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We discuss experimental signatures capable of nearly immediate study that would discern and/or
constrain new physics manifested via enhanced gluonic penguin-diagram decays of the b.

PACS number(s): 13.25.Hw, 12.38.—t, 12.60.—i, 13.20.He

I. INTRODUCTION

Despite the large B mass, it appears that a system-
atic expansion in n, and 1/ms fails by about 15'%%uo [1] to
predict the semileptonic branching ratio

I'(B -+ ev, X)
@tot

B

This discrepancy presumably requires enhancement of
the nonleptonic decay width and most likely will be re-
solved within the &amework of the standard model. For
example, it could be that local "quark-hadron duality"
is not as good at the B scale as originally hoped. In par-
ticular, one recent suggestion [2] is that nonperturbative
efFects could significantly enhance the b ~ ccs rate (with
relatively slow charm quarks in the final state) beyond
the naive I'(b ~ ccs)/I'(b + csd) = 1/3 phase space
prediction.

Alternatively it has been pointed out that an enhanced
b —+ Sg rate via penguin amplitudes could help resolve the
discrepancy [3]. These will contribute only to the nonlep-
tonic decay width I'" . These decays do not lead to charm
production (and hence the reason that their contribution
could be added incoherently). Therefore such enhanced
penguin decays would not generate an unwanted charm
excess [2].

A branching of I'(b m sg)/I'tgt = 20% is needed to ex-
plain completely the semileptonic deficiency. To leading
order in o.„the gluonic penguin decay rate is given by

(2)
vr ( Vs,

I'o ——m&sG&2', /192vrs is the lowest order, perturbative
result for the semileptonic decay b ~ cev, (excluding
phase-space modifications due to the finite mass of charm
quark), and CM(y, ) is the coefficient of the magnetic pen-
guin operator entering the efFective Hamiltonian (H,tr),

10 = ' mss~ G„„o""—(1+ps) b, (3)

evaluated at a mass scale p appropriate to the decay at
hand. Working within the standard model and taking

II. INCLUSIVE K SPECTRUM

For a B meson at rest, the inclusive kaon momentum
spectrum for kaons emerging from the cascade

B-+8+X
~ K+X' (5)

p, = mb/2, one obtains, using the evolution equations
for CM found in Ref. [4) (wherein the recent controversy
[5,6] concerning the apparent scheme dependence of this
evolution has been resolved) that

B(b+sg) =2x10
We have taken Vq, ——0.045, the lifetime 7~ ——1.3 pi-
coseconds [7] and we have equated the bottom quark
mass with that of the B meson, i.e. , mg ——M~. Using
ms = M~ —0.5 yields a rate 6070 of the above.

A significant enhancement above standard model pre-
dictions is thus required for gluonic penguin-diagram de-
cays to play a role in the semileptonic decay rate issue.
Admittedly this scenario may seem unlikely in view of
the recent measurement by CLEO [8] of the inclusive
photo-penguin decay rate, b —+ 8p, found with a branch-
ing rate of only B(b ~ sp) = 2.2 x 10, and in general
agreement with standard model predictions [9]. Nonethe-
less, a preferred enhancement of the gluonic penguin by
some appropriate supersymmetric (SUSY) extension of
the standard model relative to its electromagnetic ana-
logue is conceivable. Even an enhanced branching ratio
B(b ~ sg) of just a few percent could be part of a "cock-
tail" [1] solution for the semileptonic problem.

In the following we argue that inclusive measurements
of the kaon spectrum (presumably K+o for experimental
feasibility) near the region of u = P~/PIr „~1 would
be sensitive to b ~ sg rates in the range 5—20%. We also
discuss exclusive decay modes, in particular B ~ Kvr,
first indications of which were possibly seen last year at
CLEO [10]. Here too enhancements would naively be
likely, although as we will see, bound state efI'ects could
complicate such expectations.
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6
PK/D(v) =, „(9—9- -)(1 —v),

ymir)

where

(6)

Z =—-P/&max 'll = q/qmax 9;„=0.14 (7)

and all momentum are defined in the rest frame of the
decaying heavy meson. Note that the crucial regions of
interest, x, y ~ 1 are particularly well fit by Eq. (6). For
simplicity we have also normalized each distribution to
one.

The energy E~ of the kaon in the B decay frame is
obtained. &om the energy and momentum in the D decay
kame via a boost transformation:

MDEK = I"q'+ l&llqlz

can be readily calculated &om the available data. The
inclusive momentum distributions for B —+ D(P) + X
[11] and D -+ K(q) + X' [12] have been experimentally
measured. A good overall fit to these distributions can
be given by the rather simple parametrizations

p /B(x) = 6z(1 —z),
Ma 2M' MD

2 2 '
+max Mg MD
M~ 2MDM~

2 )
&max MD M~
P „q „(MB—MD) (MD —MK)

MDEK „2MD(MB + MD)
(10)

we have then that

u = a gx'+ a'gy2+ P2+ xyz .

Using the fact that the D is spinless so that the angular
distribution z is uniform, one obtains that the inclusive
energy distribution pK/B (u), of the cascade kaons is given
simply by

where z is the cosine of the angle in the rest frame of the
D meson between the decay direction of the kaon and
the boost direction of the D. Defining

& = @K/&Kmax&

aild

1 1

PK/B(u) = dzpD/B(x) d VPK/D(u) «~
I

o V z' + ~'V'W' + 0' + xVz —u
0 Dmin

Integrating over the b function using the z integral, Eq. (12) becomes

(12)

PK/B(&) =
i 1PD/B(*) d PK/D (v)

ymin

x8 u —a gz2+ n gy +P —xy (13)

u = +K/+Kmax. (14)

Figure 1 displays the resulting distribution PK/B(u)
which for conformity with the rest of the literature,
[11,12], we have plotted not as a function of the energy
variable u, but in terms of the kaon's momentum:

The two remaining integrations in Eq. (13) were per-
formed numerically and the entire distribution was again
normalized to integrate to one.

We note that at the present only preliminary data [13]
on the K& inclusive spectrum at the T ' is available.
Nevertheless this does conform to the expected overall
cascade form of Fig. 1. Our main interest here, however,
is in the end point region, u —u ~ 1 for which much
more precise data will be required and should be available
&om CLEO II. In this endpoint region one can directly
show that

4

Q3

lim PK/B(u) oc (1 —u) (15)

For u = 1, both momentum variables x, y must also
approach their upper limit. The explicit distributions
pD/B(z) and PK/B(y) thus yield two of the four powers
in Eq. (15). The remaining two powers arise from phase
space constraints generated by the 8 functions which
force x, y & 1 —g if u = 1 —g and g ~ 0. The impor-
tance of this result is that pK/B(u) is severely suppressed
near u = 1 compared to the much harder function for an s
quark jet to &agment into a kaon. From general counting
rules [14,15] one can show f'rom perturbative QCD that

0
0.0 1.00.80.2 0.4 0.6

P /PK K

PIG. 1. The expected distribution of kaons (normalized to
one) with moments coming from the cascade decay Eq. (5)
of the B meson.
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the fragmentation function for an s ~ K+' behaves as

lim D~+,./, (u) - (1 —u) .
um1 (16)

Combining Eqs. (13) and (16), the complete distribu-
tion, p~/&(u), of kaons from B decays, is given by

PIc/Q(u) = (1 —e) P~/~ (u) + eDIc+, 0/8 (u),

W~ = /2E, "mg"
—(5.3 GeV x 0.3 GeV) / = 1.3 GeV, (18)

as indeed is manifest by the fact that the K* and only
a few other kaon resonances dominate the data. Barring
precocious scaling, extraction of accurate information on
inclusive functions such as D~+,o/, (u) in such kinematics
is questionable.

The kinematics in the case of 6 ~ sg is, on the other
hand, difFerent. Assuming the s quark to recoil against
an oppositely moving gq = 3 source, the total energy
available for hadronization is now M~ ——5.3 GeV and we
expect the "leading" s ~ K fragmentation to be similar
to that in an e+e ~ ss process at these energies. Indeed
comparing even just the expected standard model rate,
Eq. (4), with the upper bound given last year by CLEO
for B ~ Km (( 2.6 x 10 ) indicates that the inclusive
rate will not be dominated by just a few resonances.

KJnfortunately s + K fragmentation contributions in
e+e is charged suppressed by a factor qz/ g q2 and are
hence diKcult to extract from the known data on inclu-
sive kaon production [17]. Likewise, s quark jet produc-
tion in deep inelastic v scattering is Cabibbo suppressed

where e is the 6 ~ sg branching fraction. From the
previous discussion, one knows that for any finite e, at
some sufFiciently large u ~ 1, the s quark fragmenta-
tion function must dominate. The issue now is to better
quantify this result with a reasonable parametrization for
Dsc+ /. (u).

The new CLEO B —+ X,+p data [16] could in principle
yield s ~ K information in a setting which appears to
be kinematically similar to that in b —+ sg. Nearly 30/ p

of all the B' ~ X, +p inclusive decays occur through the
K* resonance. If we simply focus on the kaons produced
through the decay of the K*, one finds that the kaon
spectrum is very hard as u ~ 1, with a typical value of
u = 0.7 [replacing M~ by M~ in Eq. (11), talung x, y—
1, and noting that z —0 for the p-wave decay K' ~ K7r].
Such a contribution would show up quite dramatically in

p~/& (u) for a penguin decay rate of order 10'Fo and indeed
would allow ready determination of e in Eq. (17) to values
as small as ~ = 0.02 by integrating over the total kaon
yi.eld above u = 0.7. In an ideal case of infinite B mass
the s quark from 6 —+ sg or b —+ sp would have identical
fragmentation independent of the identity of the recoiling
system (gluon jet or single photon). However, the use of
this inclusive data for the actual B mass, M~ ——5.3 GeV,
is somewhat dubious. For 6 A sp, the relevant total
energy of the hadronizing system of the s plus spectator
g is rather low, being roughly only

by ~V„,
~

and hence not particularly useful. We are thus
forced to work by analogy, guided by general symmetry
principles.

Starting first from SU(3) flavor symmetry, the inclusive
~+ spectrum from e+e annihilation has been recently
[18] nicely fitted using a primary, direct u i n+ term D„
and a secondary distribution term D, :

5 2 5 (1 —z)4
D„(z, tp) = —(1 —z) D, (z, tp) =—

6 6 z

10

10

10

10
0.6 0.7 0.8

p /p max
K K

0.9 1.0

FIG. 2. The expected distribution of kaons if 20% of the
decays arose via gluonic penguins and the s —+ K fragmen-
tation function was SU(3) symmetric with u ~ vr+. In dots,
the tail of Fig. 1 has also been included for comparison.

where tp = ln(Qp/A ) reflects the general fact that in
@CD these distributions run with Q . The motivation
of the authors of [18] for departing from other, perhaps
more common forms in which D(z) is given jointly as one
smooth function [e.g. , as in [19]where D(z) = (1—z) 2/4z]
is that the physics dictating the two end point regions is
rather difFerent. The logarithmic rise in total kaon nurn-
ber produced for z ~ 0 is driven by mesons produced out
of secondary quarks formed in the fragmentation chain
of the outgoing quark jet. The region z —+ 1 is domi-
nated by mesons made out of the original quark in the
jet. A separation of these two phenomena was crucial
for the study in [18] in which (as is the case here) the
authors were particularly interested in the z —+ 1 regime
of the fragmentation function in order to compare with
competing processes.

Ignoring completely secondary kaon production, and
assuming for the kaon the same primary distribution
D„(z, t) as in the pion (evolved down from the fitted
Qp —29 GeV data, to Q = Mii using the analytic expres-
sion provided in [18]), the result for p~g~/&(u), Eq. (17),
using a value for e = 0.2 is shown in Fig. 2. For com-
parison the result of Fig. 1 is included (i.e. e = 0), and
as is appropriate, we have focused only on the end-point
region u ~ 1. We see that for this "maximal" value of
e, a significant difFerence has developed in the expected
kaon distributions once u & 0.7. Accurate data at larger
u allow one to probe significantly smaller e, so that for
~ = 0.05 comparable difIerences appear at u = 0.8 and at
u = 0.9, a value as small as e = 0.02 could be discerned.

Having demonstrated what should be an experimen-
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ements ~V„bV„,
~

. Judicious comparison with analogous
processes proportional to

~
V„bV„g[2 allows one to infer the

relative importance of the gluonic penguin contribution.
In the case of B + Kvr the corresponding decay mode
is B -+ nm. (Hence the further importance that CLEO
resolve these two modes, the sum of which were reported
with a total branching rate of 2.4 +os.sv +0.2 x 10 s [10].)
An observed ratio of branching rates much above (or be-
low) the naive ~V„,/V„g~ = 1/20 must be due to pen-
guins.

Using perturbative QCD methods recently seen [22] to
give a good description of the two-body hadronic decays
of the B meson, we estimate in the standard model that

FIG. 3. Same as Fig. 2 except a heavy quark fragmentation
function has been used for s ~ K. The various plots, from
top to bottom, are for e, = 1, 4, 10, respectively, in Eq. (20).

tally testable effect, it is likely that these estimates are,
however, conservative. SU(3) flavor symmetry is in fact
broken and it is likely that the 8 quark fragmentation
function is harder than that of a u quark. As an ex-
treme alternative, we show the results in Fig. 3 of using
the heavy quark fragmentation function of Peterson et
al. [20],

D~g, oy (z) =
z [1 —1/z —eg/(1 —z)]

(20)

in which N is determined by fixing the normalization to
integrate to one and eg is qualitatively m /m&, the ratio
of effective light to heavy quark masses. Note that the
e ~ oo limit smoothly matches up to the parametriza-
tion of Baier et al. [19] for a light-quark fragmentation
function. In the case of charm a good fit to the data
[21] is found using ec = 0.15. Since in the case of the s
quark the choice of e, is more ambiguous (if at all cor-
rect), Fig. 3 contains plots for a few possible e, values. As
expected, the resulting distributions yield a significantly
greater departure from the cascade scenario of kaon pro-
duction than the one indicated by Fig. 2 where perfect
SU(3) flavor symmetry was assumed.

III. EXCLUSIVE DECAYS

The observation last year [16] by the CLEO group of
the two-body exclusive decay B ~ K'p was the first un-
ambiguous experimental evidence of penguin processes.
One likewise expects that rare two-body hadronic de-
cays of the B meson to be a particularly useful means of
measuring gluon mediated, 6 ~ s transitions. For con-
creteness, we will focus on the mode B —+ Kz which, as
mentioned earlier, was likely seen last year at CLEO [10]
(the ambiguity involves insufficient experimental resolu-
tion to separate candidate vrvr &om K7r decay channels).

For the two-body hadronic decays, penguin processes
compete with another rare decay, b —+ u, which occurs
at tree-level in the standard model but is proportional
to the Cabibbo-Kobayaski-Mashawa (CKM) matrix el-

B(B -+ K~) = 0.5 x 10
—', (21)

M~ ——mb+ A, (22)

where A 500 MeV. Since it has been found in prac-
tice [22] that these imaginary parts tend to dominate the

not far &om the CLEO data of last year [10]. Such a re-
sult clearly does not allow much room for enhancement.
However, the importance of bound. -state effects must be
emphasized. We will therefore sketch how our estimate
Eq. (21) was obtained, in which some particularly sim-
plifying approximations were used. A full analysis of the
decay is the subject of a forthcoming work [23].

Since the two-body exclusive decays of the B involve
large mometum transfers, they are short distance events.
A twist expansion in perturbative QCD suggests [24] that
only the contribution from the lowest order Fock coxnpo-
nent expansions of the B and of the outgoing mesons
are relevant. The decay rate of the B then involves
a perturbatively calculable hard amplitude convoluted
with a soft physics wave function, g, &om each of the
mesons. These wave functions, although as yet uncalcu-
lable from first principles, are universal for each meson;
i.e., they factorize from the hard amplitude and hence
are independent of the process involved. Thus as was
employed in Ref. [22], ideally one can phenomenologi-
cally pararnetrize these wave functions using a (few) mea-
sured cross-sections and/or decay rates. For simplicity,
we use the factorization scheme advocated by Brodsky
and Lepage [24] and take the momenta of the quarks as
some fraction x of the total momentum of the parent
meson weighted by a soft physics distribution amplitude
P(x) [P(x) being then simply the quark's wave function
vP(z, k~) integrated over transverse momentum, k~].

An important ingredient in the perturbative QCD ap-
proach to the two-body exclusive decays of the B is that
the decay amplitude can acquire an imaginary part be-
cause some heavy quark propagators in various Feyn-
man graphs can go on-shell in the integration over the
mesonic distribution amplitudes. Here as elsewhere [25],
[26], picking up such poles is legitimate in Perturbative
QCD (PQCD) as they are not pinched singularites and
hence by the Coleman-Norton theorem [27], are not as-
sociated with a long distance event. These poles arise (in
part) because of the factorization scheme we employ and
because of what one believes to be the correct relation
between quark and meson masses:
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0 = ', s7. p —(1 —ps) b(D„G„„)16~2 (23)

are highly relevant (indeed they in fact dominate our es-

decay amplitude when they occur, we will here focus on
them to obtain our estimate Eq. (21) with the more
complete study to be presented elsewhere [23].

For our present purposes then, the most relevant graph
contributing to the decay rate B ~ Kvr is shown in
Fig. 4. The square indicates a gluonic penguin diagram,
the operator structure of which will be presently dis-
cussed. The cross indicates the heavy-quark propagator
that can go on shell. We note that graphs at this order
in o., other than that shown have imaginary parts, but
they are suppressed by factors of e = A/M~. Unlike the
case of the inclusive cross section considered in the previ-
ous section, the restriction to explicit hadronic modes in
the final state means that the virtuality of the quark and
gluon legs entering the penguin decay b —+ Sg cannot be
discounted. Hence more than merely the simple chromo-
magnetic penguin operator OM, Eq. (3), contributes and
in particular, it is found that chromoelectric penguin di-
agrams,

FIG. 4. The diagram with largest imaginary phase con-
tributing to B —+ K7r in a perturbative QCD analysis. The
cross indicates the heavy quark propagator that can go on
shell. The square represents gluonic penguin operators from
Hg.

timate for the B ~ K7r decay rate). Including then both
operators OM and 0@, with Wilson coeKcients CM(p)
and Cz(p), respectively, the contribution (I) of the dia-
gram in Fig 1. to the decay amplitude is given by the
expression

8A
C~(p)

4A
C~ (p) dye A, (y)y(1 —y), (24)

where A is given by As parameters we use

A = sn, f~fI f G~Uq~U, *„ (25)

and a peaking approximation has been used for P~ (z):

V~, ——0.045,

f~ = ~~f
(30)

1
P~(z) = f~b(z —e).

2 3
(26) 0.5

Mg

y. (*) = 5(1 —2*)',

4I (y) = 1,
(27)

the imaginary piece of Eq. (24) becomes

5Avr 2
Im(I) = —C~(p) + 4C~(p) (1 —2e)(1 —4e) .

3

(28)
We use Im(I) to obtain our estimate of the decay rate:

[Im(I)]2
16~M~

fgy is the decay constant of the B.
Using the distribution amplitude of Chernyak and

Zhitnitsky [28] for the pion and, for simplicity, the
asymptotic distribution amplitude [29] for the kaon,

~+CD = 0.2 GeV.

B (B + Km) = 0 3 x 10 (31)

For the scale p we take the virtuality of the softest gluon
exchanged, p2 0.5(GeV) . For the evolution of C@(p),
only Cella et al. of Ref. [5] have calculated the anomalous
dimension mixing matrix relevant for the chromo-electric
penguins, and thus we use their results. This might be
thought imprudent, considering the controversy that was
associated with the chromomagnetic penguins [4—6]. We
note, however, that in the case of the chromomagnetic
penguin diagrams, the final results of Ciuchini et al. [4]
dier only slightly &om that of Cella et al. for those op-
erators Inutually calculated, and hence one might expect
that any errors due to scheme dependence would be kept
at a minimum. Such is our hope in the present work,
although we acknowledge and stress the importance that
these expectations be confirmed.

With these inputs we obtain that
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where the superscript I reminds the reader this estimate
is based only on picking up the (leading) imaginary part
of the decay amplitude. Roughly assuming that the real
part (which adds incoherently but involves many more
graphs and also in principle more off-shell operators) is
of the same order, we obtain Eq. (21).

We note that similar such bound-state effects have
been previously considered [30] in the case of B -+ K*p
decays, however, there the physical on-shell photon elimi-
nates the electromagnetic version of Eq. (23). The purely
hadronic two-body decay B ~ Km does not, however, en-
joy such simplifying features. Chromoelectric penguins
are found to be highly relevant because the restriction
to a Km final state allows for the gluons to be signifi-
cantly off shell and because the Wilson coefficient of the
chromoelectric operator is appreciably larger than that
of the chromomagnetic operator (at either the M~ scale
or when ran to lower scales appropriate for the decay of
the B).

The complications of bound-state effects and in par-
ticular the introduction of additional operators thus al-
lows, at least in principle, significant differences between
the inclusive rates discussed in Sec. II and that of any
particular decay mode as discussed here. One tenable
although perhaps contrived scenario is that only 0 is
significantly enhanced. Although somewhat bizarre, es-
pecially since for the gluon penguin diagrams it is at a
fundamental level the same Feynman graphs that deter-
mine the Wilson coeKcients of both the chromomagnetic
as well as chromoelectric operators, such a scenario can-
not nevertheless be precluded. Indeed the fact that @CD
corrections play an important role and produce signifi-
cant changes in both the absolute magnitudes and rela-
tive sizes of the various coeKcients, means that such a
scenario might yet be feasible. However, one should re-
call that this preferential treatment would also have to
extend into the electromagnetic sector where the data
[8,16] also do not allow significant departure from stan-
dard model predictions.

IV. CONCLUSIONS

It is well known that deviation of b ~ Bp and 6 —+ sg
amplitudes from standard model estimates could directly
indicate new physics. The study of potential 6 —+ Sg en-
hancement is further motivated by its possible contribu-
tion to resolving the B semileptonic problem. We have

here discussed the possibility of detecting such enhance-
ment and estimating the overall strength of b —+ Sg tran-
sitions by focusing on the resulting inclusive kaon distri-
bution in the region near P~ ——P~ and alternatively
looking at the extreme case of P~ ——P~ " corresponding
to the (penguin generated) B ~ K7r exclusive final state.

Clearly future studies could make use of the much
richer topologies in an effort to have a more sensitive
extraction of 6 —+ 8g. Remarkably, however, mere use of
the inclusive kaon distribution will be suFiciently sen-
sitive to an enhanced 6 ~ Sg total rate of even just
a few percent as the significantly harder kaons near
P~ ——P~ " that result from the penguin decays would
dominate over the softer kaons from the ordinary cascade
B m D(+X) i K(+X').

The exclusive B ~ Km decay mode is sensitive to the
chromoelectric penguin term. Present data and stan-
dard model estimates already would appear to exclude
enhancement of this operator by more than a factor of
two or so, although potential uncertainties exist concern-
ing the evolution of such "off-shell" operators that may
yet modify these estimates. Even barring such compli-
cations, these conclusions while suggestive nevertheless
do not preclude a significantly large enhancement in the
total, inclusive production of kaons as the chromoelec-
tric operator vanishes for on-shell gluons and hence does
not contribute to the perturbatively calculated, inclusive
b ~ sg decay rate (obtained using chromomagnetic pen-
guin transitions).

Given these initial results and in view of the fact that
enhanced b ~ 8g decays are indications of new physics,
the simple first step of looking for it via the inclusive kaon
spectrum, complemented by better data on the exclusive
two-body decays, seems an undoubtedly worthwhile en-
terprise.
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