TASSO Collaboration who obtain
a limit of

B(B~p p X) &0.02 . (4.3)

r(8 yoX)
I'(8 ~e vX)

m,
4

'2
2m 0

2
mb

2
V.t Vib

V,b

(4.1)

where we have taken mb =4.5 GeV. If we now employ
the experimental branching ratio for B~evX of 0.123
(Ref. 38), we find

8 (8~P X)=0.36
2m o1—
2

mb

2
2

Vst Vrb

V,b

(4.2}

If there are only three families, unitarity of the CKM ma-
trix implies that

~ V,i, ~

= 1 and
~ V„~ =

~ V,& ~. In addition,

Here we consider both inclusive decays 8~$ X and
exclusive decay channels such as 8~$ E. Let us focus
first on the former. An important advantage of B decays
over E decays is that, in the B meson case, the two-quark
operator term is completely dominant because of the
much larger CKM matrix elements occurring in this
term ( ~ V,„~ &&

~ V,d ~
). In addition, for 8 meson decays the

quark spectator approach is expected to be valid; in par-
ticular, uncertainties from nonperturbative terms such as
those discussed in connection with the chiral Lagrangian
approach to E decays should be quite small. We can ob-
tain the b ~P s branching ratio directly from a formula
like that of Eq. (3.2), with appropriate substitutions. The
most reliable way of predicting the rate for the decay
8~$ X is then to compute the ratio: 1(8—+P X)/
I'(8~evX). This is because hadronic operators which
occur in the quark-level transitions b —+sf and b~cvs
can be related. Thus uncertainties in the matrix element
due to strong-interaction effects will be minimized in the
ratio. A convenient form for the relative widths is

This limit assumes that the muon momentum is greater
than 1.2 GeV. Since the muons coming from the P de-
cay would be quite energetic, the probability that they
would pass the momentum cut is high. Combining
this with the branching ratio of Eq. (4.2) and
8 (P ~p+p, )-1 (in the mass region under discussion),
we obtain a clear conflict with the experimental limit of
Eq. (4.3).

In the region m 0&2m we are again faced with the
various uncertainties regarding the relative branching ra-
tio for P ~em compared to that for P ~p+ p . The
major uncertainty is due to the possibility of large final-
state interactions which enhance the mn over the p+p
final state. As an example, if we neglect final-state in-
teractions, we find 8 (P ~)u+p, }-0.4—0.2 for 300
MeV & m o & 2m+. However, including mm enhance-

ments can reduce the value of 8 (P ~@+p, ). For exam-
ple, Ref. 45 obtains 8 (P ~@+p ) -5 X 10 at
m o-300 MeV falling to —10 at m o-800 MeV. In

0 +-contrast, Ref. 46 finds 8 (P ~p+p ) & 0.25 in this same
range. Above 800 MeV, the P ~p, +p branching ratio
precipitously drops in the vicinity of the fo(975) 0++
scalar resonance peak. For m 0 )2m+ final states involv-

ing kaons become the dominant Higgs-boson decay
modes, and presumably there is some resonant enhance-
ment in the 1—2 GeV region. However, for m 0 ~2 GeV
we expect the spectator model to be a reasonable approxi-
mation for Higgs-boson decay, implying a branching-
ratio to p+p that is 1—2X10 up to m 0 —-2m . As-T'

suming perfect acceptance, the TASSO branching-ratio
limit of Eq. (4.3) combined with Eq. (4.2) implies that one
can only rule out a Higgs boson with
B(P ~p+p )&5.6X10 . In light of the above discus-
sion, the TASSO limits may rule out the existence of a
light Higgs boson with 2m ~ m 0 ~ 800 MeV, if
8(P ~p+p ) is not too suppressed by mn. decay mode
enhancements.

For m o&500 MeV, various limits from the CLEO
Collaboration become relevant. ' Combining the best
limits from Refs. 51 and 52 we find
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8 X 10, 0.5 GeV & m 0 ( 1 GeV,

B(B~PX)XB(P ~p+p )& (1—8)X10, 1 GeV(m 0&3 GeV,

(4—6)X10, 3.2 GeV(m o &2m, .

(4.4)

These branching-ratio limits (given at 90% confidence
level) have been read off from a set of curves which are
quite jagged due to the small number of candidate events
over the relevant invariant-mass regions. We note that a
clear signal is seen in B~p+p X for m + near 3.1

GeV, which is interpreted as being due to 8~J/tP+X.
Outside the J/g region, the branching-ratio limits can be
interpreted as limits for B~$ X. From Eqs. (4.2) and
(4.4} we see that in the range between 500 MeV and 1

GeV a Higgs boson can be ruled out if the p+p branch-
ing ratio is larger than 2X10 . From the discussion of
the P ~p+p branching ratio given above, we see that
some fraction of the lower part of this Higgs-boson-mass
range may be ruled out. Clearly, a definitive statement
depends sensitively on the magnitude of the mm mode
enhancement. For the mass range 1 GeV & m 0 & 2m „
the above limits of Eq. (4.4) combined with Eq. (4.2) im-

ply that a Higgs boson is ruled out so long as
B(P ~p+p ) &2.5X10 (we exclude the J//region).
We have seen that the p+p branching ratio is larger
than this value throughout this mass region, except
(perhaps) near 1 GeV, where em resonant effects are very
large. (Even in the J/g region the data is close to ruling
out a standard-model Higgs boson. }

As pointed out in Ref. 18, complementary data on
B(B~@,+p, X), applicable over some of this same mass
range, is available from the ARGUS Collaboration, as a
by-product of their measurement of B~/X at the Y(4S).
Their overall sample contained ~ 170000 B's. In select-
ing their e+e and p+p events, they impose cuts of
p(/+/ ) &2.0 GeV and p(/))0. 9 GeV as well as an
acoplanarity cut. The eSciency for observing
B~$(~/+/ )X with these cuts is of order 50%. It is
not possible to be certain how this eSciency varies with
/+/ invariant mass, but it is clear that as M(/+/ ) de-
creases, p(/+/ ) will increase on average and the first of
the above cuts will eliminate more and more events.
Since the B's are produced pretty much at rest, if the
spectator system X is treated as massless then once
M(/+/ ) &2.5 GeV we would find p(/+/ }&2 GeV.
However, in the observed B~gX decays, the momentum
spectru'm of the g is quite soft, implying that the specta-
tor system X is fairly massive on average. Indeed, their
plotted M(/+/ ) spectra extend all the way down to
M(/+/ )=1.5 GeV. Thus, it may not be unreasonable
to assuine that their acceptance for B~$ (~p, +p )X
events remains substantial (say &0.20) over the entire
plotted mass range, from 1.5 GeV up to the point where
phase-space suppression becomes severe. This upper
boundary is also quite sensitive to the average mass of the
X system produced in B~P X decays, and also cannot be

determined with precision. However, it seems apparent
from the mass spectra that it probably extends up to the
upper limit of interest here, namely, 2m, . For any
M(/+/ ) value with efficiency greater than 20%, and us-

ing Eq. (4.2), we estimate that the 170000 B's would pro-
duce ) 10 XB(P —+p+p } events in one of the experi-
mental 50-MeV-wide bins of the p+p spectrum. Out-
side the J/f region the experimental distributions con-
tain at most 10 to 15 events in each such bin. Since
resonant enhancements are unlikely to yield B ((t
—+p+p, ) & 10 in the mass region of interest, we con-
clude that the ARGUS experiment does indeed rule out a
significant, but imprecise, range of m 0 masses between

about 1.5 GeV and 2m, ,

For m p & 2m„2m„ the dominant decays for the P
are P -+a+~, cc, for which there are no reliable limits.
In summary, the most important B inclusive decay limits
are as follows.

(1}There are no constraints for 2m, & m 0
& 50 MeV.

The Mark II results exclude 50 MeV & m 0 & 2m„.
(2) Higgs-boson masses in the range 2m„&m 0 &2m„

are ruled out by the TASSO limit. This conclusion re-
quires only a 5% efficiency for a Higgs-boson decay
event, relative to the p+p acceptance assumed in their
analysis.

(3) From TASSO and CLEO data it may be possible to
rule out Higgs-boson masses between 500 MeV and about
900 MeV if the P ~em enhancement does not unduly
suppress the P —+p+p branching ratio. Higgs-boson
masses in the vicinity of the fo(975) scalar-meson reso-
nance cannot be ruled out due to the strong final-state m~
interaction.

(4} Higgs-boson masses between about 1.2 GeV and 3.0
GeV are ruled out based on experimental results from
CLEO and ARGUS.

(5) For 3.0&m, &3.2 GeV the decay B~fX is an

important standard-model background for Higgs detec-
tion. Nevertheless, the recent CLEO data is close to rul-
ing out a Higgs boson in this mass range.

(6) Higgs-boson masses between 3.2 GeV and 2m, are
ruled out by the ARGUS and CLEO data.

(7}There are no constraints for m o )2m, .
Finally, we remind the reader that all the above con-

clusions apply only for three generations as implicitly as-
sumed in obtaining Eq. (4.2), and for m, =mii, as re-
quired to have a very light standard-model Higgs boson.

Let us now consider the exclusive channel B~P K,
which is quite analogous to IC~mg with the exception
that in the 8 decay case the contribution from the two-
quark transition operator should be much larger than
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that from the four-quark operator. The width for the B
decay case ' ' is best computed using the ratio

8(8~$ K)
B(B~Q X)

(4.5)

and

for 2m &M + &3.6 GeV;

(iii) 8 (8 ~K+K K) & 2. 5 —20 X 10

for 2m+ &Mz+z &3.6 GeV .

In specific mass regions, the limits are often near the
minimum of the stated ranges. However, in numerous
mass bins, the limits peak sharply at values near the max-
imum limits indicate above. These mass bins correspond
to bins where candidate events have been observed.
These results can be converted to limits on 8 (8~/ K)
as follows. For 2m„& m p & 1 GeV we know that

8(P ~p+p )+8(P ~rr+m )+B(P ~mono)=1; us-

ing (i) and (ii} (and isospin conservation) gives

B(B ~P K ) &10 (4.6)

Using Eq. (4.2} and the conservative rz=0. 01 choice
yields a result which is about 36 times larger, and P
masses in the above range would be ruled out. For m p

above 2m+ Ref. 52 uses the experimentally measured ra-
tio of cr(e+e ~K+K )/o (e+e ~all) to estimate

and the result for the inclusive branching ratio of Eq.
(4.2). The ratio rx has been computed in a nonrelativistic
approximation in Ref. 55, but, as pointed out in Ref. 18,
this approximation cannot really be justified since there is
considerable sensitivity to the component of the E-meson
wave function with large relative quark momentum. For
small m p values, Ref. 55 estimates that r+-0.08, rising

to roughly rz -0.2 by m p-3 GeV. Reference 18 ob-

tains similar results at sma11 m p for one choice of wave

function, but also finds that rz could be as much as a fac-
tor of 7 to 10 smaller for reasonable alternative choices
for the wave-function parameters. In the following dis-
cussion we shall adopt rz =0.01 as a conservative lower
bound.

As we have seen, in the mass range of interest (below
ms —mr~), the P decays primarily to p+p, , ~n, and .to
EI(:and multimeson final states for larger m p. Published

experimental upper limits are available from CLEO:
8(B ~K p p )&4.5X10 and B(8+~K+@+p )

& 3.2X 10 . Given the uncertainties due to experimen-
tal acceptance, and conservative choices for rz and
8(((}~p+p ), these experimental limits are not strong
enough to rule out any range of m, .

However, more stringent limits from CLEO have re-
cently appeared. For charged 8 decays (summed over
charge-conjugate final states) they find

(i) 8 (B~p+IJ, K) &4—6X10

for 2m„&M + &3.6 GeV;
P

(ii) 8(8 +m+n —K) &2.5-20X10

B($ ~K+K ) in order to convert their limit (iii) above
to a limit on 8~/ K. Using these estimates, and assum-
ing that r~ ~0.01, we find that the above limit translates
to 8 (8~P X) & 0.06 for 2m+ & m o & 2 GeV, & 0.3 for
2 GeV &m p &2.5 GeV—thereby eliminating 2m+ & m pK

&2.5 GeV. The less conservative exclusive-to-inclusive
ratio assumed in Ref. 52, based on Refs. 55 and 54, allows
exclusion of Higgs-boson masses in the full range
2m+ & m p &2m, . A slightly different approach is to use

Eq. (4.2) to convert the exclusive limits (i)—(iii) into

8 (P ~p+ p ) & (1—3) X 10 /rx,

B(P ~rr+m ) &(1-6)X10 /rx,

8($ K+K ) &(1—6)X10 /r

(4.7)

As first suggested by Wilczek, the Higgs boson can be
searched for in the radiative decays of heavy vector
mesons, V, such as the f and Y. The QCD radiative
corrections to the rate for V~/ y have been calculated
in Refs. 58 and 59, and are large: for m p «M the radi-
ative corrections result in an 84% decrease in the abso-
lute rate. The large size of these corrections indicates
that higher orders in perturbation theory may be
significant.

We can also determine the effects of one-loop QCD
corrections upon the ratio R—:I ( V~/ y }/I ( V
~p p } by including corrections to the denominator.
One finds

(4.8)

which is a 34%o reduction for a, =0.2. Therefore, the

in the relevant mass ranges. Clearly multibody final
states would have to be the dominant component of P
decays in order that all of these two-body modes have
branching ratio below the —1 —6% upper limit obtained
for rz =0.01. These numbers can be compared to the es-
timates from Ref. 52 for the K+K component of P de-
cays which, for example, falls below 3% only for m, & 2

GeV. As already noted, a close examination of the limits
on the branching ratios of Eq. (4.7) as a function of KK
mass, in combination with rz 0.01 and the estimates of
Ref. 52 for the two-body E+E fraction, allows one to
conclude that 2m+ ~ m p

~ 2.5 GeV is excluded.

Let us now summarize the existing limits on the P
from rare B decays. Altogether we see that B decays
come close to ruling out m p in the entire range 50
MeV&m p &2m, . Mark II data for B~Ke+e rules

out 50 MeV & m p & 2m„. Data for B~p+p X can reli-

ably rule out 2m„&m p &2m and 1.5 GeV~m p

& 2m „excluding a small window around m p =m &. Ex-
elusive charmless B decays, discussed above, can rule out
2m„& m p 2. 5 GeV, if the model-dependent parameter

rK is larger than 0.01. For m p &2m, we must turn to
other techniques.

B. Higgs bosons in upsilon decays
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one-loop QCD corrections to the ratio R will be some-
what less than the large radiative corrections to the
numerator alone.

In addition to the QCD radiative corrections, there
may also be large bound-state and relativistic corrections.
These are reviewed in some detail in Ref. 2, and we only
provide a brief summary here. First, one must consider
the bound-state corrections. These were originally exam-
ined in Ref. 61, where it was stated that the computations
are reliable for Higgs-boson masses in the range 7.5
GeV~m p~M&. The result is to reduce Rz in the

above m p range by a factor which is always larger than

2. Second, there are relativistic corrections to the decay
rate for Y~P y. A formalism for computing relativistic
corrections to quarkonium decay has been developed by
Aznauryan et al. These authors state that their results
are reliable for small m p and find, for m p&4 GeV, that

Rz is reduced by a factor of 2.
It is not obvious how to combine the QCD and the rel-

ativistic corrections since they are both of O(u lc ).
However, the QCD radiative corrections refiect hard-
gluon effects, whereas the relativistic corrections are due
to soft-gluon effects. This suggests that it is correct to in-
clude the two corrections independently. In particular,
the authors of Ref. 62 specifically state that their calcula-
tion omits the diagrams associated with the hard QCD
corrections computed in Refs. 58 and 59. Thus, it seems
that one must include the suppression from relativistic
effects on top of the QCD-corrected prediction. Clearly,
in light of these remarks, additional theoretical work is
needed before a firm limit on the Higgs-boson mass can
be extracted from the decay Y~P y. In particular, the
relativistic corrections of Aznauryan et al. need to be
confirmed by an independent calculation.

CUSB has performed a search at the Cornell Electron
Storage Ring for Higgs bosons in -8X10 Y(1S) and
-6X10 Y(3S) radiative decays. When they include
QCD radiative corrections (but not relativistic correc-
tions) in the prediction, they obtain a limit of m 0 )5.4
GeV at the 90% confidence level and m 0 &4.8 GeV at

the 95% level. They currently claim sensitivity only for
m p 600 MeV. If the relativistic corrections are also

included, it seems that no limit on m p can be found from

the CUSS data.
Preliminary results from a second experiment on radia-

tive Y decays have also appeared. This experiment
places limits on Y~yX, where X~m+m, K+K, or
pp. The only useful limit is for the ym+m. final state, for
which they obtain B(Y~yvr+m ) &(3—4. 5)X10 for
270 MeV&M(m+vr )&670 MeV and &(2.5 —3)X10
for 1.1 GeV&M(n+m ) &3.5 GeV. Using the
B(P ~n+vr ) found in the absence of mn enhancements
and B(Y~yg ) as computed by including QCD correc-
tions but not relativistic corrections, B(Y~yg ) XB(P
~m. +m ) exceeds the limits quoted above in the range
290 MeV &m p &570 MeV; large enhancements for the

P ~em mode would allow one to exclude an even larger
range —270 MeV & m&p &670 MeV. But, if relativistic
corrections are included and m.m enhancements are not

large, no m p values can be excluded using the above

yg+ m. final-state branching-ratio limit. Above
m p=2mz, the ~m modes will be rapidly overshadowed

by the KK modes. The experimental limits from Ref. 65
are somewhat weaker for these modes, and precise esti-
mates for P decays to EK in the region
1 &M(K+K ) &3.5 GeV (where the experimental data
exists) are not currently available. Thus, restrictions on
m p from the data of Ref. 65 in the region m p & 1 GeV
are not currently possible. In the region from -670
MeV to —1 GeV there is a large-p resonance contribu-
tion to the m.m. final state that yields branching ratios far
above those expected from (t contributions.

To summarize, limits obtained from Y decays are sen-
sitive to theoretical uncertainties, including those associ-
ated with higher-order QCD corrections and relativistic
corrections. With our present understanding of the na-
ture of these corrections, no limit can be ascertained from
current data.

V. CONCLUSIONS

From our analysis of very light Higgs bosons, we con-
clude that m p &11.5 MeV is ruled out by nuclear-

physics experiments. For larger Higgs-boson masses we
are potentially sensitive to a variety of theoretical uncer-
tainties. Those we have focused on are (a) the uncertain-
ty in B(E~P n. ) due to imprecise knowledge of the non-
spectator contributions; (b) the uncertainty in
B(P ~me. ) [relevant for determining B(P ~pp) for
m 0)2m ] coming from the possibility of resonant

enhancements in this channel; (c) the uncertainty in the
wave-function-dependent parameter rx [see Eq. (4.5)]
specifying the rate for the exclusive B~EP decays; and
(d) the uncertainties in Y~yg from higher-order QCD
corrections and relativistic wave-function corrections.
Below we summarize the Higgs-boson-mass limits exam-
ined in this paper. In dealing with the uncertainties de-
scribed above, we shall proceed as follows. We assume
that the imprecisely known parameters (such as m, V,d V„
and the A parameter) are not fine-tuned in such a way as
to make the E~mg amplitude artificially small. We
adopt a conservatively small choice for rK (rx =0.01).
Sensitivity to the size of B(P ~p p ) is indicated; the
limits given below are all valid if the mm decay mode
enhancement is of the moderate magnitude found in Ref.
46. We then have the following results.

(1) 10 MeV & m 0 & 100 MeV is ruled out by

SINDRUM data on m. + ~e+ve+e
(2) 50 MeV & m 0

& 2m„ is excluded by NA-31 results

on KL ~m e e, with little sensitivity to theoretical un-
certainties.

(3) m 0
& 55 Me V is excluded by K +~n + +nothing

and K+~m++yy limits from Refs. 40 and 39, respec-
tively.

(4) -60 MeV&m 0&100 MeV is excluded by the
K+ ~m. +e e decay experiment of Ref. 13.

(5) 2m„& m o & 320 MeV is excluded by measurements

of K ~mp+p, in particular by the analysis of BNL-787
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in Ref. 15, unless B(P ~p+p ) &0. 1 due to a large
enhancement of the P ~~m decay mode.

(6) 10 MeV &m o
& 100 MeV is excluded by limits on

K+ m. ++X.
(7) 50 MeV&m, &2m„ is excluded by the Mark II

data on B~Ke+e
(8) 2m„&m 0&2m is ruled out by TASSO data on

B—+p+p X.
(9) 2m„& m o & 800 MeV is ruled out by TASSO data

if B(P ~p, +p ) &0.1, assuming that the acceptance for
Higgs-boson decay events is greater than 60%.

(10) 500 MeV & m, & 900 MeU is ruled out by CLEO
data on B~p+p, X unless B(P ~p+p ) is more
strongly suppressed than a factor of 10.

(11) 1.2 GeV & m o
& 3 GeV and 3.2 GeV & m, & 2m,

are ruled out by the same CLEO data.
(12) 1.5 GeV &m&0 &2m„with a hole near m o-m&,

is ruled out by ARGUS data as a by-product of their
B~/X measurement, for any m 0 such that B (P
—+p+p ) & 10

(13) 2m„& m 0 & 2.5 GeV is ruled out by

B~Kp+p, m. +n. ,K+K CLEO results.
(14) No limit from Y~P y can be deduced at this

time, due to substantial theoretical uncertainties in the
QCD and relativistic corrections to the nonrelativistic
prediction.

Modifications to the above statements for different
theoretical assumptions have been given in the preceding
sections. However, our general conclusion is that there is
no mass region below about 2m, where a light standard-
model Higgs boson might still be allowed. This con-
clusion should be progressively sharpened as the
Brookhaven experiments on rare K decays continue to
accumulate data, provided they analyze their data with a
possible Higgs boson signal and its possible backgrounds
in mind. Also, analysis of the E-731 experimental re-
sults as a direct Higgs-boson search may provide results
complementary to those available from NA-31. Exten-
sion of limits on m 0 to the mass region above 2m, may

possibly come from Y decays, but substantial theoretical
uncertainties prohibit such an extension at this time.

Note added in proof. After this paper was accepted for
publication, the first round of experiments at LEP was
completed. Soon afterwards, the first Higgs-boson limits
were deduced from analysis of Z decays. Assuming a
minimal Higgs structure in the context of the standard
model, the ALEPH Collaboration has ruled out 32

MeV&m&0 &24 GeV [D. Decamp et al. , Reports Nos.
CERN-EP/89-157, 1989 (unpublished); CERN-EP/90-
16, 1990 (unpublished)]. [Limits have also been obtained
by the OPAL Collaboration in M. Z. Akrawy et al. , Re-
port No. CERN-EP/89-174, 1989 (unpublished). ] Since
the limits obtained in this paper extend from above 32
MeV down to a zero Higgs-boson mass, one can now con-
clude that a standard-model Higgs boson must have a
mass larger than 24 GeV. It would then seem that fur-
ther searches for a Higgs boson in rare K, B, and Y de-
cays would be of limited interest. Although this may be
so for the minimal Higgs boson of the standard model, it
is definitely not the case in more general models with a
nonminimal Higgs sector. Specifically, whereas the
standard-model Higgs-boson searches in Z decays depend
on the existence of a P ZZ vertex of strength
gmz/cos8~, the Higgs-boson searches described in this
paper are viable for any Higgs boson with significant cou-
pling to quark pairs. (The Higgs-boson searches in E and
B decays depend largely on the P tt coupling. ) In the
standard model with a minimal Higgs sector, the P ZZ
and P qq couplings are related in a precise way. Howev-
er, in all nonminimal Higgs models, these two couplings
are independent. Moreover, the Higgs coupling to ZZ
must be suppressed relative to its value in the minimal
model, whereas its coupling to quarks can be either
enhanced or suppressed. Thus, in nonminimal models,
the failure to detect a Higgs boson at LEP does not
necessarily rule out the possibility of discovering a light
Higgs boson in 8 or K decay. Since the nonminimal
Higgs couplings differ from those of the minimal model,
the nature of the Higgs-boson-mass limits which result
from the experiments described in this paper are clearly
model dependent. Improving the experimental limits can
only help to expand the sensitivity to the parameter
spaces of more general models.
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