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Enhancedb ! sg Decay, Inclusiveh0 Production, and the Gluon Anomaly
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The experimental hint of largeB ! h0 1 Xs is linked to theb ! s penguins via the gluon anomaly.
Using runningas in the h0-g-g coupling, the standardb ! sgp penguin alone seems insufficient,
calling for the need of dipoleb ! sg at the 10% level from new physics, which could also resolv
the semileptonic branching ratio and charm counting problems. The interference of standard and
physics contributions may result indirect CP asymmetries at the 10% level, which could be observe
soon atB factories. [S0031-9007(97)05041-2]

PACS numbers: 13.25.Hw, 11.30.Er, 12.38.Bx
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In this paper we explore the possible connections b
tween several fascinating topics inB physics and QCD:
the possibility of enhancedb ! sg decay at the 10% level
[1–3], the recent experimental hint [4–6] of large inclu
sive B ! h0 1 Xs, and the gluon anomaly. It has been
suggested [7] that the standard QCD penguin could a
count for inclusiveh0 production through the latter. We
point out that with runningas in the anomaly coupling,
however, the standard model (SM) alone may not be s
ficient, suggesting the need for dipoleb ! sg transitions
from new physics. If so, CP violating rate asymmetrie
betweenB ! h0 1 Xs andB̄ ! h0 1 X̄s could be at the
10% level and easily observable atB factories.

As noted some time ago, the low semileptonic branchin
ratio sbs.l.d and charm deficitsnCd problems could be
explained by some hiddenB decay mode,10% 15%
[1,2], such asb ! sg with g on shell. The recent analyses
[3,8] argue for the existence of additional charmlessB
decays at the 10% level, but differ in the interpretation
Against the possibility of [3]b ! sg ø 10% from new
physics, the authors of Ref. [8] argue for nonperturbativ
effects fromb ! scc̄ transitions. Since the QCD penguin
known to be around 1% [9], containsb ! scc̄ ! sgp !
sqq̄ as a subprocess, one needs to involve [8] som
intermediatecc̄ state, such as acc̄g “hybrid” meson.
The “hybrid” state, however, must satisfy the following
(1) Sizable production fraction inb ! scc̄; (2) narrow
width to allow more time forscc̄d8 ! gp annihilation;
(3) decays viaDD̄ 1 X or scc̄donia 1 X are suppressed;
(4) evasive so far in usuale1e2 or pp̃ annihilation studies.
Hence, though possible in principle, the hybrid (or an
non-oniacc̄ state) scenario is no less exotic than theb !

sg picture.
Several rareB decays have just been reported [4,6] fo

the first time. The penguin dominantKp mode is at the
1.5 3 1025 level, while the tree dominantpp mode has
yet to be seen. This agrees with theory expectations [10
one takes into account the smallness ofVub. ThevK , vp

modes are comparable toKp and larger than expected.
No hh6 events are seen, buth0K . 7.1 3 1025 is quite
sizeable. Together withfKp , Kp [6], penguin effects
are clearly rather strong. Though interesting, this handf
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of modes does not yet seriously challenge models
exclusive decay. Perhaps more intriguing is the hint [4–
of

bsB ! h0 1 Xsd  s62 6 16 6 13d 3 1025

3 s2.0 , ph0 , 2.7 GeVd , (1)

whereXs ; K 1 n s# 4dp with at most onep0. Some
h0K events are captured, but theh0Kp mode is conspicu-
ously absent, and most events are at largermXs . Though
h0Dspd, h0Dpp backgrounds are yet to be fully ruled out [5]
if large inclusive charmlessfasth0 production becomes es
tablished soon, it would be one of the most exciting piec
of B physics ever.

As h0 is mainly an SUF (3) singlet, it is naturally re-
lated to gluons, motivating Atwood and Soni [7] (AS
to connect inclusiveh0 production to the QCD penguin
via the gluon anomaly. Denotingh0-g-g coupling as
Hsq2, k2, m2

h0demnabqmkneasqdebskd, they extractHs0,
0, m2

h0d . 1.8 GeV21 from Jyc ! h0g decay. Assum-
ing constantHsq2, 0, m2

h0d ø Hs0, 0, m2
h0d, they find that

the standardb ! s penguin could account for theB !

h0 1 Xs rate. We wish to explore theq2 dependence of
the anomaly coupling, starting with the running ofas.

Let us give a more theoretical basis to the gluo
anomaly coupling, which concerns theh0-g-g effective
vertex of the singlet fieldh0. In the chiral limit mq ! 0
with NF  3 chiral quarks, the singlet current has a
anomaly≠mJ0

m  s2NFasy4pdtrsGmnG̃mnd, which breaks
the UA (1) symmetry, and through the topological charg
k0j s2NFasy4pdtrsGmnG̃mnd jh0l, etc., mh and mh0 are
elevated by their “gluon content.” Deriving from QCD
the low energy effective theory ofh and h0 mesons
continues to be an active research field [11]. Theh0-g-g
coupling can be formulatedwithout assumingPCAC, as
theUA (1) symmetry is already broken. We find [11] th
low energy effective couplingsNFasy4pdutrsGmnG̃mnd
which arises from the Wess-Zumino term, whereu 
h0y

p
NF f0 is the collective “chiral rotation.” Bothh0

and the “decay constant”f0 are very complicated objects
and the connection ofh0 to physical mesons is highly
nontrivial. We saturateh0yf0 by cph0yfh0 1 sPhyfh ,
© 1998 The American Physical Society
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where sP ; sinuP is the pseudoscalar mixing angle
and sweep theoretical uncertainties such as form fac
dependence intofh0 . We shall, however, assume constan
fh0 . fp . 131 MeV [12] in the following, which is still
a rather strong assumption.

We arrive at the effectiveh0-g-g vertex

2iagcPh0emnabemsqden skdqakb , (2)

whereags m2d 
p

NFass m2dypfh0 is the effective gluon
anomaly coupling and is nothing butHsq2, k2, m2

h0d of
AS. The explicitas factor suggests running coupling as
commonly seen in QCD, a point which is ignored by AS
As a check, we findagsm2

h0d . 1.9 GeV21, agreeing well
with Hs0, 0, m2

h0d found by AS, which confirms the validity
of Eq. (2). With q2 fi 0 and k2  0 but keepingh0 on
shell, however, it is plausible thatm2  q2 for q2 . m2

h0 .
To compute theb ! n0sg rate, let us defineyi ;

V p
isVib and ignoreyu (henceyt > Vts > 2Vcb). The loop

induced [see Fig. 1(a)]b ! s current [9] in SM is

GFp
2

gs

4p2
yt s̄tahDF1sq2gm 2 qmdL 2 F2ismnqnmbRjb ,

(3)

whereDF1 ; Ft
1 2 Fc

1 . 0.25 2 f22y3 logsm3
cyM2

W dg .
25, and F2 > Ft

2 . 0.2. Only the F2 term con-
tributes to on-shellb ! sg, but sinceF2 ø jDF1j, b !
sgp ! sqq̄ dominates overb ! sg [9]. Represent-
ing Fig. 1(a)] as a box and Eq. (2) as a blob, th
b ! h0sg process [7] is shown in Fig. 1(b). With
q2  sk 1 k0d2 sgp massd and m2  sp0 1 kd2, the
sgq̄ system evolves intoXs, and m2 ; m2

X , is the
physical recoil mass against theh0 meson. Because
of the anomaly coupling, aparton level calculation
gives us a handle on physical distributions.Defining
x ; m2ym2

b , y ; q2ym2
b , andx0 ; m2

h0ym2
b, we find

d2bsb ! h0sgd
dx dy

> 0.2

µ
gssmbd

4p2

∂2 a2
gm2

b

4

3

Ω
jDF1j

2c0 1 ResDF1Fp
2 d

c1

y

1 jF2j
2 c2

y2

æ
, (4)

wherec0  f22x2y 1 s1 2 yd s y 2 x0d s2x 1 y 2 x0dgy
2, c1  s1 2 yd s y 2 x0d2, c2  f2x2y2 2 s1 2 yd 3

sy 2 x0d s2xy 2 y 1 x0dgy2, and the factor 0.2 .
V 2

cbG2
Fm5

by192p3GB comes from normalizing against
bs.l. (see, e.g., Ref. [7]). We confirm the formulas of AS
but there are some subtle differences in definingDF1 and
F2, to which we now turn.

AS adapt from leading order results from operato
analysis. They adopt the convention of Buras [13] fo
thec8s md coefficient and absorb a factor of1y2 into their
definition ofF2. In our notation, we findF2s md . 0.286
as compared toF2smtd . 0.2, bringing bsb ! sgd from
0.1% [9] to 0.2%. This is agreeable since the dipo
,
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FIG. 1. (a) Sample diagram for loop inducedb ! sgp with
possiblecc̄ cut; (b) b ! h0sg transition via effectiveb-s-g
coupling (possibly from new physics) andh0-g-g anomaly
vertex.

O8 operator contains explicitly the gluon field. The AS
treatment ofF1 is more dubious. They identify4sc4 1

c6dygs ; FAS
1 s md [which is our sgsy4p2dDF1] and find

a value of 20.168 at LO [13]. In effect, they take
the ss̄tagmLbd sq̄tagmqd part of c4s mdO4 1 c6s mdO6,
and replaceq̄tagmq by a gluon. This is, however, not
appropriate since thec4s md andc6s md coefficients contain
resummed leading logs. The finals̄tagmLb current does
not simply couple to an effective gluon. The correc
approach is to inserth0 in every step of the operator
analysis, which is nontrivial and not yet done.

We will thus use the simple one loop results forF1
and F2 as outlined earlier, withgs  gssmbd in Eq. (3).
The operator analysis confirms that the correction is on
of O sasd, but we now have the advantage of proceed
ing consistently from Fig. 1(a) to Fig. 1(b). In addition
whereas the operator approach usually stops at a set of
fective operators atm  mb, our formalism automatically
includes perturbative final state rescattering effects such
b ! scc̄ ! sgp, which is very useful when we turn toCP
violating asymmetries.

Let us check against the results of AS numer
cally. Using mb , ms  4.8, 0.15 GeV, assmbd . 0.21,
and constant agcP . 1.7 GeV21, we find that
sgsy4p2dDF1s md  20.168 alone gives bsb !

h0sgd ø 1.6 3 1023, not far form the AS result of
1.9 3 1023. However, inclusion of theF2s md  0.286
term leads to,220% reductionrather than the,150%
increase claimed by AS. The formulas of AS in fac
confirm our findings. Note that theF2 effect alone is
negligible but the interference effect isdestructive[9].
The dbydm plot in Fig. 3 [7] of AS seems to be the
dashed curve [14] fordbydq in our Fig. 2(b). The actual
efficiency of anmX , cut at 2.35 GeV (i.e.,ph0 . 2 GeV)
for our dbydm [Fig. 2(a)] is of order1y2, and is not
sensitiveto Fermi motion of theb quark. Theb ! h0sg
rate for purejF2j > 2 (i.e., b ! sg , 10% from new
physics) is slightly lower than the SM result. But if
it interferes with DFSM

1 constructively, the resulting
bsb ! h0sgd . 0.8% would be way too large.

However, as argued earlier, the anomaly couplingag ~

as could be running. Sincesmb 2 msd2 $ q2 $ m2
h0 , the

likely scale would be theq2 of the virtual gluon. Using
two-loop runningassq2d in ag, bsb ! h0sgd drops by a
435
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FIG. 2. (a) dbydm ; dbydmXs , and (b) dbydq for SM
penguin inducedb ! h0sg (dashed and solid line: cut of
mg  0, 0.5 GeV). The purely dipole (dot-dashed line) effec
with jF2j ø 2 is also given. The vertical dotted line indicate
the mXs  2.35 GeV cut.

factor of more than 3. This is becauseassm2
bdyassm2

h0d ,
1y2, and the derivative coupling nature of the anoma
favors largeq2 and m2, as seen in Fig. 2. The anomaly
is thus uniquely suited for generating fasth0 mesons.
The SM effect alone now drops to, 0.43 3 1023, and,
even without applying themXs cut, it falls short of Eq. (1).
Thus, Fig. 1(b) with runningas in the anomaly coupling
suggests that new physics is needed to account for
observedB ! h0 1 Xs rate [15].

It is possible to enhance the chromodipolebsg coupling
by new physics at the TeV scale (such as supersymme
or techniscalars), without jeopardizing the electrodipo
bsg coupling [2,16]. Explicit examples [16] with gluino
loops favor largeFNew

2 with sign oppositeto SM, which
is just what is needed (see below). The chromodipo
term may be linked to quark mass generation since bo
involve chirality flip [2]. This TeV scale connection and
the appearance of thebR field provide an exciting impetus
to the problem, namelyCP violation [17]. One is now
sensitive to CP violating phases which are in principl

FIG. 3. (a),(b) Dalitz plot. (c)dbydm and (d) dbydq for
b ! h0sg (solid) vs b̄ ! h0s̄g (dashed), fors  py2.
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different from the standard CKM phase.Note that within
SM, the small effect ofyu fi 0 leads toCP violating
asymmetry, 1% in b ! h0sg, much like other inclusive
b ! s decays [18].

The CP violation effect is precisely rooted in
DFSM

1 -FNew
2 interference. Parametrizing the new physics

term asF2 ; FSM
2 1 FNew

2 . 22eis with yt taken as
real, the required absorptive part comes from [18,19]cc̄
rescattering inDF1 [see the cut in Fig. 1(a)]. This is fa-
cilitated by the peaking ofdbydq at q2 * s2mcd2. The
absorptive part is incorporated by making the change [18
DF1 ! DF1 1 4Psq2ym2

cd, whereP is the familiar one-
loop vacuum polarization from QED. Forb̄ ! h0s̄g one
simply replacesFp

2 by F2 in Eq. (4). We thus easily ar-
rive at the average branching ratiobav an asymmetry
aCP  sb 2 B̄dysb 1 b̄d, and the results are given in
Table I. The asymmetry is generally larger for coss , 0
(except vanishing ass ! p) because of destructive in-
terference, butbav often becomes too small in this region.
To visualize the effect, we give in Fig. 3 the Dalitz plot
(in q andm) and differential rates for bothb ! h0sg and
b̄ ! h0sg, for s  py2. The more visible difference in
dbydq is not observable. However, since the shape fo
dbydm is largely unchanged, a 10% difference in rate
below themX , cut of 2.35 GeV should be readily visible,
at CLEO and at proposedB factories that would start
operation in 1999. This is adirect CP violation effect
independent ofB0-B̄0 mixing, and can be seen in both
charged and neutralB decays,in a mode which has al-
ready been observed.

Some remarks are in order. First,b ! sg , 10% alone
leads tob ! h0sg only at , 0.5 3 1023, comparable to
the standardb ! sgp penguin which starts from 1%. This
is becauseDFSM

1 , 5 is still larger thanjFNew
2 j , 2. Sec-

ond, in our numerical study, we tookmg , 0.5 MeV in
phase space to remove soft gluons [14]. If one assumes t
sgq̄ system with a soft gluon [see Fig. 2(a)] is swept into
theK meson, the removed 4%–5% matches the observe
exclusiveh0K rate. Third, theB ! h 1 XS rate should
be smaller by tan2 uP , 0.1 in rate. However, fasth from
theB ! h0 1 XS , h0 ! hpp cascade may be the source
of the little “bump” at highph in fully inclusiveB ! h 1

X spectrum [20]. Four, the “hybridcc̄g” mechanism of
Ref. [8] might also work, since the effectiveb ! scc̄ !
sgp penguin is much larger than in perturbative applica
tions of SM [15]. However, SM mechanisms alone would
never bring aboutCP asymmetries beyond 1% in these
modes [18]. Thus,the large CP asymmetries discussed

TABLE I. bav and aCP for b ! h0sg vs b̄ ! h0s̄g tran-
sitions, with FNew

2  22eis . The latter alone gives branch-
ing ratio . 0.45 3 1023, comparable to SM effect withoutcc̄
rescattering.

s  0 30± 60± 90± 120± 150± 180±

bav (3 1023) 2.5 2.4 2.0 1.5 0.91 0.52 0.4
aCP (%) 0.0 2.9 6.0 9.5 13.1 13.3 0.0
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here could serve as a unique signature for the presen
of new physics from dipoleb ! sg transition [17]. Five,
the existence of largeb ! sg and associatedCP asym-
metries would have implications on the responsible ne
physics at TeV scale. For example, the lightest squa
could still be around 100 GeV and gluino mass of orde
200 GeV. Existing bounds are evaded by large nondege
eracies in squark masses, but such masses can certa
be probed at the Tevatron. However, there are solutio
where mq̃ and mg̃ are much higher [2,16]. Finally, we
stress that the anomaly inducedb ! h0sg of Fig. 1(b) is a
new diagram inadditionto the usualb ! sgp ! sqq̄, and
shows very differentq2 andm2 dependence. It is worth-
while to pursue effects of the gluon anomaly in more con
ventional processes, in particular, to measureh0-g-g from
factor effects. An example would bee1e2 ! h0 1 qq̄g,
to see if gluon fragmentation intoh0 differs from, say, into
pions. The study of these processes would be repor
elsewhere.

In summary, applying theh0-g-g anomaly with running
as, we find thatbsb ! h

0
fast 1 Xsd , 0.6 3 1023 per-

haps cannot be sustained by the standardb ! sgp penguin
alone, but calls for new physics fromb ! sg at the 10%
level, which would also help alleviate thebs.l. andnC prob-
lems. Direct CP violating rate asymmetries could then be
as large as 10% and easily observable, perhaps even be
the advent of asymmetricB factories.
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Note added.—After our work was submitted, new ex-
perimental [6] and theoretical results [21–23] have a
peared. We thank A. L. Kagan for correcting us for th
destructivenature of theDF1F2 term in SM [9,22], which
strengthens the need forFNew

2 . Our work has aroused in-
terest in the off-shell (form factor) behavior of thegp-g-h0

vertex. Reference [22] argues form2
h0ysm2

h0 2 q2d form
factor suppression in analogy to the quark triangle loo
for gp-g-p0. However, while asymptotically1yq2 sup-
pression must set in, the gluon anomaly differs from th
QED case in the gluon self-couplings. Indeed, Refs. [2
and [23] stress that nonperturbative effect could ma
the gp-g-h0 vertex unpredictable (Ref. [21] extends ou
new physics CP violation effect to channels beyondh0).
The

p
q2 , 2 4 GeV range of interest coincides with

the glueball mass range, which might well delay th
onset of form factor suppression, e.g., in the form o
m2

Gysm2
G 6 q2d wheremG is the relevant glueball mass.

On the other hand, the anomaly coupling is fixed at th
(low energy)mh0 scale, and it seems unlikely that one
would hit a resonance pole inq2. In any case, thegp-g-h0

form factor at intermediateq2 is an extremely interesting
subject in QCD itself, and has yet to be studied. Howeve
even with nonperturbativeg-g binding effects, running
as should still be taken into account since it enter
ce
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multiplicatively. Our criticism of AS is that, taking
Hsq2, 0, m2

h0d  Hs0, 0, m2
h0d  agsm2

h0d to be constant
and equal to the largest possible coupling, they like
overestimate the SM effect. At the least, our work ca
be viewed as an illustration of how a consistent picture
semi-inclusiveB ! h

0
fast 1 Xs and thebs.l. andnC prob-

lems together suggest a commonb ! sg , 10% new
physics solution, and the dramatic consequence of,10%
inclusive directCP asymmetries that might follow.
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