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In a scenario in which the fourth-generation b quark is lighter than m, +M~, flavor-changing
neutral-current b' —+b transitions could be substantial. In particular, the decay b'~bH could be
dominant or comparable to the processes b'~cev and/or b'~bZ for a wide range of the parame-
ters mb, m„m, , M&, V,&, and V,b . For b'b' pairs the latter decays could provide valuable leptonic
tags for Higgs-boson production that is especially useful in hadronic colliders for a Higgs boson in

the intermediate-mass range Mz & M~ & 2M~. If b ~by is observed then the strict limit

M~ & m&
—mb is implied for mb &Mz. We study the singularities exhibited by the effective flavor-

changing neutral-current vertex b'bH and identify them as anomalous thresholds. Experimental
prospects are discussed.

I. INTRODUCTION

To date two essential ingredients of the standard model
of electroweak interactions remain undiscovered: the top
quark and the Higgs particle. Whereas the discovery of
the top would mark the natural completion of the first
three families of the fermions, the only evidence for the
Higgs boson remains theoretical.

Recent results from the CERN e+e LEP collider
(Ref. 1) seem to exclude a Higgs boson with a mass up to
40 GeV and all the way down to 0 GeV. Ultimately LEP
II could probably push this limit up to Mz by looking for
the process e+e ~HZ. If it is not found at LEP then,
at least in the short term, one will probably have to rely
on hadronic colliders to continue the search for this
elusive particle. Unfortunately, the region Mz & M~
~ 2M~, often called the "intermediate-mass Higgs-
boson, " is rather difficult to explore with hadronic
machines because of the lack of suitable tags.

Following a suggestion by the authors, ' searches have
been made for the fourth-generation, charge —

—,
' quark

(b') with mb (m, . ' It was argued that, with reason-
able assumptions on the structure of the 4 X 4
Kobayashi-Maskawa (KM) matrix, fiavor-changing
neutral-current (FCNC) processes b'~bg, by, bZ could
be the dominant decay modes and that therefore the b'
would evade discovery by searches based on the usual
charged-current (CC) signature of "isolated e/p+jets. "
Haeri, Soni, and Eilam' noted that, in this scenario, the
decay b ~bH offers new possibilities for Higgs-boson
search up to M~ =m&. —nlrb. Some insight can be gained
simply by scaling up from the B system. For that reason
it is useful to briefIIy review the situation there. Only
charge —

—,
' quarks provide suitable laboratories for

Higgs-boson searches because their lifetimes are pro-
longed by small quark mixing angles, while, at the same
time, the pattern of the KM matrix elements allows them

to be very sensitive to heavy quarks through loop effects.
The b quark is rather light but the Linde-Weinberg lower
bound' on M& is evaded if the top quark is heavy
(m, ~M~). Assuming m, -M~, one finds' the branch-
ing ratio

8 (b~sH)-0. 3 1—
2 2 2

M~ V„

mb
2

Since V„=V,b, the decay b~sH yields very powerful
limits whenever data are available with the only
significant theoretical uncertainty being the top-quark
mass. These limits are now superseded by direct limits
from LEP. '

The branching ratio given by Eq. (1.1) is rather large
(as compared to b ~c transitions) and b~sH dominates
over all other FCNC b ~s processes, whenever kinemati-
cally allowed. Thus it is reasonable to expect that
b' —+bH could be comparable to or dominant over the
FCNC modes of the b' when it is allowed kinematically.
In addition, because of likely KM suppression in the CC
decay b' —+c, it might also be comparable to or dominant
over all other modes. If the b'~bH mode is substantial
but not predominant, then decays of a b'b ' pair in which
one of the quarks decays producing a Higgs boson and
the other decays producing an isolated charged lepton I+-

or a charged-lepton pair I+ l (M&t =Mz ) could occur at
a reasonable rate and would provide useful handles on
Higgs-boson production. We have studied this possibility
and presented a summary of our conclusions elsewhere. '

It was found that this decay scenario may indeed facili-
tate Higgs-boson searches, particularly in the
intermediate-mass region. Here we present a more de-
tailed account and compare our results closely with those
of other authors.

The decay process b'~bH has been studied by the
present authors' and by Haeri, Soni, and Eilam. ' '
(Reference 17 will henceforth be referred to as EHS.)
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I (b'~bH)
I (b' ev+X)

(1.2)

with I (b' +ev+X):—g~ =, , I—(b' +qev)8(m—& m). —
%'hereas this was a sensible choice for the B system it is
not so here. In the B system, because of the smallness of
V„b, the analaogous ratio is quite insensitive to KM ma-
trix elements. Both numerator and denominator depend
essentially only on V,b since V&s Vcb Vts ~tb Vcb
which thus roughly cancels. The branching ratio
b ~ev+X is well measured experimentally and therefore
the branching ratio for b —+sH can be deduced from a
knowledge of R. The only mb dependence is of the rather
trivial kind shown in Eq. (1.1). For the b', things are
quite difFerent. First, the structure of the 4X4 KM ma-
trix is unknown and R is dependent on its form. In par-
ticular, the numerator depends mainly on V,b and is in-
sensitive to V,b whereas the denominator is sensitive to
both. As mentioned previously, it was shown recently by
the authors of the present paper that if mb & m, then the
FCNC decay modes could dominate. ' Thus the CC
branching ratio would be heavily suppressed and in itself
hard to measure and therefore not such a convenient nor-
malization factor. The quantity R as defined in (1.2) is
also a6'ected by the thresholds b'~t and b'~c that serve
only to complicate the presentation since they are not in
themselves the object of interest here.

We shall make a detailed study of CC and FCNC b'
decays in a very broad range of parameter space, with an
eye towards discovering the Higgs boson through the de-

The work of Haeri, Soni, and Eilam, however, sufFers
from a number of inadequacies and limitations. These
authors argued that the mode b'~bH will dominate over
other FCNC b'~b processes when allowed kinematical-
ly, although they have not done a detailed calculation for
b ~bZ. They further concluded that if mb &M~ and
MII &40 GeV then b'~bH will dominate all modes in-
cluding the CC decays b'~c. It should be noted that if
this were the case then in hadronic machines, neither the
b' nor the Higgs boson would be easy to extract from the
very severe QCD backgrounds. In actual fact the
outlook may not be so bleak since EHS chose a very
specific and restricted form of the 4X4 KM matrix in
which Vib' and Vcb' 9 with 0-0.22, the Cabibbo
angle. If the fourth generation exists it is probable that
V,b. is not small compared to 0 since m, and m, might be
the most closely spaced masses for adjacent pairs of like-
charged quarks. Judging from the observed pattern
V„b « V,b « V„, it may reasonably be expected that
V,„«V,t, « V», with the last of these (V,b. ) being un-

suppressed. The 4 X4 KM matrix would then be roughly
block diagonal. For the processes under consideration
here note that

~ V,t, . ~

—
~ V, ,

& V, q ~

—
~ V» V». ~, provided V»,

is not much larger than the Cabibbo angle. The KM ma-
trix elements can therefore be factored out in expressions
for rates. It will be assumed here that the KM matrix
elements are real since for our purposes CP-violating
phases can be ignored.

EHS present their results by plotting the ratio of
branching ratios:

The general e6'ective b'bH vertex can be written in the
form

V,„V» Hb(m~hl yr + mbh~ yR )b', ,

32m M~
(2.1)

cay b'~bH. Some questions may arise in the mind of
the reader: Is the existence of a fourth generation still a
viable option? If yes, is it reasonable to have the Higgs
boson lighter than b' at the same time? Let us try to ad-
dress these questions before we go on. It has been widely
accepted that the "neutrino counting"' done by SLAC
Linear Collider (SLC) and LEP experiments implies that
there exists only three fermion generations. If one shares
such belief, the whole scenario discussed here can be just
brushed aside as ruled out already. However, it should
be emphasized that the SLC and LEP experiments count
only the number of light neutrinos (or any "invisible, "
light, particle that couples to the Z boson). What is ruled
out is the existence of a fourth, light, neutrino. If the
fourth "neutrino" is actually heavy, the existing experi-
ments only provide the limit m &Mz/2, '" where o. and

v stand for the fourth-generation charged and neutral
leptons. In this sense, searching for FCNC b' decays at
high-energy colliders can be viewed as rather interesting,
not only because of its peculiar event signature, but be-
cause one would be discovering a "nonsequential" gen-
eration, where the neutrino sector deviates from existing
patterns in the first three generations. This view is ap-
parently shared by the same experiments that found con-
clusive evidence for only three light neutrinos, as they
continued to search for b' after their "neutrino-counting"
results. ' The search program must continue. With
the top quark itself already rather heavy, it lends some
circumstantial "weight" to the notion of having a new
generation of fermions where the "neutrino" is heavy.
Once one is convinced that the b' has to be searched for
(in particular, its FCNC decay modes), it should be kept
in mind that the Higgs boson may we11 be 1ighter than b',
since we have no theory that accounts for the Higgs-
boson mass. This is more so if the b' is heavy, allowing
more room for the b'~bH mode to occur. One should
therefore be aware how the phenomenology may change
when the Higgs boson can appear in b' decay final state,
and be prepared to devise strategies to study the potential
signals. As we shall see, in light of the Collider Detector
at Fermilab limit of m, &89 GeV, ' the intermediate-
mass Higgs-boson region Mz ~ M~ & 2M~ could be
covered if the b' is heavy enough, but not heavier than
m, +M~/2.

The layout of this paper is as follows. In Sec. II we de-
scribe the details of our own calculation. In Sec. III we
discuss the numerous checks that we have applied to our
analytic results to ensure their correctness. Here it is
noted that, for certain choices of the parameters, anoma-
lous thresholds occur in the efFective b'bII FCNC vertex.
We study these and suggest a physically motivated fix for
them. In Sec. IV the numerical results and experimental
prospects are discussed and our conclusions are summa-
rized in Sec. V.

II. THE CALCULATION OF 1 (b'~BH)
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where yl and yz are the left- and right-handed helicity
projection operators, respectively. The KM matrix ele-
ments can be factorized since the effective coupling is
sensitive only to heavy fermions, and because V,b && V,b.
is assumed. Hence, the form factors satisfy

I

hL~—=hL~ —hL~, whe~e the supe~scripts de~ote the
Aavor of the internal quark appearing in the one-loop
FCNC vertex diagrams. Note that only the h~ form fac-
tor contributes to the rate when mb =0.

The Feynman diagrams contributing to the general
FCNC decay vertex QqH are shown in Fig. 1. In the case
of interest here Q stands for the incoming heavy quark
and q for the lighter outgoing quark. The internal virtual
quark is denoted by i. We calculate in the 't
Hooft —Feynman gauge (R& gauge with /=1). Diagrams
containing virtual charged Goldstone scalars then con-
tribute but the algebraic expressions for individual dia-
grams are considerably simpler than they would be if uni-
tary gauge (g= ~ ) were used. The authors have already
undertaken an analogous calculation for the process
b'~bV where V=y, g or Z . ' The same number of
Feynman diagrams have to be evaluated as in the present
case but the additonal y algebra complicates matters con-
siderably. The general b'b V vertex is of the form

I

I

I

IH

(a3 (b) (c)

q q

I

I
I
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FIG. 1. Feynman diagrams contributing to the Aavor-
changing neutral-current Higgs vertex, QqH in
't Hooft —Feynman gauge (R& gauge with /= 1). The internal
quark is denoted by i.

1'„(fLXi+f~r~ )+&~„.q.(f

hazy

~+fT, 1, )+q„(f«y&+f&, y, ),

which contains six form factors compared to two in the
general b'bH coupling. Here q„ is the four-momentum of
the vector boson.

The basic strategy of the calculation is that followed in
Refs. 4, 5, and 20. The diagrams in Fig. 1 are calculated
with general couplings and in terms of a standard set of
integrals defined by Passarino and Veltman. ' This step
requires a minimum of hand calculation. The expressions
are then separately coded in the algebraic-manipulation
language REDUCE. With this code at our disposal it is a
simple matter to calculate the FCNC effective vertex
ff 'H, where f and and f ' are distinct fermion species, in
any gauge theory simply by changing the couplings of in-
dividual diagrams appropriately. The expressions in
terms of standard integrals are then reduced by the pack-
age LERG —I (Refs. 22 and 23) written by one of the au-
thors, to a few simple scalar integrals Bp and Cp multi-
plied by rational functions of masses and momenta
squared. This form has a number of advantages. The ex-
pressions thus obtained tend to be numerically more
stable than the original expressions because most poten-
tial strong cancellations have been removed at the analyt-
ic level. In addition, the final form is unique which
means that, when adopted, calculations by different
groups can be compared easily and directly. This is not

I

in general possible otherwise and, as we shall see later,
has practical repercussions for the present calculation.

The scalar integrals Bp and Cp are defined in Appendix
A.

REDUCE can produce its output as FORTRAN code and
this feature is used to avoid copying errors that might
occur in encoding expressions for numerical evaluation.
Reliable numerical routines are available for the evalua-
tion of Bp and Cp that are readily incorporated along
with the REDUCE output.

Throughout this paper we use the Euclidean metric
with timelike momenta squared being negative. Conver-
sion between the two metrics is achieved by switching the
sign of squared momenta. In cases where results are
given in terms of masses only, no conversion is necessary.

The final expressions for hL and hz are considerably
shorter than in the analogous case for vector bosons. '

A further simplification is obtained by ignoring the b-
quark mass as it is much smaller than mb. in the range
considered here and also compared to M~. In that case
only h~ contributes and the complete, relatively com-
pact, expression is given in Appendix A. We have
checked that setting mb =0 makes no significant
difference in the final results. The decay rate for b'~bH
is, then,

2 2 2
g g M~ —mb

r(b bH)= Iv„v,„,l' I—
327T mb

mb, 2lpHI

mb&
(2.2)
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(2.3)

where pH is the three-momentum of the Higgs boson and for numerical purposes mb is kept in both the matrix element
squared and in the phase space. Equation (2.2) yields the known result for I (b +s—H) (Ref 15) after taking the ap-
propriate limits.

From simple crossing one arrives at the process H ~b'b, and one could ask whether such a decay process may help
in the search for Higgs bosons. It turns out that the decay rate H~b'b is never more than a few percent of H~bb,
and we relegate the discussion to Appendix B.

For the purposes of later comparison, we give the charged-current semileptonic decay rate,

V
2

r[b'-(c, t)+ev]/Fo=l~b l' '
f(p, V„X)+f(p V X)«mb™

Vtb

where I O=G+mb /(192m ), p™~,/M~, p;™;™~,y=I ~™~,and

(i —& )'
f(p, p, y)=2 f [(1—p) +(1+p, )x —2x ][1+@+x—2(p+px+x)]'

(1—px) +y
(2.4)

which is valid whether the e v comes from real- or
virtual-8'-boson decays. Thus, Eq. (2.3) accounts for the
CC semileptonic decay rate for arbitrary b' and t masses,
and depends on the mixing angles V,b and V,b. We shall
assume that mb &I,., since otherwise the b decay rate
would not be KM suppressed, and FCNC decays become
relatively uninteresting as a discovery mode.

III. CHECKS

A. Low-energy limit

With the general effective b'bH vertex written in the
form of Eq. (2.1) one can set the external fermion masses
equal to zero to check for agreement with the known re-
sults valid for the decays s —+dH and b —+sH

2
mth' —hR R 4 W

(3.1)

Using the results of Grq. dkowski and Krawczyk this
check can also be performed diagram by diagram. Our
expressions reduce to the correct limits in both cases.

B. Ward identities

As stated earlier, we have calculated in a previous pa-
per, the one-loop FCNC vertices, b 'b y, b 'bg, and b 'bZ.
The results were then applied to the study of FCNC de-
cays of the b' quark. The fact that the first two of these
vertices and the sin L9~ dependent part of the third are
associated with conserved currents leads to a constraint
on the six possible form factors that can contribute to a
go&eral fermion —vector-boson coupling. In practice the
six form factors are calculated essentially independently

Although the procedure for calculating loop-induced
FCNC effective interactions are, in principle, quite
straightforward, it is rather tedious and it is well known
that such calculations are vulnerable to various numeri-
cal sensitivities. In this section we discuss various checks
that were performed on our results. We also identify the
emergence of anomalous thresholds, which is briefly dis-
cussed for sake of completeness.

and the relationship demanded by current conservation
provides a quite severe test. This test was performed
analytically again using the package LERG —I and the key
is to reduce all integrals appearing in the form factors to
expressions only in terms of the scalar integrals Bo, Co,
and Do by the methods of Refs. 21—23. As mentioned
previously the expressions generated by this strategy are
unique. The loop-induced FCNC Z current J and the

z P
FCNC pseudoscalar density J&, which couples to the un-
physical Goldstone scalar Pz associated with the Z, are
related through the Ward identity,

B„J„=iMzJ5 (3.2)

The current J was calculated in the course of the workP zof Refs. 4 and 5 and J5 can be obtained merely by substi-
tuting the appropriate couplings in the REDUCE code, dis-
cussed above, that generates the expression for the FCNC
vertex b'bH. It is to be emphasized that this gives an in-
dependent check of both the present calculation and that
of Ref. 5. While this check is severe it is not all encom-
passing as the analogs of diagrams (g) and (h) of Fig. 1 are
not present in the case of Pz.

C. Comparison with KHS

We have also compared our results with those of EHS
as given in their Table I. As noted above, the reduction
of one-loop calculations to expressions in terms of Bo and
Co has a number of advantages, among these the unique-
ness of the final form. The expressions given by EHS are
in terms of the "nonscalar" integrals B,, C», and C,2,
and their form depends sensitively on the order chosen
for the six arguments of C» and C&p and the two mass
arguments of B,. For example,

B&(q;m &, mz) = —B&(q;m 2, m
&

) Bo(q;m2, m &—) .

(3.3)

Thus the results of EHS will not, in general, be directly
comparable with other calculations. We have therefore
taken their expressions and coded them in a form that
can be processed by LERG —I, taking into account their
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conventions. Fortunately this is relatively straightfor-
ward, and we find that their calculation agrees with ours
diagram by diagram.

We have also attempted to reproduce some of the plots
given by EHS. Figures 5—7 of Ref. 17 are very striking.
They show a very sharp peak for certain parameter
values but are presented without comment. We also find
the same singular behavior and have been able to identify
it with an anomalous threshold. This anomalous thresh-
old appears in the physical region and it should be treat-
ed with care.

D. Anomalous thresholds

p~ ~ —(m, +mz), pz —(m2+m3)

p~ ~ —(m, +m3)
(3.4)

An anomalous threshold would be observed in the nu-
cleon electromagnetic form factor were nucleon decays
not forbidden by baryonic charge conservation. They do,
however, appear for deuterons and hyperons. The deute-
ron, because of its small binding energy, has an anoma-
lous threshold in its electromagnetic form factar in the

Since the phenomenon of anomalous thresholds seems
nowadays to be remarkably little known, we digress a lit-
tle and give a brief discussion of some of their properties.
A fuller discussion can be found in Refs. 26—28.

An anomalous threshold appears as singular behavior
in a loop integral but is not associated with poles or the
crossing of a cut. The two-point function Bo(q;m, , m z)
has its physical threshold at q = —(m, +m 2 ) and an
anomalous threshold at q = —(m

&

—m2) but the latter
does not occur on the physical sheet.

A necessary condition for having an anomalous
threshold in the scalar three-point function
Cp(p f,p 2,p ~; m, , m 2, m 3 } is that the external rnomen-
turn arguments p &, p 2, p 5 and the internal masses
m ] m 2 m 3 are such that at least two of the three possi-
ble cuts of the corresponding Feynman diagram can pro-
duce physical on-shell particles. Specifically at least two
of the following conditions must be satisfied:

I=Sp d
0 X)

1—Sp
X)

+Sp G

X2

d —1—Sp
G X2

(3.6)

where x &, X2 are the roots of the argument of the first log-
arithm in Eq. (3.5) obtained taking due care to respect the
ie prescription. The vanishing of the argument of the
second logarithm in Eq. (3.5) is interpreted as an anorna-
lous threshold. The imaginary part af the integral then
displays a logarithmic singularity and the real part has a
discontinuity. There is, however, no pole or crossing as-
sociated with this behavior. The singularity is maximally
in@ and the discontinuity arises when the argument of one
of the logarithms moves rapidly around the cut.

Consider now the calculation of b'~ bH and choose, as
did EHS in their Figs. 6 and 7, masses (in units of GeV)
M~=80, m& =200. An anomalous threshold is encoun-
tered for the case of M~=160. Taking mb=0 without
loss of generality, the formula of 't Hooft and Veltman
for argument of the second logarithm in Eq. (3.5) can be
applied to the function Co( mb 0 MIr M~ m, M~)
that occurs in diagrams (g)—(j) in Fig. 1, to obtain a quad-
ratic equation for the value of m, at which an anomalous
threshold can arise. The result is

low-q timelike region. In electromagnetic scattering
processes the cross section rises for q ~0 in the space-
like region because of the influence of the anomalous
threshold lying nearby but in the unphysical timelike re-
gion.

't Hooft and Veltman have studied the scalar in-
tegrals Bo and Co and have given an expression for Co as
a sum of three integrals of the form

I= dx
ln(ax +bx+c —ie}—ln(ad +bd+c —ie)

0 X

(3.5)

The coefficients a, b, c, and d depend on p &, p 2, p 5, m &,

m2, m3, and a is assumed real. For real masses and at
least one nonspacelike external momentum in Co,

MJm, +MH(MH 2M~ —mb, )m,—+M~(M~MJ MHmI, +mb —) =0, (3.7)

which has the general solution

m, = 2(2M' MH+mb -)+—,'(M—H mb )
4M W

(3.&)

For the particular set of integer masses given above, the
only solution lying on the physical sheet is
m, =20v'34=116.62. As MI& increases, the value of m,
where the anomalous threshold occurs also increases un-
til it coincides with the physical threshold at m, =120.
The corresponding root of Eq. (3.7) attains its maximum

value there and as M~ increases further it moves
off the physical sheet. The behavior with respect to
mb of the real and imaginary parts of
Co( —mb, 0, —MIr, M~, m, ,M~) are shown in Figs. 2(a)
and 2(b) for illustrative choices of mass parameters.
From these figures we clearly see the discontinuity of the
real part and the singularity of the imaginary part dis-
cussed abave. This phemomenon occurs for a rather
small range of parameter space. We have illustrated it
with two singular cases of MB=2M~, 2M~+0. 2, while
for the other case of MH =2M~ —0. 1, the anomalous
threshold disappears from the physical sheet.
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0.004 I I I I

[
I I I i

[
I I I I

[
I I 1 I

mt = 100

0.003

With such genuine singularities occurring in a one-loop
graph one should be loath to trust the predictions of per-
turbation theory nearby. If one does insist on calculating
in such a region of parameter space a physically motivat-
ed fix is to include a finite width in the propagator

2 2 ~ —1 2 2of internal particles (q +M~ —xe) ~(q +Mxx
i I —~M~) '. This effectively sums a subset of higher-

order Feynman diagrams thereby taming the divergence.
The correct inclusion of the width at the numerical level
requires that one keeps careful track of the full analytic
structure of the Bo and Co functions so that imaginary
parts of masses (i.e., widths) are properly handled. This
is discussed in Ref. 29 and the expressions given there for
B and C are shown to exhibit the correct behavior for0 an 0
masses with a negative imaginary part. Nevertheless the
implementation of these formulas at the numerical level
is nontrivial. Figure 3 shows the same set of curves as
Fig. 2 except that a constant width I ~=2 GeV is includ-

ed in the internal 8'-boson propagator. The cure 1s

dramatic. The three curves corresponding to M~ =2M~
—0. 1,2M~, 2M~+0. 2 now roughly coalesce. Note that
such a fix does not work for the deuteron electromagnetic
form factor, because the nucleons in the loop are rather
stable particles. Another di8'erence that weakens the
threat in case of the deuteron is that the anomalous
threshold in its electromagnetic form factor lies in the
unphysical region, whereas in our case, it appears in the
physical region.

In Figs. 4—6(a) we display the results of our calculation
in a form identical to Figs. 5—7, respectively, of EHS.
The narrowness of the anomalous threshold peaks indi-
cate that the numerics are well handled.

Figure 5 of EHS agrees closely in form with our own
Fig. 4 but does not display the detailed structure of near-
by physical and anomalous thresholds. Here the physical
threshold appears as a kink on the low M~ side of the
anomalous threshold. Although not shown as such here,
the spike of the anomalous threshold rises to infinity.

In our Figs. 5 and 6(a) the physical threshold appears
as a kink on the right-hand side of the slope of the singu-
larity, and exhibits rather intricate behavior with a
minimum between the physical and anomalous thresh-
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mb' (Gev)

187 183
u 0.002
6

0.001

FIG. 2. The (a) real and (b) imaginary parts of the function
COWS'=Co( —mb' o —M„'-M~, ~,',M~) with M =80 GeV
mb =100 GeV, and M~=10 (dashed), 100 (dot-dashed), 159.9
(dots), 160, i.e., 2M~ (solid, with diamond marker), 160.2 (solid,
with square marker) GeV. For the last two M~ values, the real
part exhibits a discontinuity (where we have attached the mar-
ers) and the imaginary part has a singularity at the anomalous
threshold.

0.000
179 180 181

xnb' (GeV)

188

FIG. 3. As for Fig. 2 but including a I ~=2-GeV constant
width in the 8' boson propagator. Note that the last three
curves (with MH =2M~) are no longer distinguishable.
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E. Numerical evaluation 1OO I I I ~ I ~ ~ I
l

I ~ ~ ~ ~ I ~ I ~

l
~ I I I

As explained above, our results satisfy the Ward identi-
ty (3.2). They also agree in the low-energy limit with
Grzydkowski and Krawczyk and with Table I of EHS,
diagram by diagram in both cases. These checks are per-
formed by the algebraic-manipulation language REDUCE.
We have checked, with the kind cooperation of Eilam,
that the Bp's and Cp's of EHS agree numerically with
ours to high precision. The largest discrepancy is of or-
der 3% for Cc( —mb, , —mb, —MH;Mii„m, , Mii, ) in the
region very close to the anomalous threshold. In com-
paring Bp's since these functions are divergent, one has
to, in practice, compute difFerences between pairs of Bp's.
Our numerical Bp and Cp functions have also been sub-
jected to other checks in the course of the analysis de-
scribed in Refs. 4 and S and elsewhere.

The results of the EHS calculation initially disagreed
with those presented here, the discrepancy being traced
to those authors' encoding of their Table I for numerical
evaluation. Our calculation is immune from errors of
this kind as we generate a FORTRAN code directly from
the same REDUCE source that has been shown to satisfy
the several stringent tests described above. The problems
encountered by EHS would have been largely avoided by
using LERG —I.

IV. RESUI.TS AND PROSPECTS

A. Numerical results

Using Eq. (2.3), it can be shown that the charged-
current decay rate I [b'~(c, t)+ 8""']=9I [b'~—(c, t)
+ev]. This decay rate is shown in Fig. 7 for several
values of m„as indicated, and for m, .=250 GeV. The
decay rate includes both ofF- and on-shell 8' efFects,
where the factor of 9 is roughly accounted for by the de-
cays 8'*'~e v„pv„,rv, ud, cs. We have discarded
8"'*'~tb in the total CC b' decay rate since m, is rather
heavy in our applications, and the efFect of this channel is
heavily suppressed by phase space. Curves are plotted
for the ratio V,b /V» = 1, 10 ', 10, and 10 . A fac-
tor

~ V,b j has been removed from the decay rate to
reduce dependence on unknown KM matrix elements and
to make these plots more readily comparable with those
of the FCNC decay modes b'~bH and b' —+bZ given
below. The sets of curves each show rapid upturns at the
thresholds, b ' ~c W, b '~ t W* [where the W is off shell
but the 8 function in Eq. (2.3) is operative], and b'~tW
(where both the t quark and W boson are on shell). Fig-
ure 8 is the same as Fig. 7 except that m, =350 GeV,
and the m&. interval has consequently been shifted up-
wards by 50 GeV. Because of the various thresholds, and
because the controlling KM elements V,b, and V,b. would
probably exhibit a strong hierarchy, one finds that the
charged-current-induced b' decay rate could potentially
be very suppressed, particularly for low mb. . This region
of prolonged b' lifetime expands as m, is raised.

The possible b' lifetime could fall anywhere within a
range that spans 10 orders of magnitude. This is a mani-
festation of the underlying condition that allows FCNC
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FIG. 7. Partial widths for charged-current decay
b'~(c, t)+ 8"*'plotted as a function of mb for m, =250 GeV
and m, as indicated. The ratio V,b /V, b is taken to be 1 (dot-
ted), 10 ' (dashed), 10 (solid), and 10 (dot-dashed). The
KM coefficient

~
V,b, ~' has been factored out.
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FIG. 8. As for Fig. 7, but m, =350 GeV.

processes to be of importance for b' decays. Putting
aside, for the moment, the possibility of the b'~bH de-
cay, the authors have argued previously ' that FCNC
b'~b decays may well be the dominant b' decay modes,
if m& ~m, and if V,b /8;I, &10 . Below the b'~bZ
threshold, the dominant FCNC decay modes would be
b' +by (of ord—er 10%), b'~bg (of order 45%), b'~bZ*
(of order 45%) (Ref. 31), while for
mI, ~ Mz+ mb, b'~bZ turns on and dominates the
FCNC rate. The prospect of FCNC decay dominance
changes the search strategy for b'considerably, and has
influenced the experimenters at KEK TRISTAN, SLC,
and LEP in their search for b, resulting, ' in the
current jjimit of m& & Mz/2. The quest continues.

The possibility of having the Higgs boson light enough
to be amongst the b' decay products complicates, but also
further enriches, the potential phenomenology of the b'
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quark. In particular, one may be hopeful that a new
hunting ground for the Higgs particle could become
available. In Fig. 9 we plot our results for the decay
modes b' —+bH and b'~bZ for m, .=250 GeV, in a simi-
lar framework as the CC decay result plotted in Fig. 7.
The FCNC rates do not depend on V,I, as long as it is
small compared to VtI, , and the overall KM factor
l&„Vii, I'=IV„I' is taken out. The b'~bH rate, of
course, depends on MH, and we have illustrated for
MH=20, Mz, 150 and 200 GeV. Given the current
lower bound on MH from LEP, the first (MH =20 GeV)
curve also serves the function of an upper limit for
b' —+bH, which of course depends on the particular m,
and m, values used. Similarly, for m, .=350 GeV, the
FCNC decay results are given in Fig. 10, which should be
compared to the CC decay result in Fig. 8. We have not
placed emphasis here on the rather dramatic m, depen-
dence on internal heavy-quark masses of the FCNC
b'~bH and b'~bZ decay rates. Rather, we exhibit the
m&. dependence, now including threshold effects, since
this is of more relevance. The results are given for m&. al-
most up to m, . Once m&. rises above m, , the FCNC
rates start to drop, while the CC b'~t, t' rates are at full
strength and the FCNC decay scenario becomes unin-
teresting. Regions of parameter space in which anoma-
lous thresholds occur have been avoided in these plots.

Let us now compare the results for CC and FCNC b'
decays. There are basically four different mass regions of
mb that exhibit rather different decay properties. The
boundaries of the regions are roughly defined by Mz,
m, +Mii, /2, and m, +Mii, .

At low b' masses (Mz/2~ m& &Mz), the b' +bz-
curve can be matched smoothly onto b'~bZ* by taking
into account the finite Z width, as well as box-diagram
contributions. ' By comparing with our earlier results, '

one finds that b'~bH dominates the FCNC b'~b rate
as long as it is kinematically allowed. Indeed, it may well

100 ~ ~ ~ ~

I
~ ~ ~ I

I
~ I ~ I

I
~ I ~ ~ ~ I i ~

I
~ I ~ ~

I
i ~ ~ I

I
~ i ~ ~ I I I ~

I
~ ~ ~ ~

I
~ I I ~

I
~ ~ i i

dominate over b' +—cW'"' as long as V,&/V, & is not
much greater than —10 ', which was the main point em-
phasized by Haeri, Soni, and Eilam in Ref. 13, but was
only illustrated with a particular choice of the 4X4 KM
matrix. In the case where b'~bH is the predominant b'
decay mode, the discovery of both b' and especially the
Higgs boson in this process would become rather
difficult. In hadronic machines, the b'b' pair produced
via gluon fusion, subsequently decays into bHbH, with
the Higgs boson decaying through H —+bb. Thus, one
has events with six b jets. Tagging the b's would not be
particularly useful, but given the large hadronic produc-
tion cross section, perhaps there are better hopes to use
standard rare Higgs-boson decay mode techniques to sift
out the Higgs-boson production signal by exploiting the
b ' decay. If the b ' —+c transition is comparable to
b'~bH, then the real or virtual 8'decay can be used as a
tag to enhance the chances of seeing a Higgs-boson sig-
nal. Even in the worst-case scenario, one is reminded
that in this Higgs-boson and b' mass region one should
be able to independently discover the Higgs boson and
also identify the crossing of a new heavy flavor threshold
at LEP II using event shape analysis or other means.
Once the Higgs-boson mass and the crossing of a new
flavor threshold are established, one should be able to
work out the existence of the b'~bH mode in the LEP II
environment, and perhaps in hadronic machines as well.

As MH becomes heavier, the b'~bH mode freezes out.
It does not have a "long tail" as in the Z -boson case
since for this mass range the Higgs-boson width is very
narrow due to its small Yukawa couplings to light final-
state fermions. Once the b'~bH mode freezes-out, one
is back in the scenario advocated by the authors, ' that
FCNC b'~b decays would dominate over CC b' —+c de-
cays, if mI, ~ m, and V,I, /V, I,. ~ 10 . This region ex-
tends from the far lower left corner of, for example, Figs.
7 and 9 and is not plotted. Further discussion can be
found in Ref. 31. However, a rather interesting observa-
tion can be made here. Given that b'~bH would dom-
inate b ~b transitions if it were allowed, the mere obser-
vation of b'~by, b'~bg or b'~bZ* decay modes
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would rule out the Higgs boson up to mb —mb. This
powerful corollary is complementary to the standard
Higgs-boson search strategy at e+e colliders. In fact,
first indications may well come from hadronic colliders
given that the neutral-current signature b'~by probably
could be managed in a hadronic environment.

As mb. moves above Mz, the b ~bZ mode starts to
turn on and dominates over the other gauge-boson-
induced FCNC b' —+b modes. The results, plotted as
dashed lines in Figs. 9 and 10, can be easily compared
with the b' —+bH mode. It is readily seen that the two
modes are quite comparable if MII Mz ~ For lighter
M~, the Higgs mode definitely dominates b'~b, but for
heavier M~, the Z mode tends to dominate. The fact
that I'(b' +bH )—= I (b'~bZ) when M~ =Mz can be un-
derstood from the Ward identity (3.2). The "longitudi-
nal" component of the Z boson corresponds to the ab-
sorbed would-be neutral pseudoscalar Goldstone boson
(Pz ) originating from the same Higgs-boson doublet
within the standard model, as embodied in (3.2). Thus it
is no surprise that b'~bZ and b' —+bH should have simi-
lar rates if the Higgs boson has a similar mass as the Z
boson. They share the strong dependence on internal
quark masses since the Higgs sector generates both the
symmetry breaking and the Yukawa coupling that leads
to fermion masses.

Once b'~bZ turns on, so long as b'~bH is not
strongly suppressed or forbidden by kinematics, the two
rates never differ from each other by more than a factor
of 10. This should provide an extra handle for the search
of the Higgs boson in b' decay final state.

In the mass region Mz ~ mb ~ m, +M~/2, comparing
CC to FCNC b' decays, one observes the following. Let
us define r= V,b /V, b. For r ~5X10 ', but depending
somewhat on m, , b ' —+c8' dominates although b ' ~bZ
and b'~bH may still have some non-negligible branch-
ing ratios. For 10 ~ r ~ 5 X 10 ', b' —wcW and b' —+b
are comparable; for r ~ 10, b'~b is dominant over
b'~cd, t8'*. Thus, in general, this region has rather
rich b' decay phenomenology.

In the mass region m, +M~/2~mb ~m, +M~, the
b'~t8'* rate turns on rapidly, and even if r is small
enough to suppress the b' —+c8' rate, the overall CC de-
cay rate is not small. Still, as long as r is not much larger
than 10, the FCNC b'~b decay may still have a
branching ratio of 10% or more.

As mb goes above the t8' threshold, there are two
qualitative changes. The CC decay b' —+t8 turns on,
with a rate approaching 1 GeV (mod l V,& l ). On the oth-
er hand, the b' —+b decays are bounded above from the
M~ =20-GeV curve, the dependence of which on mb. be-
comes softer, and never reaches much beyond 1 MeV
(mod

l V,& V,b l
). These two effects combine to make

I (b'~tIV) && I (b'~b ), independent of V,z, , or
equivalently r, and the FCNC b'~b modes become rare
decays, as is normal, with branching ratios below
10 —10,depending on mb, m„and m,

B. Physics yrosyects

The emerging picture should now be clear. If
mb ~ m, +M~, one has the usual CC predominance sig-

nature, and finding FCNC b ' ~b decays would be
difficult, in particular, the isolation of Higgs bosons being
produced in b' decay. If mb ~Mz, b'~bH would be
predominant if it is kinematically allowed, and if
V,b /V, b. is not too large. This situation would not be
useful for discovery of the Higgs boson. Fortunately, one
can discover the Higgs boson in such a mass range by
rather conventional means, and the b' —+bH decay would
then serve as a confirmation of the overall picture that b'
exists, and decays via a Higgs-boson-induced FCNC pro-
cess. Implications can then be drawn on heavy fermion
masses and V,b. /V, b. when things become well under-
stood. On the other extreme, there is the corollary that if
b' —+by or b'~bg or b'~bZ' is observed, then the con-
clusion M~&mb —mb can be drawn immediately, and
much can be learned from a detailed study of the FCNC
b' decay phenomenology. Of course, in between, the CC
b'~c decay may also be present, which could serve as a
tag.

For the intermediate region Mz mb m, +M~ the
possibilities are rich, but can be summarized in the fol-
lowing way: the three channels b'~bH, b'~bZ, and
b'~cIV (or b'~tW*) may all be comparable to one
another, and they rarely differ by more than a factor of
10, unless V,&, /V, I, is much greater than 10 ', or if one is
approaching the m, +M~ threshold. Two explicit but
general examples may serve to clarify the point.

Given the usual neutral-current constraints on mass
splittings between quark doublet members, we consider
the situation in which mb is lower but not very difterent
from m, The first example we give, that satisfies all
present constraints, is mb =200 GeV, m, .=250 GeV,
m, =175 GeV, and M&=150 GeV, with V,„./V, „.=10
Then, modulo I V,g l', one can «ad «om Figs»nd 7
that the total width I",„,=Db' (c, t)+ W'*')
+I (b'~bH)+I (b'~bZ) is roughly 4X10 GeV,
with branching ratios, in order given above, of 62%,
14%%uo, 24%, respectively. Thus, the FCNC decay branch-
ing ratios are quite sizable. Of course, as V,b /V, b. in-
creases, the FCNC branching ratio decreases, but this
could be compensated for by a lighter Higgs-boson mass.
As a second example we consider mb. = 150 GeV,
mf. =250 GeV, m, =125 GeV, and Ma——-Mz with the
same V,b. /V, b. . This situation may be an indication for
supersymmetry Then one finds I „,=3X10 GeV,
where the three branching ratios are close to one another,
each holding roughly —,'. It is clear that in both cases,
there should be no problem in using either the Z, that
must be on shell, or the 8' that could a1so be virtual, as a
tag for the b'-pair production events, and one could
thereby have a rather enriched data sample that has a
Higgs boson buried in it. With a change of parameters,
one could encounter situations where only Z or 8'
serves as a tag, but not both. Note from these examples
that all the "heavy" fermions (r, b', and r'), as well as the
Higgs boson, have masses of order the weak symmetry-
breaking scale. If that is the case, not only would there
still be interesting phenomenology, as argued here, but
one can ponder on its meaning as well.

The point to be emphasized is that, given the Collider
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Detector at Fermilab limit of m, ) 89 GeV (Ref. 19), the
mass range Mz ~mb. ~m, +M+, certainly allows the so-
called intermediate-mass Higgs region Mz ~M~ ~ 2M~
to be covered. In this case, one would actually prefer a
heavier mb to allow a more complete coverage, as illus-
trated by our first example above, provided that mb does
not exceed m, +m~. Thus, if the scenario is satisfied, a
lot of work could be done at hadronic colliders, starting
with the Fermilab Tevatron, and all the way to the
CERN Large Hadron Collider (LHC) and the Supercon-
ducting Super Collider (SSC).

The potential signatures, and therefore the search stra-
tegies, are quite clear. Since for an e+e machine, be it
LEP or future multihundred GeV linear colliders, there
are better signatures available, we therefore have in mind
hadronic machines, from the currently running CERN
ACOL or the Tevatron, to intermediate high-luminosity
machines (the 3.6-TeV Tevatron upgrade or the 6-TeV
UNK at Serpukhov), and on to future supercolliders
LHC and SSC. Given the high likelihood that b'~bH is
comparable to semileptonic b'~c, t decay or b'~bZ,
one would tag on the usual isolated high pz lepton signal
(heavy fiavor or W boson production), or 1+l pairs that
reconstruct to Z bosons. The signal is rather similar to
the usual pp —+(WII or ZH)+X processes. Direct WH
and ZH production is not very promising, since the
cross section seems to be insufficient to overcome the
QCD background for the typical Higgs-boson decay
modes. However, in our case the production and decay
process leading to the O'H or ZH signal is quite different
and separate. The b' quarks are pair produced via gluon
fusion, and the strong cross section is much higher than
the normal 8H or ZH associated production. The b'
pair subsequently decays, and due to a combination of
mass thresholds and suppressed mixing angles, allow 8H
(W virtual or real) or ZH pairs to appear in the final state.
For the subsequent Higgs-boson decay H~tt is not like-
ly to occur in our scenario, since one needs the top to be
heavier than the Higgs boson. The decays H~ 8'8'ZZ
are possible when both b' and H are rather heavy, but a
very heavy top quark is needed, while the same signal can
be used to search for direct Higgs-boson production al-
ready. The signal, triple or even quadruple vector-boson
production, will of course be quite spectacular. The
Higgs boson is likely to decay into bb pairs within the
scenario, given that M& & 20 GeV or so already. The tag-
ging of b quarks will be important, since the events may
have up to six b-flavored hadrons in them. One could
also look for the usual "rare" Higgs-boson decay modes
H —+~+~, H —+yy, etc. Since the cross section for
gg +b'b '~(cW*)(b—H) or (bZ)(bH), if allowed, should
be much larger than direct associated O'H and ZH pro-
duction, detailed background studies under this new
scenario should be redone. We do not consider this
matter further.

C. Discussion

We have pointed out that if a fourth-generation b'
quark exists and is lighter than m, +M~, it may provide
a useful hunting ground for Higgs bosons. As present

limits on m, are quite high, this gives a rather good cov-
erage of the so-called "intermediate-mass Higgs-boson"
region of Mz MH 2M~, especially if the b' is rather
heavy. We would like to compare our signature with
similar ones that have been proposed in the literature so
far.

Regarding ZH pair production, it has been pointed out
that, again if a fourth generation exists, gg~gb. ~ZH
constitutes a very good signal for finding the Higgs boson
even for the intermediate-mass Higgs-boson region.
The relative merits of this process and ours are as fol-
lows. First, quarkonium production should be an ex-
tremely small fraction of the total b'b' cross section;
hence, our process should be dominant. Second, our ZH
mass spectrum should be broad whereas in the qb case it
is theoretically very narrow. Whether this can survive
the reconstruction of the Higgs boson, due to poor b tag-
ging or ~ energy-momentum reconstruction, is a separate
issue. Third, our mechanism is more involved, depending
on many parameters than the mere existence of a fourth
generation. It is, nevertheless, still quite general. In con-
trast, the gb decay mechanism is somewhat simpler and
works also for b' masses above 200 GeV, if its lifetime is
long enough to allow the quarkonium to form (i.e., a
sufficiently heavy top and suppressed V,b is still needed).
In any case, these are quite independent mechanisms, and
they provide at least complementary handles on the
search for (intermediate-mass) Higgs bosons.

We have taken a rather conservative stand on heavy
fermions, namely, a more or less sequential fourth gen-
eration. This is, nowadays, becoming unpopular follow-
ing the neutrino counting results from the Z resonance,
which indicates only three light neutrino families. We re-
mark that having a fourth family with a heavy neutrino is
in no way unnatural, although it probably should not be
called "sequential" anymore. In the event that one takes
the neutrino counting result very conservatively and re-
jects the possibility of having a fourth generation com-
pletely, the signatures of large FCNC Q~bFI and/or
Q~bZ decay branching ratios can readily be obtained if
there exist certain more exotic, heavy fermions. For ex-
ample, if there are fermions with nonstandard representa-
tion structures, where the left- and right-handed fermion
representations have the same weak multiplet structure,
such as doublets or singlets, one would have FCNC cou-
plings induced even at the tree level after diagonalization
of the complete, like-charged, fermion mass matrix. Uni-
tarity of the 3X3 KM matrix is lost but at the same time
the Higgs boson and/or the Z boson could have nondi-
agonal couplings. The nondiagonal couplings involving
heavier standard fermions are naturally more sizable,
which are precisely the ones less constrained by lower-
energy phenomenology. In this example, the so-called
vectorlike quarks could have origins from E6 type of
grand unified theories, supposedly motivated by super-
string models. The possibility is well known and has very
recently been studied by del Aguila, Kane, and Quiros,
where they report rather similar signatures as the ones
considered here, although coming from a completely
different origin. These authors also state that the pres-
ence of large FCNC rates can be used to distinguish vec-
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torlike from standard-model quarks. As we have illus-
trated, this is clearly not the case. We remark that once a
Dirac type of direct mass term is possible there is no han-
dle on what the mass scale (called M~ in Ref. 36) should
be, and given that we have no indications of them so far,
one is inclined to conclude that they lie beyond the weak
SU(2)-symmetry-breaking scale of 246 CxeV, if not much
higher. Such terms appear because there is no chiral
symmetry forbidding them as with standard chiral fer-
mion representations. These possibilities serve to em-
phasize the point that, in general, FCNC decays of new
heavy fermions may well be sizable. If an almost sequen-
tial fourth generation exists, its mass scale is almost cer-
tainly not much higher than the weak symmetry-breaking
scale, and the phenomenology follows. In contrast, with
vectorlike fermions, one is at the mercy of nature to de-
cide what MD should be.

Finally, there is the possibility that the Higgs sector
may be more complicated than the minimal standard-
model Higgs boson assumed here. With a more general
Higgs sector, there could be light pseudoscalars as well,
and how to distinguish between scalar versus pseudosca-
lar Higgs bosons would pose a challenge. Pantaleone and
Roy have suggested that the heavy vector quarkonia
g&~Z+Higgs-boson decay process may help distin-
guish the parity of the Higgs bosons that are present.
However, once there are several light Higgs bosons
present, the analysis would be even much more compli-
cated by multiple parameters, and is outside the scope of
the present paper. The most interesting case would be
the two-doublet Higgs sector of minimal supersymmetry,
which is highly constrained, and we intend to return to it
in a future publication.

colliders. A scenario is assumed in which the fourth-
generation b' quark is lighter than m, +Mw. In that case
it is found that this mode could be substantial or even
dominant. Production of b'b via gluon fusion in which
one b' subsequently decays producing a Higgs-boson and
the other producing an isolated charged lepton l +— (CC
decay), or lepton pair l+l (FCNC decay), then occurs
with a sizable rate and provides a means of extracting the
Higgs-boson signal from hadronic backgrounds. This tag
could be especially useful in the "intermediate-mass
range" Mz & MH & 2Mw.

The scenario for FCNC b' decay dominance is consid-
erably extended as compared to earlier works. A com-
plete discussion of the possible phenomenology is compli-
cated by the large number of presently unknown masses
and 4X4 KM matrix elements. Some general features do
emerge however. If mb. ~ m, +Mw the CC decays would
dominate and the FCNC modes would then be dificult to
observe. For Mz & mb. & m, +Mw, and dePending some-
what on V,b /V, b, the three decay modes, b '~c8',
b'~bZ, and b'~bH, could all be of the same order of
magnitude. For mb & Mz, b'~bH is the dominant
FCNC decay mode and if the decay b'~by is observed
then the limit MH )mb. —mb is immediately implied.

For certain specific choices of the unknown masses,
anomalous thresholds were encountered. We suggest a
means of removing them in case they should be found to
occur in a physical process.

The potential phenomenology, opened up by the
scheme we have examined, has been shown to be very
rich and might prove a boon to future high-energy collid-
ers for which the expected physics output appears, at the
present time, rather uncertain.

V. CONCLUSION APPENDIX A

We have studied the FCNC decay mode b'~bH as a
possible source for Higgs-boson production in hadronic

The scalar integrals Bp and Cp used in the text are
defined as

d 7l 1(p'm' m')
i~ (q +m, )[(q+p) +m2]

d ll 1

l~2 q2+m21 q+P1 2+m22q+p1+P2 +m3

where ps =p1+p
In terms of these scalar integrals, the effective b bH coupling in Eq. (2.1) with mb =0 and internal virtual-quark mass

m, has the relatively simple form

m
h~ = —

—,'Bo(q; Mw, Mw )—
2Mw

q +2m; +4Mw
Bo(q;m;, m; )

q +mb.

2qM +2m M +m M +4M
2Mw'(q'+ m„', )

2m, . +2m, Mw —m, mb m Ma 4Mw+2Mwmb
2 2 2 B,( —mb. , m, ', Mw')

2Mw(q +mb )
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m

2M~

(m,. —2M~) m; Bo(0;m;, m, ) —M~Bo(0;M~, M~) m; 2M~
2M~ 2M~

q Mw+2m; +2m; Mw m; mb —4Mw+2M~mb.
Co(q, —mb, 0;m;, m, ,M~)

+mbr

+ (q m, MH+2q M~ 2—q M~mb, —2m, M~ —m, MH —2m, M~
2M~(q +mb, )

+2mi™wmb™iMwMH™imb™H+4Mw 2Mwmb' )CO( ™b'q' o m Mw Mw)

(A 1)

APPENDIX B

The decay rate R ~b'b can be obtained using Eq. (2.1)
in the text as

where

3 2 2

x, -F, /'
mb. MH 2

2 fpb

Mw'

mb +mb2 2

M~

(Bl)

This result can be reduced to Eq. (3.1) in the text by us-
ing expressions for the limits of Bo and Co given in Ref.
5. The expression for h~ is logarithmically divergent
with the divergence contained entirely in the first term.
The sum of all subsequent terms is overall finite.

2lpb I /MH =
I 1 —(mb —mb)'/MH ]'"
X[1—(m, +m )'/M']'"

is a phase-space factor, and the bar in hz indicates that
one should take q =pb +pb when using Eq. (Al). The
H~bb rate is

4mb mbMH 2lpb I

1 (H~bb)= 1 — -, (B2)
32m M M~ M~

where 2
~ pb ~ /MH = (1 —4mb /MH )' is the correspond-

ing, unsuppressed phase-space factor. Comparing the
two rates one finds that the gain in the efFective coupling
from .mb to mb and possible heavy internal quark
enhancements of hz is insuHRcient to overcome the loop
factor and phase-space suppression, and the branching
ratio for H —+b'6 is never above the percent level, even if
H —+bb is the dominant Higgs-boson decay mode.
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