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It is shown that the decay of heavy-flavored mesons can be a source of neutral Higgs

bosons.

I. INTRODUCTION

The SU(2) X U(1) non-Abelian gauge theory of
weak and electromagnetic interactions, with mass
generation through a single Higgs doublet, and
three generations of quarks and leptons incorporat-
ing the Kobayashi-Maskawa (KM) generalization
of the Cabibbo and Glashow-Iliopoulos-Maiani
(GIM) formulations of universality, along with the
constitutent-quark description of observed (color-
singlet) hadrons, will be referred to as the standard
model. An important question is the existence or
nonexistence of a physical neutral Higgs boson H
with the properties of the elementary Higgs scalar
of the standard model.! Because of its role in mass
generation, the couplings of the H to the other par-
ticles in the standard model are known, but its
mass is an arbitrary parameter.”> The empirical
limit is only that no H exists with mass less than
about 18 MeV."3 The reason that data from
currently accessible reactions provide so little con-
straint on the existence of the H is that the H cou-
ples very weakly to light particles. To produce the
H generally requires reactions involving heavy par-
ticles, the gauge vector bosons Z° W*, or heavy
quarks Q. In particular, one looks' to reactions in-
volving the production of Z° at LEP, or decays of
heavy quarkonium (QQ). In this paper we discuss
another mechanism for production of H, the weak
decays of heavy-flavored mesons (Q7 ), in particu-
lar, the inclusive decay P— H + hadrons, where P
is the heavy pseudoscalar meson (Qg). In the
standard model the couplings of the H are flavor
diagonal, so the process is higher order. The
standard model is renormalizable so this higher-
order process can be calculated, and the H can
couple to heavy (virtual) particles, so the result
may not be terribly small. We find that in some
cases this branching ratio is greater than the

branching ratio for the corresponding quarkonium
decay V(QQ)—H + 7.

II. CALCULATIONS

For a heavy-flavored meson composed of one
very massive quark carrying the flavor and one
light antiquark, it is argued* that the inclusive
semileptonic decay rate is just the semileptonic de-
cay rate of the massive quark (spectator model).’
Note that for the semileptonic process one is effec-
tively replacing P—WX by Q—Wq" (Fig. 1). In
the standard model the H is just as elementary as
the W (they each appear as a field in the Lagrangi-
an), so the same argument can be used that the in-
clusive rate for P—HX is given by the rate for
Q—Hgq'.

The Feynman diagrams which contribute to
Q—Hyg’, through order g°, are shown in Fig. 2.
Individual diagrams contain ultraviolet diver-
gences. Divergences whose coefficients are in-
dependent of the intermediate quark (Q;) mass are
eliminated by the generalized GIM mechanism
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FIG. 1. Semileptonic decay of a heavy quark.
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FIG. 2. Feynman diagrams for Q —Hg'. Solid line,
quark (Q,0;,q"); wiggly line, gauge vector boson (W3);
dashed line, physical Higgs boson (H); dash-dot line, un-
physical Higgs boson (¢%).

where the C;z are elements of the KM matrix.
The remaining divergences cancel when all of the
diagrams are combined. For the process b—H +s
with intermediate ¢ quark, the matrix element ob-
tained from the sum of the ten diagrams in Fig. 2
is

2

3g3 « MpMy
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my

25672

M(b—H,)=
X§(p'(14+vs5)b(p), 2.2)

where g2/8my*=Gp/V2. In this calculation we
have made the approximation

mptml>>my?>>mg? . 2.3)

No approximation has been made on the ratio
x,=m?2/my>. Individual diagrams in Fig. 2 con-
tribute complicated functions involving 1/(1 —x)
and (Inx)/(1 —x), but when all the diagrams are ad-
ded they combine to the simple result (2.2) for ar-
bitrary m,2/my?. The factor m,? comes from the
operation of the generalized GIM mechanism (2.1),
which suppresses flavor-changing neutral currents
by the factor m;2/mpy? for mpy— . The factor
m,, appears because the H couples proportional to
mass. [Following (2.3) we have dropped terms
with mgm,2/my>] For the process t—H +c (or
u), the calculation is more complicated because the
heaviest quark is now external rather than internal,
and there is also the possibility of a large my ~m;,.
In this case the result is simple only in the limit of
large mpy>.

3g3 * mtmb2
M(t—Hc)= C, C.
R YPRCR b .
XT(P" N1+t (p) (2.4)
for
my?>>mA>>mp?>>m?. (2.5)

Again, the generalized GIM relation has been im-
portant; in addition to its role in eliminating ultra-
violet divergences it has also eliminated terms
m,>/my> which would otherwise appear in (2.4).
Comparing (2.2) and (2.4) we see that the enhance-
ment (diminishment of GIM suppression) from
large M, will be more effective in b decays than in
t decays.

The rate computed from the square of (2.2) or
(2.4), includes an integration over phase space. In
the spirit of the heavy quark plus light spectator
model, we neglect the masses of the final-state par-
ticles, relative to the initial heavy quark. To partly
compensate for the approximation thus introduced,
we compute the ratio of the inclusive rate for
P—HX to the inclusive semileptonic rate for
P—sevX, also computed in the spectator model
(Fig. 1) with neglect of final-state particle masses
in the phase-space integral. The result is

4
re—ax) _ |Ce0eCoq|” 27v3 [me,
D(P—evX) |Cg,, |*> 647 | mg

X ¢(masses) . (2.6)

The factor ¢(masses) is a ratio of phase-space fac-
tors, normalized to be one in the limit in which all
the final-state particle masses are neglected relative
to my. Thus ¢ =1 should be a good approxima-
tion except when my approaches my. When my
approaches mgp, one may include a suppression fac-
tor

; 2.7)

obtained by keeping my in the phase-space integral
for Q—Hgq’. We note that in the kinematic region
in which this suppression factor is important the
impulse approximation underlying the spectator
model is not justified and the corrections are not
easily calculable.

In addition to the set of “vertex” diagrams of
Fig. 2, there is a set of “bremsstrahlung” diagrams
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shown in Fig. 3, which are also of order g> and in-
volve an H in the decay of Q. Since the final state
in the diagrams of Fig. 3 is different than the final
state in the diagrams of Fig. 2, it is appropriate to
compute the rates separately and compare (or add)
them. Calculation of the bremsstrahlung rate re-
quires integration of the square of the matrix ele-
ment over four-particle phase space, a tedious un-
dertaking. However, a bound may be obtained
simply by replacing the momentum dependence of
the matrix element by its maximum value (in the
kinematically allowed phase space) and using the
known® simple phase-space integral for all massless
final-state particles. Each of these approximations
is an overestimate, and the result is

I\brem < I CQq" l i
I‘vertex ~ l CQ‘,Qngiq’ |2

Mo (2.8)

m Q;

Large powers of 2 and 7 have canceled out in the
ratio of the product of the loop integral times the
two-particle phase-space integral and the four-

FIG. 3. Feynman diagrams for bremsstrahlung of H.
The notation is the same as in Fig. 2. Since these are
all diagrams with no loops we work in the U gauge in
which there are no unphysical Higgs bosons.

particle phase-space integral. For Q=5 and Q, =t,
(2.8) is entirely negligible, so we will continue with
consideration of B-—»HX from (2.6).

The ratio of KM matrix elements appearing in
(2.6) and in (2.8) for B decays is (we use the Parti-
cle Data Group’ convention for the KM angles)

| CvCis 1> [(ersas3+cacse™®)eisacs—cosze ™) | (2.9)
| Che |2 |¢’10253—326'3€i8 g .
[
It is known that close to 20 GeV, this is >4x 107%, and rapidly in-
ciml. exm il creasing for m, > 20 GeV.
=5 "e== We compare this to the branching ratio for
so that (2.9) reduces to Y—H + y (Ref. 12):
CpCri |2
—M—“I ~(5,83+¢,¢3)% . (2.10) '(Y—Hy) Grmy® my’ 9
I Cb l 2 ~ 1— 7 | = 107,
< (Y—ee) V2ra My
This number is also probably not very different (2.13)

from one.® The constituent b-quark mass is fairly

well determined,” m;~4.9 GeV. Then (2.6) gives

4 2
m; 1 my
my mb2

I'(B—HX)

~1.5%x1073
T'(B—evX) X

2.11)

for m,=4.9 GeV and my <4 to 4.5 GeV. The
semileptonic branching ratios for B—evX and
B—pu vX have been measured'® with an average
value of about 11%. Thus

_ I'(B—>HX)
~ T(B=all)
2
m
~1.5%107¢ |— | |1—-—2L (2.12)
my my

Since the experimental'! lower bound on m, is

The branching ratio Y—e ~e* is measured!® to be
about 0.03, so

POYoHY) o
T(Y—al) ~ 110 2.14)

which is less than (2.12) (very much less if m, is
significantly greater than 20 GeV). Of course my
up to 9 GeV is accessible to the Y decay, while
production of H in B decay is limited to my <4.5
GeV. But given the availability of the Y(4s) as a
“B factory,” B decay (2.12) may be the best choice
to look for an H of mass less than or equal to
about 4 GeV.

For T decay, the factor (m,/m;)* in (2.11) is re-
placed by (m;,/m,)?, and the ratio of KM matrix
elements is now much less than one because the
T —evX decay is Cabibbo-KM favored. Thus, for
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T decay, R (2.12) is uninterestingly small, less than
108 The result (2.8) suggests that for T— HX
we should consider the bremsstrahlung contribu-
tion. Again, we get a generous upper bound by
taking the maximum value of the matrix element
and the ultrarelativistic limit of the phase-space in-
tegral. This gives

Lrem( T —HX) < 1

D(T—evX) ~ 1672

which is less than 10~* for any m, <40 GeV.
Considering that this is probably a substantial
overestimate and the present experimental inacces-

sibility of T mesons, we do not pursue this any
further.

Gym,? (2.15)

III. CONCLUSION AND DISCUSSION

When the next generation of e “e ™ colliders are
available one expects to find the Z° and perhaps

2
_ 2 m mp?
CH—f)=L—my | —L | |1-4—~
327 My ;11H2

(i) For mg <1 GeV, H will decay into p fI, 7.
For light hadrons (quarks) it is hard to calculate
the Higgs-boson decay branching ratios because it
is not clear what to use for the light quark masses,
but a fair guess' may be a 10% branching ratio for
i, So the signal is pfi pairs, and no eé pairs,
with the invariant mass squared of the ufi pair
equal to mg2. For this signal, one has to multiply
R [Eq. (2.12)] by the guessed 10% branching ratio
for H—ufi.

(ii) For 1 GeV <mH <3.5 GeV, H will decay
into ufi, s5 (KK + m’s). If we take a constituent s-
quark mass in the range 0.4 to 0.5 GeV, (3.1) gives
about a 2% branching ratio for pf; with smaller
current-algebra s-quark masses one obtains a rather
larger branching ratio for ufi. So for the uf signal
in this range of my, one may have to multiply R
by 0.02. But if the branching ratio for uf is this
small, then almost all of the B— HX decays will
contain three K’s. The presence of three K’s in a B
decay is not in itself a signal for the presence of an
H, since conventional nonleptonic decays of the B
will include three-K events [b—csC with ¢, ¢ each
including a K (K) in its decay products]. But for
mpy <3.5 GeV, the limited phase-space available
implies that the H—KK + 7’s will include a

(t), and a Higgs boson of mass less than 40 or 50
GeV can probably be found in the decays of these
heavy objects.! But these machines are several
years away and at the present, the heaviest systems
we have available are the Y resonances (bb) and
the B mesons (b7), copiously produced at the
Y(4S) resonance. We have calculated the branch-
ing ratio for the inclusive decay B—»HX and
shown that for my <4 GeV that ratio is greater
than the branching ratio for the Y— Hy decay of
the Y. We will discuss briefly the question of the
experimental signal for the decay B—HX and
show that data already available put some con-
straint on the allowed combination of my and m,.

The X in H + X consists of ordinary hadrons,
typically, one kaon and some number of pions (we
assume that |Cyy |2<< | Cy | so that the favored
quark decay is b—H +s). The decay modes of
the H depend on its mass; they are discussed in the
papers cited in Ref. 1 and are mostly based on the
formula

for IT

(3.1
for q7°

[
reasonable fraction of two-body (no 7’s) events. So
one can search the BB events with four (or six) K’s
for two K’s whose invariant mass squared is m 2.
(i) For 3.5 <mg <4 to 4.5 GeV, H will decay
into 77, c¢. Now (3.3) gives 25 to 30% for the
branching ratio to 77.
There is already an experimental limit'* on the

branching ratio for the inclusive decay B—Xuji,

T(B—XIT)
(B —all)

for [=e or u, assumed equal. Before confronting
this limit with (2.12), two model dependent as-
sumptions which went into (3.2) should be con-
sidered. First, (3.2) was obtained by combining
separate limits on B— Xeé and B— Xuji, assumed
equal. Since an H heavy enough to decay into uf
effectively never decays into ee, we should compare
(2.12) to the branching ratio limit for B—Xug
which is slightly larger than (3.2). Second, there
was an experimental cut requiring each p to have
an energy greater than or equal to 1 GeV, so the
number (3.2) includes a momentum acceptance fac-
tor of 1/0.17 which was calculated assuming the
momentum spectrum from b—Xufi. Our pro-
posed mechanism is b— Hs followed by H — ujfi.

t14

<7.4%1073 (3.2)
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With this mechanism, for mg >2 GeV, most of
the p’s will have energy greater than 1 GeV (not
all, because the H is recoiling against the s in the
rest frame of the b, which is nearly the laboratory
system). For illustrative purposes we will take an
acceptance factor of 1/0.6, for my >2 GeV and
my? <<mpy?, and consider

"l i
my mb2

<2x107? for 2<my3.5 GeV. (3.3)

4
my

(1.5x107%) B(H—pujf)

In this range of my we consider a conservative
B(H—upi)~0.02 and an optimistic B(H —ufi)~
0.2, discussed above. For my <2 GeV, we have to
take into account the decreasing fraction of u’s
with (laboratory) energy greater than 1 GeV. In
the range 3.5 <mpy <4—4.5 GeV, the H will decay
into 77 25—30 % of the time. The probability for
the subsequent decay of the 7 and 7 to give two
charged leptons (e or u) is about %X ‘2‘ =0.16. So
in this range we replace the B in (3.3) by about
0.05. In Fig. 4 we show a rough sketch of the re-
gion of combined my, m, values disallowed by
these considerations. Because of the tradeoff be-
tween the ufi and KK decay modes of the H, it is
possible that the my, m, limits illustrated here
could be considerably improved by an experimental
analysis which considered both these modes. Also,
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FIG. 4. Disallowed values of m,, my. The single-
hatched and double-hatched areas for 1.0 <my <3.5
GeV come from the assumptions B(H —pfi)=0.2 and
B(H —uf)=0.02, respectively. We emphasize that
these results are illustrative, not optimal, because they
are obtained by confronting (2.12) with an experiment
(Ref. 14) which was not designed nor analyzed for this

purpose.

because the signal is ufZ pairs which reconstruct to
a fixed invariant mass, it would seem possible to
relax the momentum cut and increase the sensitivi-
ty to a lighter Higgs boson.
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