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Charmless Decays of Bottom Mesons and a Fourth Generation
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8 decays to charmless inclusive final states are discussed. The generic process is the loop-induced
b sg*, g* being an on-shell or oA-shell gluon. We include the cases when the gluon momentum is

lightlike, timelike, and spacelike. The timelike case includes g qq and gg splitup. Our findings are
as follows: (1) B(b sg*) =1% for three generations; (2) an experimental observation of charmless
branching ratio ) 5% would (conservatively) imply the possibility of a fourth generation; and (3)
charmless branching ratio )20% would be di%cult to accommodate in the standard model even with
four families.

PACS numbers: 13.25.+m, 12.15.Ff

Loop-induced weak decays provide an important
framework for testing the standard model (SM) and for
seeking signa1s for new physics. Compared with the s
quark, loop decays of the b quark are especially promis-
ing as (1) they are generally not as rare, (2) they are
more readily amenable to perturbative QCD analysis,
and (3) the b quark, being a member of the third family,
is likely to be more sensitive to the presence of the fourth
family. In this work we confine ourselves to QCD-
induced loop decays often called "penguin graphs. "
These decays lead to charmless final states. Indeed,
both' CLEO and ARGUS collaborations have given
results for the measurements of B mesons decaying into
inclusive charm final states. In principle, that result can
be used in conjunction with theoretical expectations to
deduce the charmless branching ratio (BR). Unfor-
tunately, the current data do not yet have the necessary
sensitivity to give useful information on the charmless
BR. However, more data are expected with the upgrade
of existing machines and with the coming of new
machines (such as the Stanford Linear Collider, the Fer-
milab Tevatron, CERN ACOL, etc. ) that can study B
physics. Furthermore, with the advent of vertex detec-
tors an accurate determination of the charmless BR
(perhaps by vetoing against charm) may be feasible. As
we show below, the standard-model prediction for the in-
clusive b-to-s weak decays is 1%-2%. While a measure-
ment of this precision will be extremely difficult to make,
should the actual branching ratio be substantially larger
it could be measured and would be circumstantial evi-
dence for the existence of one or more additional genera-
tions of quarks.

Penguin-type processes have been discussed in the

literature before for b decays. However, the treat-
ments that exist are incomplete and indeed an important
subset of graphs has never been included. The discus-
sions in the literature are also somewhat fragmentary.
We will therefore try to present a comprehensive treat-
ment of the subject, except that in this paper we will

confine ourselves to the discussion of inclusive decays.
This is because we feel that the exclusive (say, two-

body) modes that result are suppressed as the B meson
has many channels available to it. Furthermore, the cal-
culation of exclusive modes contains additional sources
of uncertainties. Besides, the aforementioned subset of
graphs that is important for our inclusive discussion has
never been, and would be much harder to be, incorporat-
ed in the exclusive calculations. To reiterate, we think
that although the inclusive calculations that we report
here have their own uncertainties, they are much less
than in the corresponding exclusive calculations. Our re-
sults are that the inclusive branching ratios is of order
1% for three generations and if the Kobayashi-Maskawa
(KM) mixing elements V, , and V, ,b are not suppressed,
it can become of order 10% or so if there is an additional
family.

To calculate the total rate for an experimental signal
consisting of B K+X (no charm), we incorporate b

s+g* where the gluon may be (1) lightlike, 6 i.e. , on
its "mass shell, " (2) timelike and branches into a qq
pair (where q =u, d, and s) or into two on-shell gluons

(gg), and (3) spacelike, and the process is analogous to
the original penguin process of Shifman, Vainshtein, and
Zakharov (from now on we call this the "penguin"). In
addition, for consistency we also discuss b sgg where
the gluons do not come from a single virtual timelike

1521



VOLUME 59, NUMBER 14 PHYSICAL REVIEW LETTERS 5 OCTOBER 1987

gluon as was the case in (2), but rather are each emitted
from quark lines.

Let us first make a qualitative point regarding process
(1), i.e., lightlike gluon with four-momentum (q) such
that q =0 versus process (2) where q & 0. The second
process is of higher order in a, and one may momentari-

ly think that, as in most parton-model type of calcula-
tions, the first reaction represents adequately the process
of hadronization. However, this usual philosophy fails
here as b sg with q =0 is a magnetic transition in-

volving only the magnetic (i.e. , Fz) form factor while the
electric (Fl) form factor does not contribute. For the

processes under consideration the contribution of the

O(a, ) Fi term far exceeds the O(a, ) F2 term and over-

compensates by a considerable amount the extra power
of a, . As a result we find that the O(a, ) process where

the gluon is virtual and timelike and branches into

quarks and gluons dominates the full b s transition.
We now give a more detailed discussion. The loop-

induced bsg coupling is (all external momenta ignored
whenever possible)

g, (2J2GF/1 6 tr ) v; s (X '/2 ) [F1 (q y„—q„q)L +F2i cr„~,mt R ]b,

where g, is the strong coupling constant, X' is the Gell-Mann matrix, v;= V;*, Vb, where i =u, c, t, (t'), and q„is the
gluon momentum. The form factors can be extracted from the effective bshe coupling calculated in Inami and Lim:

Ft =x;(y;+13y; —6y; )/12+ [4y;+ ( —4y; —Sy; +3y; )x;](lnx;)/6,

F'2 = —( —y;+3y; +6y; )x;/4 —
—,
' x; y; lnx;,

where x; =m; /M~, y, = (x; —1) ', and m; is the inter-
nal quark mass. Note that to this order in g„for small

x;, F'i —
3 lnx; and F2 =

2 x; and is power suppressed.
There are three types of processes that follow from Eq.

(1).
(1) q =0: The quark-parton level process is b sg,

where the gluon is "on-shell" (a parton, and therefore
fragments to real hadrons with probability unity), and

only the magnetic form factor F2 contributes. The rate
is [for SU(N) color group]

r& ='(b-Sg) =
i v, F',

~

'r, ,
2 =0 N —

1 30's
(2)

where I 0
=GFmb/192tr .

(2) q & 0: When the gluon is timelike, the process
should be b sg* followed by g* qq, gg, i.e., the vir-

tual gluon decays into a qq pair or a pair of on-shell

gluons, gg. These "partons" subsequently fragment into
real hadrons. Note that in principle (if q is hard) this
parton fragmentation process is distinct from process
(1). Furthermore, as alluded to earlier, the a, Fi term
far exceeds the e,F2 term since the Fi form factor is

leading.
The two-gluon process b sgg has not been included

in previous discussions in the literature. However, not

only is there the contribution coming from g* gg, but
also, because of (QCD) gauge invariance, the two (on-
shell) gluons could each get emitted directly from quark
lines. The latter process has two types of contributions,
the one-particle irreducible (1PI) graphs where both the
gluons are radiated from the internal quark line within
the W loop, and the one-particle reducible (1PR) graphs
where one essentially has an effective color magnetic
(F2) gluon emission followed (or preceded) by a gluon
bremsstrahlung. The discussion of these processes is

analogous to that of the K sd yy transition in the
literature, ' but more complicated.

The form factor associated with the 1PI term vanishes
rapidly' with m; for m; & mb and thus is very insensitive
to heavy internal quark (t, t ') masses. The charm contri-
bution is subleading compared with the Fi term, and a
direct calculation indicates that the 1PI contribution is
orders of magnitude below that of Eq. (3) (comparing
the two incoherently).

The 1PR terms are proportional to F2 in amplitude,
which may interfere with the F& term in the g* gg
process. It turns out that with the inclusion of the 1PR
process the FiF2 interference term for b sgg cancels
out, and one is left only with the interference term com-
ing from b sqq (which comes only from b sg*).
We get the result

I (b sqq)+I (b sgg) = [(N —1)/2N](a, /16~ ) [(nf+N) i
v;F'&

i

—4nf(v;F'i )(viF2)]I 0. (3)

The terms proportional to nf are from incoherent sum-

ming over nf quark flavors for b sqq. Since we are
concerned with charmless final states, we shall use nf =3
(i.e. , uu, dd, ss '') in subsequent discussions. The term
proportional to N comes from b sgg, which cannot be
ignored, since the gluon color "charge" is bigger than
that of the quarks. Indeed, for the SU(3) color group
and three nonch arm final-state quark flavors, the b

sqq and b sgg processes are equally important.
The F2 terms have been dropped'~ in Eq. (3).

(3) q (0: When the gluon is spacelike, it gets at-
tached to the spectator quark and one has the usual

penguin graph. The decay goes through a two-body pro-

cess, but the width is suppressed by two powers of the
8-meson decay constant f~ —,', mb. For comparison, we
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FIG. 2. Same as Fig. 1, but for four-generation case.

Charmless hadronic b s transitions are at the level of
1%—2% within the three-generation SM; (ii) a BR ) 5%
cannot be accounted for by the three-generation SM and
would be an indication for the existence of a fourth gen-
eration with relatively large mixing angles V, „V,b, and
(iii) a BR ) 20% would be very difficult to accommo-
date even with four generations. Although our discus-
sion is not absolutely rigorous, these main points should
hold.
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Note added. —While we have emphasized b s tran-

sitions, via loop graph the BR for the corresponding
b d transitions will be down roughly by sin 0„i.e. ,= 10 or, at most, = 10 for three- or four-
generation SM, respectively. These b d transitions
provide an irreducible background to the experimental
determination of V„b (via the direct tree-graph nonlep-
tonic b u decay) as in the recent ARGUS observation
of B decays to ppz, pp, ~z.
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