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Charm multiplicity and the branching ratios of inclusive charmless b quark decays
in the general two-Higgs-doublet models

Zhenjun Xiao* and Chong Sheng Li
Department of Physics, Peking University, Beijing, 100871 People’s Republic of China

Kuang-Ta Chao
CCAST (World Laboratory), P.O. Box 8730, Beijing 100080, People’s Republic of China

and Department of Physics, Peking University, Beijing, 100871 People’s Republic of China
~Received 13 March 2000; published 2 October 2000!

In the framework of general two-Higgs-doublet models, we calculate the branching ratios of various inclu-
sive charmlessb decays by using the low-energy effective Hamiltonian including next-to-leading order QCD
corrections, and examine the current status and the new physics effects on the determination of the charm
multiplicity nc and semileptonic branching ratioBSL . Within the considered parameter space, the enhancement
to the ratio BR(b→sg) due to the charged-Higgs penguin diagrams can be as large as a factor of 8~3! in the
model III ~II !, while the ratio BR(b→no charm! can be increased from the standard model prediction of 2.49
to 4.91 %~2.99%! in model III ~II !. Consequently, the value ofBSL andnc can be decreased simultaneously in
model III. The central value ofBSL will be lowered slightly by about 0.003, but the rationc can be reduced
significantly from the theoretical prediction ofnc51.2860.05 in the SM tonc51.2360.05, 1.1860.05 for
mH15200, 100 GeV, respectively. We find that the predictednc and the measurednc now agree within
roughly one standard deviation after taking into account the effects of gluonic charged Higgs penguin diagrams
in model III with a relatively light charged Higgs boson.

PACS number~s!: 13.25.Hw, 12.15.Ji, 12.38.Bx, 12.60.Fr
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I. INTRODUCTION

In the forthcoming years, experiments at SLAC and KE
B factories, DESY HERA-B and other high-energy collide
will measure various branching ratios andCP-violating
asymmetries ofB decays@1,2#. The expected large numbe
of B decay events~say 1082109) may allow us to explore
the physics ofCP violation, to determine the flavor param
eters of the electroweak theory, and to probe for signals
evidence of new physics beyond the standard model~SM!
@1–6#.

Among variousB meson decay modes, the decaysb
→sg andb→sg have been, for example, the hot subject
many investigations@7#, since these decay modes may
affected by loop contributions from various new phys
models. Great progress in both the theoretical calculation@8#
and the experimental measurement@9# has enabled us to con
strain the new physics models, such as the two-Hig
doublet model~2HDM! @10#, the minimal supersymmetric
standard model@11# and the technicolor models@12#.

For many years, it appeared that the SM prediction for
semileptonic branching ratioBSL @13# was much larger than
the values measured atY resonance andZ0 peak @14,15#.
More recently, the theoretical predictions have been refi
by including full O(as) QCD corrections@16,17#. This
progress, consequently, has lowered the predictedBSL and
now adequately reproduces the experimental results@15#.
However, the measured values ofBSL at theY(4S) andZ0

resonance are still lower slightly than the theoretical pred
tions @18#. In addition to theBSL problem, there is anothe
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so-called ‘‘missing charm puzzle’’@15,19#: the charm multi-
plicity nc measured at CLEO and the CERNe1e2 collider
LEP @18,20# ~especially at CLEO, theY resonance! is
smaller than the theoretical prediction. Among various p
sible explanations for the missing charm-BSL problem, the
most intriguing one is an enhancedB→Xno charmrate due to
new physics beyond the SM@19#. An enhancedb→sg can
decrease the values of bothnc and theBSL simultaneously
@19#. The large branching ratio BR(B→h8Xs) reported re-
cently by CLEO@21# provided a new hint for enhancedb
→sg. In addition to those explanations based on the S
@22#, new physics interpretations for this large ratio are a
plausible@23#.

In a previous paper@24#, we calculated, from the firs
principles, the new contributions to inclusive charmlessb

quark decaysb→sg,b→sqq̄ from the gluonic charged-
Higgs penguin diagrams in the so-called model III: the tw
Higgs-doublet model~2HDM! with flavor changing cou-
plings @25,26#. In the considered parameter space, we fou
that the branching ratio BR(b→sg) (q250) can be in-
creased by roughly an order of magnitude, which is mu
larger than that in the ordinary 2HDM’s@27#. In Ref. @24#,
however, we used the language of form factorsF1 and F2
and took into account the QCD corrections partially by us
the as(mb) directly to calculate the branching ratios.

In this paper, in the framework of general 2HDM’s, w
calculate the branching ratios of various inclusive charml
b decays by using the low energy effective Hamiltonian
cluding next-to-leading order~NLO! QCD corrections@6#,
and investigate the new physics effects on the theoret
predictions for bothBSL andnc .

This paper is organized as follows. In Sec. II, we descr
the basic structures of model III, extract out the Wilson c
©2000 The American Physical Society08-1



d
e

n

th

o
l

e
n

-

n-

w

ir

g

o
q

ry
rk
la

e
d
he
w

-
a

is

-
s

rk

up-
vor

g
u-
by

the

II
ed in
t
en-

a

ZHENJUN XIAO, CHONG SHENG LI, AND KUANG-TA CHAO PHYSICAL REVIEW D62 094008
efficients, draw the constraint on parameter space of mo
III from currently available data. In Sec. III, we calculate th

branching ratios BR(b→sg) and BR(b→q8qq̄) for q8
Pd,s andqPu,d,s in models III and II with the inclusion of
NLO QCD corrections. In Sec. IV, we examine the curre
status and new physics effects on the determination ofBSL

andnc . The conclusions and discussions are included in
final section.

II. THE GENERAL 2HDM’S AND EXPERIMENTAL
CONSTRAINT

The simplest extension of the SM is the so-called tw
Higgs-doublet models@10#. In such models, the tree leve
flavor changing neutral currents~FCNC’s! are absent if one
introduces anad hoc discrete symmetry to constrain th
2HDM scalar potential and Yukawa Lagrangian. Let us co
sider a Yukawa Lagrangian of the form@26#

LY5h i j
UQ̄i ,Lf̃1U j ,R1h i j

DQ̄i ,Lf1D j ,R1j i j
UQ̄i ,Lf̃2U j ,R

1j i j
DQ̄i ,Lf2D j ,R1H.c., ~1!

where f i ( i 51,2) are the two Higgs doublets of a two

Higgs-doublet model,f̃1,25 i t2f1,2* , Qi ,L (U j ,R) with i
5(1,2,3) are the left-handed isodoublet quarks~right-handed
up-type quarks!, D j ,R are the right-handed isosinglet dow
type quarks, whileh i , j

U,D andj i , j
U,D ( i , j 51,2,3 are family in-

dex! are generally the nondiagonal matrices of the Yuka
coupling. By imposing the discrete symmetry

f1→2f1 , f2→f2 , Di→2Di , Ui→7Ui ~2!

one obtains the so-called models I and II. In model I the th
and fourth term in Eq.~1! will be dropped by the discrete
symmetry, therefore, both the up- and down-type quarks
mass from Yukawa couplings to the same Higgs doubletf1,
while the f2 has no Yukawa couplings to the quarks. F
model II, on the other hand, the first and fourth term in E
~1! will be dropped by imposing the discrete symmet
Model II has, consequently the up- and down-type qua
getting mass from Yukawa couplings to two different sca
doubletsf1 andf2.

During past years, models I and II have been studied
tensively in literature and tested experimentally, and mo
II has been very popular since it is the building block of t
minimal supersymmetric standard model. In this paper,
focus on the third type of 2HDM@25#, usually known as
model III @25,26#. In model III, no discrete symmetry is im
posed and both up- and down-type quarks then may h
diagonal and/or flavor changing couplings withf1 and f2.
As described in Ref.@26#, one can choose a suitable bas
(H0,H1,H2,H6) to express two Higgs doublets@26#
09400
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f15
1

A2
S A2x1

v1H01 ix0D , f25
1

A2
S A2H1

H11 iH 2D , ~3!

and take their vacuum expectation values as the form

^f1&5S 0

v/A2D , ^f2&50, ~4!

wherev5(A2GF)21/25246 GeV. The transformation rela
tion between (H0,H1,H2) and the mass eigenstate
(H̄0,h0,A0) can be found in Ref.@26#. TheH6 are the physi-
cal charged Higgs boson,H0 and h0 are the physical
CP-even neutral Higgs boson and theA0 is the physical
CP-odd neutral Higgs boson. After the rotation of qua
fields, the Yukawa Lagrangian of quarks are of the form@26#

L Y
III 5h i j

UQ̄i ,Lf̃1U j ,R1h i j
DQ̄i ,Lf1D j ,R1 ĵ i j

UQ̄i ,Lf̃2U j ,R

1 ĵ i j
DQ̄i ,Lf2D j ,R1H.c., ~5!

whereh i j
U,D correspond to the diagonal mass matrices of

and down-type quarks, while the neutral and charged fla
changing couplings will be@26#1

j i j
U,D5

Amimj

v
l i j , ĵneutral

U,D 5jU,D,

ĵcharged
U 5jUVCKM , ĵcharged

D 5VCKMjD, ~6!

where VCKM is the Cabibbo-Kobayashi-Maskawa mixin
matrix @28#, i , j 5(1,2,3) are the generation index. The co
pling constantsl i j are free parameters to be determined
experiments, and they may also be complex.

In model II and assuming tanb51, the constraint on the
mass of charged Higgs boson due to CLEO data ofb→sg is
MH1>350 ~200! GeV at the LO~NLO! level @29,30#. For
model I, however, the limit can be much weaker due to
possible destructive interference with the SM amplitude.

For model III, the situation is not as clear as model
because there are more free parameters here. As point
Ref. @26#, the data ofK0-K̄0 andBd

0-B̄d
0 mixing processes pu

severe constraint on the FC couplings involving the first g
eration of quarks. One therefore assumes that

lu j5ld j50, for j 51,2,3. ~7!

Imposing the limit in Eq.~7! and assuming all otherl i j
parameters are of order 1, Atwoodet al. @31# found a very
strong constraint ofMH1.600 GeV by using the CLEO dat
of b→sg decay available in 1995. In Ref.@32#, Aliev et al.
studied theb→sg decay in model III by extending the NLO
results of model II@30# to the case of model III, and found
some constraints on the FC couplings.

1We make the same ansatz on thej i j
U,D couplings as the Ref.@26#.

For more details about the definition ofĵU,D one can see Ref.@26#.
8-2
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In a recent paper@33#, Chaoet al., studied the decayb
→sg by assuming that only the couplingsl tt and lbb are
nonzero. They found that the constraint onMH1 imposed by
the CLEO data ofb→sg can be greatly relaxed by consid
ering the phase effects ofl tt and lbb . The constraints by
B0-B̄0 mixing, the neutron electric dipole moment~NEDM!,
theZ0-pole parameterr andRb give the following preferred
scenario@33#:

ul ttu<0.3, ulbbu'50, MA0'Mh05802120 GeV;

80 GeV<MH1<200 GeV. ~8!

In the following sections, we will calculate the new phy
ics contributions to the inclusive charmless decays ofb quark
in the Chao-Cheung-Keung~CCK! scenario of model III
@33#. Model III has the following advantages.

~1! Since we keep only the couplingsl tt andlbb nonzero,
the neutral Higgs bosons do not contribute at tree leve
one-loop level. The new contributions therefore come o
from the charged Higgs penguin diagrams with the he
internal top quark.

~2! The new operatorsO9,10 and all flipped chirality part-
ners of operatorsO1, . . . ,10 as defined in Ref.@32# do not
contribute to the decayb→sg and other inclusive charmles
decays under study in this paper.

~3! The free parameters in model III are greatly reduced
l tt , lbb , andMH1.

In order to find more details about the correlations b
tweenMH1 and couplingsl tt,bb by imposing the new CLEO
data ofb→sg, we recalculate the decayb→sg in model III.
For the sake of simplicity, we do not consider the less int
esting model I further in this paper.

The effective Hamiltonian forB→XSg at the scalem
5O(mb) is given by@4#

Heff~b→sg!

52
GF

A2
Vts* Vtb

3F(
i 51

6

Ci~m!Qi~m!1C7g~m!Q7g1C8G~m!Q8GG .

~9!

The explicit expressions of operatorsQ126 ,Q7g and Q8G ,
as well as the corresponding Wilson coefficientsCi(MW) in
the SM can be found, for example, in Ref.@4#.

In model III, the left-handed QED magnetic-penguin o
eratorQ7g

L and the left-handed QCD magnetic-penguin o
eratorQ8G

L may also play an important role:

Q7g
L 5

e

8p2
mbs̄asmn~12g5!baFmn , ~10!

Q8G
L 5

gs

8p2
mbs̄asmn~12g5!Tab

a bbGmn
a . ~11!
09400
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In the SM and ordinary 2HDM’s, both operatorsQ7g
L and

Q8G
L are absent because one usually assume thatms /mb;0.

In model III, however, these two left-handed operators m
contribute effectively because the Wilson coefficientsC7g

L

andC8G
L may be rather large to compensate for the supp

sion of ms /mb .
In Ref. @24#, we calculated theb→sg decay in model III

from the first principle and obtained the corresponding fo
factors F1 and F2. Following the standard procedure an
using the Feynman rules in model III@26#, we evaluate the
Feynman diagrams for bothb→sg and b→sg decay as
shown in Fig. 1, extract out the Wilson coefficientsCi(MW)
at the energy scaleMW by matching the full theory onto the
effective theory

Ci~MW!50 ~ i 51,3,4,5,6!, ~12!

C2~MW!51, ~13!

C7g
L ~MW!52

ms

18mb
D~yt!ul ttu2, ~14!

C7g
R ~MW!5C7g~MW!SM2

1

12
A~yt!ul ttu2

1
1

2
B~yt!ul ttlbbueiu, ~15!

C8G
L ~MW!52

ms

12mb
D~yt!ul ttu2, ~16!

C8G
R ~MW!5C8G~MW!SM2

1

12
D~yt!ul ttu2

1
1

2
E~yt!ul ttlbbueiu, ~17!

with

C7g~MW!SM52
A~xt!

2
, ~18!

C8G~MW!SM52
D~xt!

2
, ~19!

FIG. 1. The Feynman diagrams for the decaysb→sg and b
→sg in the SM and 2HDM’s. The internal quarks are the upp
type u,c, andt quarks.
8-3
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where xt5mt
2/MW

2 , yt5mt
2/MH1

2 , the phase angleu5ub

2u t , while ub (u t) is the phase angle oflbb (l tt). When
compared with Eqs.~18!,~19! of Ref. @33#, the second and
third terms in Eqs.~15! and~17! have an additional factor o
1/2, sincej i j

U,D used here has as additional factor 1/A2. The
Inami-Lim functions@34# (A,B,D,E) are of the form

A~x!5
7x25x228x3

12~12x!3
1

2x223x3

2~12x!4
log@x#, ~20!

D~x!5
2x15x22x3

4~12x!3
1

3x2

2~12x!4
log@x#, ~21!

B~y!5
23y15y2

12~12y!2
2

2y23y2

6~12y!3
log@y#, ~22!

E~y!5
23y1y2

4~12y!2
2

y

2~12y!3
log@y#. ~23!

The Wilson coefficients given in Eqs.~12!–~17! contained
the contributions from both the W6-penguin and
H6-penguin diagrams.

It is easy to see that bothC7g
L (MW) andC8G

L (MW) in Eqs.
~14! and ~16! will be doubly suppressed by the ratioms /mb
and ul ttu2 when ul ttu is small as preferred by the data
neutron electric dipole moment~NEDM! @33#. For typical
values of relevant parameters, sayul ttu50.3, ulbbu540, u
500, and MH15200 GeV, One finds numerically tha
C7g

L (MW)'C8G
L (MW)'1025, while C7g

R (MW)'C8G
R (MW)

'0.8. Consequently, the left-handed Wilson coefficients
much smaller than their right-handed counterparts and th
fore will be neglected in the following calculations.

At the lower-energy scalem5O(mb), the Wilson coeffi-
cientsCi(m) for the decayb→sg at the leading order are o
the form

Cj~m!5(
i 51

6

kji h
ai ~ j 51, . . . ,6!, ~24!

C7g~m!SM5h16/23C7g~MW!SM

1
8

3
~h14/232h16/23!C8G~MW!SM1(

i 51

8

hih
ai,

~25!

C7g~m! III 5h16/23C7g
R ~MW!1

8

3
~h14/232h16/23!C8G

R ~MW!

1(
i 51

8

hih
ai, ~26!

where h5as(MW)/as(m), and the scheme-independe
numbersai , kji , andhi can be found in Ref.@4#.

Using the effective Hamiltonian, the branching ratio
b→sg at the leading order can be written as
09400
e
e-

BR~b→sg!(III) 5
uVts* Vtbu2

uVcbu2
6aem

p f ~z!
uC7g~m! III u2BR~b→cen̄ !,

~27!

wherem5O(mb), BR(b→cen̄)5(10.760.4)% is the mea-
sured semileptonic branching ratio ofb decay, andf (z) is
the phase space factor

f ~z!5128z218z62z8224z4 log@z#, ~28!

wherez5mc
pole/mb

pole. It is straightforward to write down the
branching ratios BR(b→sg) for the SM and model II.

In the numerical calculations, the following input param
eters@15,35# will be used implicitly:

MW580.41 GeV, MZ591.187 GeV, aem51/137,

as~MZ!50.118, GF51.1663931025 ~GeV!22,

ms50.13 GeV, mc51.4 GeV, mb54.8 GeV,

mt5mt̄~mt!5168 GeV, L (5)
MS50.225,

A50.84, l50.22, r50.20, h50.34, ~29!

whereA,l,r, andh are the Wolfenstein parameters of th
CKM mixing matrix. mt̄(mt) here refers to the running cur
rent top quark mass normalized atm5mt and is obtained
from the pole massmt

pole5176 GeV. For the running ofas ,
the two-loop formulas@4# will be used.

Figure 2 shows the branching ratios BR(b→sg) in the
SM and models II and III, assumingl tt50.3, lbb535, u
50°,30°, tanb51. The horizontal band between two dotte
lines corresponds to the CLEO data@9#: 231024<BR(b
→sg)<4.531024. The short-dashed line is the SM predi
tion, and the long-dashed and solid curve show the ratio
model III for u50°,30°, respectively. The dot-dashed cur

FIG. 2. Plots of the branching ratio BR(b→sg) versusMH1 in
the SM and models II and III. The short-dashed line is the S
prediction, and the band between two dots lines refers to the CL
data. The dot-dashed curve shows the ratio in model II, while
long-dashed and solid curve show the ratios in model III foru
50°,30°, respectively.
8-4
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shows the same ratio at the leading order in model II. Fr
Fig. 2, the lower and upper limit onMH1 in model III can be
read out:

185 GeV<MH1<238 GeV, for u50°,

215 GeV<MH1<287 GeV, for u530°. ~30!

These limits are consistent with those given in Eq.~8!. If we
take into account the errors of theoretical predictions
model III, the corresponding mass limit will be relaxed b
about 20 GeV.

From above analysis, we get to know that for model
the parameter space

l i j 50, for i j Þtt, or bb,

ul ttu50.3, ulbbu535, u5~0°230°!,

MH15~2006100! GeV, ~31!

are allowed by the available data. For the massMH1,
searches for pair production at LEP have excluded ma
MH1<77 GeV@36#. Combining the direct and indirect limit
together, we here conservatively consider a larger rang
100 GeV<MH1<300 GeV, while takeMH15200 GeV as
the typical value.

III. INCLUSIVE CHARMLESS b QUARK DECAYS

In this section, we will calculate the new physics cont
butions to the two-body and three-body inclusive charml
decays of b quark induced by the charged Higgs gluo
penguin diagrams in models II and III.

A. b\s gluon decay

The branching ratio ofb→sg at the leading order can b
written as

BR~b→sg!5
uVts* Vtbu2

uVcbu2

8as~m!

p f ~z!k~z!
uC8G~m!u2BR~b→cen̄ !,

~32!

with

C8G~m!SM5h14/23C8G~MW!SM1(
i 51

8

h̄ih
ai, ~33!

C8G~m! III 5h14/23C8G
R ~MW!1(

i 51

8

h̄ih
ai, ~34!

whereh5as(MW)/as(m) with m5O(mb), and the numbers
ai and h̄i can be found in Ref.@4#. The factork(z) contains
the QCD correction to the semileptonic decay rate BRb

→cen̄) @37–39#. To a good approximation thek(z) is given
by @39#

k~z!512
2as~m!

3p F S p22
31

4 D ~12z!21
3

2G ~35!
09400
n

I
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and an exact analytic formula fork(z) can be found in Ref.
@38#.

For b→dg decay, one simply substitutesVts* by Vtd* in
Eq. ~32!. For model II, one simply replacesC8G(m) in Eq.
~32! with C8G

II as given in Ref.@27#.
Figure 3 shows the branching ratios of BR(b→sg) in the

SM and models II and III, assumingl tt50.3, lbb535, and
u500, 300. The dots line in Fig. 3 is the SM predictio
BR(b→sg)50.27%, while the short-dashed curve sho
the branching ratio BR(b→sg)50.81% in model II assum-
ing tanb52 andMH15200 GeV. In model III, the enhance
ment to the ratio BR(b→sg) can be as large as an order
magnitude: BR(b→sg)'2.34%, 4.84% for MH15200,
100 GeV respectively, as illustrated by the long-dashed
solid curves in Fig. 3. Model III is clearly more promisin
than model II to provide a large enhancement to the de
b→sg. Although the current enhancement is still smal
than;10% as expected, for example in Refs.@19,23#, such a
significant increase is obviously very helpful for us to pr
vide a reasonable solution for the problems such as
‘‘missing charm puzzle’’ or the deficitBSL , as being dis-
cussed below.

B. Three-body charmlessb quark decays

Within the SM, the three-body inclusive charmlessb
quark decays have been calculated at LO and NLO level
example in Refs.@6,24,40#. In Ref. @6#, Lenzet al. took into
account the NLO QCD corrections from the gluonic pengu
diagrams with insertions ofQ2 and the diagrams involving
the interference of theQ8G with Q126 @6#.

The standard theoretical frame to calculate the decayb

→sqq̄ for qP$u,d,s% is based on the effective Hamiltonia
@1#

FIG. 3. Plots of the branching ratio BR(b→sg) versusMH1 in
the SM and models II and III. The dots line is the SM predictio
the short-dashed curve shows the the ratio in model II, and
long-dashed and solid curve show the ratios in model III foru
50°,30°, respectively.
8-5
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Heff~ uDBu51!5
GF

A2
H (

j 51

2

Cj~vcQj
c1vuQj

u!

2v tF (
j 53

6

CjQj1C8Q8GG J 1H.c.,

~36!

where vq5Vqs* Vqb and the corresponding operator ba
reads

Q15~ s̄aqb!V2A~ q̄bba!V2A , ~37!

Q25~ s̄aqa!V2A~ q̄bbb!V2A , ~38!

with q5u andq5c, and

Q35~ s̄aba!V2A (
q5u,d,s

~ q̄bqb!V2A , ~39!

Q45~ s̄abb!V2A (
q5u,d,s

~ q̄bqa!V2A , ~40!

Q55~ s̄aba!V2A (
q5u,d,s

~ q̄bqb!V1A , ~41!

Q65~ s̄abb!V2A (
q5u,d,s

~ q̄bqa!V1A , ~42!

Q8G52
gs

8p2
mbs̄asmn~11g5!Tab

a bbGmn
a , ~43!

where theQ1 and Q2 are current-current operators,Q3
2Q6 are QCD penguin operators, while theQ8G is the chro-
momagnetic dipole operator.

For the SM part, we will use the formulas presented
Ref. @6# directly. For the new physics part in models II an
III under study here, we take into account the new contri
tions from charged-Higgs gluonic penguin diagrams by us
the Wilson coefficientC8G(m) III as given in Eq.~34! in the
calculation, this coefficient comprises both the SM and
new physics contributions. All other Wilson coefficients r
main unmodified.

When the NLO QCD corrections are included, one u
ally expand the decay width to orderas ,

G~b→sqq̄!5G (0)1
as~m!

4p
~DḠcc1DḠpeng

1DḠW1DG8!1O~as
2!, ~44!

whereG (0) denotes the decay rate at the LO level, while t
second part represents the NLO QCD corrections. We h
use the renormalization-scheme~RS! independent terms

DḠcc , DḠpeng, andDḠW . For the convenience of the reade

the explicit expressions ofDḠcc , DḠpeng, andDḠW will be
given in the Appendix. The termDG8 in Eq. ~44! @which will
be defined below in Eq.~52!# is already RS independen
09400
-
g

e

-

e
re

@6,35#. For the three-body decaysb→dqq̄ one simply sub-
stitutess by d in Eqs.~36!–~44!.

At the NLO, the RS dependent Wilson coefficientsCj (m)
are given by@35#

Cj~m!5Cj
(0)~m!1

as~m!

4p
Cj~m!(1), j 51, . . . ,6,

~45!

whereCj
(0) are the RS independent LO Wilson coefficien

andCj
(1) are the RS dependent NLO corrections@35#

Cj
(0)~mb!5(

i 53

8

kji h
ai, ~46!

Cj
(1)~mb!5(

i 53

8

@eji hE0~xt!1 f j i 1gji h#hai, ~47!

where h5as(MW)/as(mb), xt5mt
2/MW

2 , the function
E0(xt) and all the numbersai , kji , eji , f j i , andgji can be
found in Ref. @35#. The NLO QCD correctionCj

(1) is RS
dependent and can be split into two parts:

Cj~m!(1)5 (
k51

6

JjkCk
(0)~m!1C̄j~m!(1), j 51, . . . ,6,

~48!

where parametersJjk are usually RS dependent,C̄j (m)(1) is
RS independent, and the precise definitions of the term
Eq. ~48! can be found, for example, in Ref.@41#. The terms

involving Jjk will be absorbed intoDḠcc andDḠpengto make
the latter scheme independent.

In the leading order the decaysb→sss̄, sdd̄, dss̄, and
ddd̄ are penguin-induced processes proceeding viaQ326

andQ8G , while b→duū andb→suū also receive contribu-
tions from Q1 and Q2. Combining both cases, the deca
width at the LO level can be written as@6#

G (0)5
GF

2mb
5

64p3 H t (
i , j 51

2

uvuu2Ci
(0)Cj

(0)bi j

1 (
i , j 53

6

uv tu2Ci
(0)Cj

(0)bi j

22t (
i 51,2

j 53, . . . 6

Ci
(0)Cj

(0) Re~vuv t* ! bi j J ~49!

with t51 for q5u andt50 for q5d,s. The coefficientsbi j
read

bi j 5
16p3

mb
6 E dF3~2p!4 ^Qi&

(0)^Qj&
(0) * 5bji ~50!

with Q1,25Q1,2
u here. Setting the final state quark masses

zero one finds@6#
8-6
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bi j 5H 11r /3 for i , j <4, andi 1 j even ,

1/31r for i , j <4, andi 1 j odd ,

b555b6651, b565b6551/3. ~51!

Herer 51 for the decaysb→ddd̄ andb→sss̄, in which the
final state contains two identical particles, andr 50 other-
wise. The remainingbi j ’s are zero.

Now we turn to study the contributions from the interfe
ence of the tree diagram withQ8 with operatorsQ126, as
shown in Fig. 3 of Ref.@6#. The tree-level correctionDG8 is
already at the order ofas and is given by

DG85
GF

2mb
5

32p3
ReF2t vu* v tC8G~m! III (

j 51

2

Cj
(0)bj 8

1uv tu2C8G~m! III (
j 53

6

Cj
(0)bj 8G ~52!

in model III, whereC8G(m) III has been given in Eq.~34!
with m5O(mb). For the case of the SM and model II, sim
ply replaceC8G(mb) III with the appropriateC8G(mb). The
definitions and numerical values of coefficientsbj 8 can be
found in Ref.@6#. As mentioned previously, the Wilson co
efficientC8G

III now comprises the contributions from both th
W-penguin and the charged-Higgs penguin diagrams. In
way, the new physics contributions are taken into accou

For theb quark decay rates one usually normalize them
the semileptonic decay rate of theb quark

r ql5
G~b→ql n̄ l !

G~b→cen̄e!
, r qg5

G~b→qg!

G~b→cen̄e!
,

r q1q2q̄3
5

G~b→q1q2q3̄!

G~b→cen̄e!
, r sgg5

G~b→sgg!

G~b→cen̄e!
,

~53!

for the sake of eliminating the factor ofmb
5 common to allb

decay rates. One also define the charmless decay rateb
quark as

r c”5 (
q5u,d,s

~r dqq̄1r sqq̄!1r sg1r dg1r sgg12r ue1r ut ,

~54!

where rare radiative decays, for exampleb→sg, have been
neglected. To orderas , the semileptonic decay rate takes t
form

G~b→cen̄e!5
GF

2mb
5

192p3
uVcbu2f ~z!k~z!, ~55!

where the factorsf (z) andk(z) have been given in Eqs.~28!
and ~35!.

To calculater c” we also need explicit expressions ofr ue ,
r sg , r dg and r sgg. For r ue one finds@42#
09400
is
.
o

f

r ue5
uVubu2

uVcbu2
1

f ~z! H 11k~z!2k~0!16F ~12z2!4

f ~z!
21G l2

mb
2J ,

~56!

wherel250.12 GeV2 encodes the chromomagnetic intera
tion of the b quark with light degrees of freedom, and th
factors of f (z) and k(z) have been given in Eqs.~28! and
~35!.

From Eq.~32!, we get

r sg5
uVts* Vtbu2

uVcbu2

8as~m!

p f ~z!k~z!
uC8G~m!u2, ~57!

r dg5
uVtd* Vtbu2

uVcbu2

8as~m!

p f ~z!k~z!
uC8G~m!u2. ~58!

For r sgg, we use the formulas as given in Refs.@40,24#,

r sgg5
1

uVcbu2
3as~m!2

16p2f ~z!k~z!
U (

i 5u,c,t
Vis* Vib f 1~xi ,q2!U2

,

~59!

where xi5mi
2/MW

2 , the functionsf 1(xi ,q2) can be found,
for example, in Ref.@24#. In the numerical calculation, we
assume thatq25mb

2/2. Since the new contribution to the de
cay b→sgg due to the charged Higgs penguin diagram
negligibly small @24#, we do not consider the new physic
corrections to this decay here. In Ref.@6#, the authors did not
include r sgg in the estimation ofr c” . We here will include
this mode, since its branching ratio is rather large@40,24#, as
shown in Table I.

The corresponding branching ratios for two-body a
three-body charmlessb decays are defined as

BR~b→X!5r X BR~b→c en̄e!
exp, ~60!

where ratiosr X have been defined previously. In the nume
cal calculations, BR(b→c n̄e)

exp510.70% will be used.2

By using the input parameters as given in Eq.~29! and
assuming ul ttu50.3, ulbbu535, MH15200 GeV and u
50° or 30°, we find the numerical results of the decay ra
and the branching ratios for various charmless b quark
cays and collect them in Table I. We also show the cor
sponding results in model II assumingMH15200 GeV and
tanb52. For larger tanb the new physics contributions in
model II will become smaller.DBR in Table I is defined as

DBR~b→X!5@BR~b→X!

2BR~b→X!SM#/BR~b→SM!SM. ~61!

Figure 4 shows the mass dependence of the branc
ratios BR(b→s qq̄) with qP$u,d,s% in the SM and model
III, using the input parameters in Eq.~29! and assuming
ul ttu50.3, ulbbu535, andu530°. In Fig. 4, the three curve

2For more details, one can see the discussions about the sem
tonic branching ratios ofb decay in next section.
8-7



ZHENJUN XIAO, CHONG SHENG LI, AND KUANG-TA CHAO PHYSICAL REVIEW D62 094008
TABLE I. The ratesr and branching ratios in the SM and models II and III, assumingul ttu50.3, ulbbu
535, MH15200 GeV, tanb52, and u50° or 30° ~the numbers in parenthesis!. We also use BR(B

→Xcen̄e)
exp510.70% as given in Eq.~63!.

SM Model III Model II
decay mode r BR~%! r BR ~%! DBR(%) DBR(%)

b→d uū 0.051 0.545 0.052 0.554 1.6 20.3

~0.053! ~0.571! ~4.7!

b→d dd̄ 0.0005 0.006 0.00078 0.103 68.2 213.4

~0.0007! ~0.010! ~59.0!

b→d ss̄ 0.0006 0.005 0.00096 0.008 68.7 213.5

~0.0009! ~0.008! ~59.5!

b→s uū 0.018 0.192 0.027 0.286 49.0 29.6

~0.0237! ~0.255! ~32.8!

b→s dd̄ 0.019 0.206 0.030 0.322 56.0 211.0

~0.0285! ~0.307! ~48.5!

b→s ss̄ 0.016 0.168 0.024 0.262 56.7 29.9

~0.0232! ~0.250! ~49.2!
b→s g 0.025 0.270 0.192 2.065 663.6 202.3

~0.217! ~2.339! ~765.0!
b→d g 0.00092 0.010 0.007 0.070 663.6 202.3

~0.008! ~0.086! ~765.0!
b→s gg 0.070 0.757 0.070 0.757

b→u en̄e
0.013 0.144 0.013 0.144

b→u mn̄m
0.013 0.144 0.013 0.144

b→u tn̄t
0.004 0.0004 0.004 0.0004

b→no charm 0.23 2.49 0.43 4.67 87.6 20.3
~0.46! ~4.91! ~97.3!
II
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l

~horizontal lines! are the theoretical predictions in model I
~SM! for q5u,d,s, respectively. ForMH15200 GeV, as
listed in Table I, the enhancement to the decay modb

→d uū is only 4.7%, but the enhancements to other fi
three-bodyb quark decay modes are rather large: from;30
to ;70 %. In model II, however, the new contributions a

FIG. 4. Plots of branching ratio BR(b→sqq̄) versusMH1 in
model III. The three curves~horizontal lines! are the theoretica
predictions in model III~SM! for q5u,d,s, respectively.
09400
negative and will decrease the branching ratios slightly, fr
20.3 to 213.5 % for different decay modes.

Figure 5 shows the branching ratio BR(b→no charm! in
the SM and models II and III, using the input parameters
Eq. ~29! and assumingul ttu50.3, ulbbu535, and u50°,
30°. The dotted line in Fig. 5 is the SM prediction BR(b
→no charm)52.49%. The short-dashed curve shows the
ratio in the model II, BR(b→no charm)52.98%~3.23%! for
MH15200 ~100! GeV and tanb52. The long-dashed and
solid curve show the theoretical predictions in the model
BR(b→no charm)54.67% ~4.91%! for MH15200 GeV
and u50°,30°, respectively. For the model III withMH1

5100 GeV, one finds that BR(b→no charm)57.27%
(7.60%) foru50°,30°, respectively. It is easy to see fro
Fig. 5 and Table I that the new physics enhancement to
branching ratios of three-body charmlessb quark decays in
the model III is much larger than that in model II within th
parameter space considered.

IV. nc AND BSL

The ratioBSL is the average over weakly decaying ha
rons containing oneb quark. For the CLEO experiments run
ning on theY(4S) resonance, the average is overB1 andB°
and their charge conjugate hadrons. For the experiments
8-8
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ning onZ° resonance, however, the average is overB1, B°,
Bs

° , andNb .3

The charm multiplicitync is the average over theb had-
rons produced in the given environment. CLEO and L
Collaborations presented new measurements of inclusivb
→c transitions that can be used to extractnc . One naively
expectnc51.15 with the additional 15% coming from th
tree-level decay chainb→uW2→u c̄s. This expectation can
be verified experimentally by adding all inclusiveb→c
branching ratios, and counting twice for the decay mo
with two charm quarks in the final state. In this section,
will investigate the new physics contributions, induced
the charged Higgs penguins in models II and III, to the ra
BSL and the charm multiplicitync .

A. nc and BSL : Experimental measurements

The BSL deficit was first pointed out around 1994@13#
when the theoretical prediction was considered to be diffic
to produceBSL<12% while the 1995 CLEO data onY(4S)
resonance wasBSL5(10.4960.46)% @14#. In the following,
we use the 1998 Particle Data Group value@15#

BSL5~10.4560.21!% ~62!

as the measuredBSL on Y(4S).
For the experiments on theZ° peak, all the four LEP

collaborations@43–46# reported their measured values of t
ratio BSL as listed in Table II. The seventh row shows t
averaged result of the ratioBSL on the Z° peak:4 BSL

b

5(10.6660.17)%. ThisBSL
b on the Z° peak can be con

3Nb is in turn the mixture ofLb(udb), Sb(usb), Jb(dsb), and
Vb(ssb).

4We here made an arithmetic average over four results as do
Ref. @18#, but the newest L3 data@45# has been used here in th
average.

FIG. 5. Plots of the branching ratios BR(b→no charm) versus
MH1 in the SM and models II and III. The dots line is the S
prediction, the short-dashed curve shows the ratio in model II,
the long-dashed and solid curve show the theoretical prediction
the model III foru50°,30°, respectively.
09400
s

o

lt

verted to Y(4S) value by multiplying a factor oftB /tb
51.026:BSL5(10.9460.19)% (Z° corrected!. In fact, there
is still a 2s discrepancy in ratioBSL between the high-
energyZ° value and the low-energyY(4S) value. The av-
erage of theZ° andY(4S) values ofBSL is

BSL5~10.7060.21!%, Overall average, ~63!

where we conservatively chose 0.21 as the overall erro
the measuredBSL .

As for the charm counting, the value ofnc measured at
the Y(4S) @20# is still smaller than that measured at theZ°
peak@15#:

nc5H 1.1060.05, Y~4S!,

1.2060.07, Z°peak.
~64!

The average of theY(4S) andZ° result leads to

nc51.1460.04 @Z°1Y~4S!# ~65!

B. nc and BSL : Theoretical predictions

Within the SM, the basis of the prediction forBSL andnc
is the assumption of quark-hadron duality. The estimation
various inclusive decay rates is usually performed by us
the heavy-quark expansion~HQE! @47# and the perturbative
QCD in the framework of the operator product expansio
The HQE allows us to relate the inclusive decay rate of thB
meson to that of the underlyingb quark decay processG(B
→X)5G(b→x)1O(1/mb

2).
The theoretical prediction forBSL with the inclusion of

the O(as) QCD corrections and the hadronic corrections
the free quark decay of order 1/mb

2 is currently available
@16,17#. BSL andnc can be defined as@16,17#

BSL5
1

(
l

r cl1r cūd1r cc̄s1r c”

, ~66!

nc511
r cc̄s2r c”

(
l

r cl1r cūd1r cc̄s1r c”

, ~67!in

d
in

TABLE II. Recent CLEO and LEP measurements of the ra
BSL .

BSL(%) Experiment

10.4560.21 Y(4S) PDG98@15#

11.0160.10(stat)60.30(syst) ALEPH 95@43#

10.6560.07(stat)60.25(syst)20.12
10.28(model) DELPHI 99 @44#

10.1660.13(stat)60.30(syst) L3 99@45#

10.8360.10(stat)60.20(syst)20.13
10.20(model) OPAL 99 @46#

10.6660.17 Z°-peak
10.9460.19 Z° corrected
10.7060.21 overall average
8-9
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wherer ce5r cm51, r ct50.25, andr cūd (r cc̄s) is the rate of
the decay modeb→cūd8 (b→cc̄s8) whered8 (s8) is the
appropriate Cabibbo mixture ofd ands quarks.

The r c” has been defined and calculated in the last sect
In the SM, we have

r c”50.2360.08, ~68!

where the error mainly comes from the uncertainties of
scalem and the mass ratiomc /mb @6#.

As is well known, the main difficulty in calculatingBSL
andnc is in the nonleptonic branching ratiosr cūd and r cc̄s .
For r cūd , a complete NLO calculation has been perform
@16# which gives

r cūd54.060.4, ~69!

where the error mainly comes from the uncertainties of
scalem, the quark massesmc andmb , and the assumption o
quark-hadron duality@16#. Furthermore, the error of the es
timation forr cc̄s is generally considered to be larger than th
for r cūd . The enhancement ofb→cc̄s due to large QCD
corrections is about 30%@16#. Such enhancement will de
crease the value ofBSL , but increase the size ofnc .

Using the on-mass-shell sheme, the SM theoretical p
dictions forBSL andnc at the NLO level are

BSL5~12.060.760.560.221.2
10.9!%, ~70!

nc51.2470.0560.01, ~71!

as given5 in Ref. @16# and

BSL5H ~12.061.0!% m5mb ,

~10.961.0!% m5mb/2,
~72!

nc5H 1.2070.06 m5mb ,

1.2170.06 m5mb/2,
~73!

as given in Ref.@17# with the error mainly result from the
variation of the scalem andmc /mb .

Comparing the observed and predicted values ofBSL and
nc , one can see that~a! after considering all the corrections
the theoretical values ofBSL now come down and more o
less consistent with the measurement, but unfortunatel
the expense of boostingnc , ~b! the central value ofnc in
Ref. @16# is higher than that in Ref.@17#, although two pre-
dictions are agree within errors, and~c! there is still 2.8s
discrepancy between thenc measured by CLEO and the the
oretical prediction@16#: 1.1060.05 against 1.2460.05.

If we drop down the large uncertainty in the calculati
for b→cc̄s8 decay mode, we can eliminate the ratior cc̄s8
from the expression ofBSL andnc and find

nc522~2.251r cūd12r c” !BSL ~74!

5The last and largest error ofBSL comes from the uncertainty o
the renormalization scalem, while the main error ofnc is the the
uncertainty inmb @16#.
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which is a linear correlation betweenBSL andnc . Using the
values forBSL ~63!, r cūd ~69!, andr c” ~68!, one finds

nc51.2860.05, ~75!

for BSL5(10.7060.21)%. The overall uncertainty of thi
prediction ofnc should be smaller than that as given in Eq
~71! and ~73!. The 2.6s discrepancy between thenc in Eq.
~75! andnc measured atY(4S) motivated proposals of new
physics which will enhancer c” and in turn decreasenc . That
is what we try to do here.

As shown in Table I, the ratior c” will be increased signifi-
cantly after taking the new physics effects into accou
which will in turn decrease bothBSL and nc accordingly.
From Eq.~74! and using the values forBSL ~63!, r cūd ~69!,
and r c” ~54!, one finds

nc5H 1.2360.05 for MH15200 GeV,

1.1860.05 for MH15100 GeV
~76!

for u530° andm5mb . The m and u dependence ofnc is
rather weak: the central value ofnc will go down ~up! by
only ;0.01 form5mb/2 (u50°). ForBSL in model III, the
agreement between the prediction and the data will be
proved slightly by a decrease 0.003 (0.005) forMH15200
~100! GeV due to the inclusion of new physics contribution
In model II, the resulted decrease fornc (BSL) is only 0.01
~0.001! and plays no real role. Most importantly, one can s
from Eqs.~64!, ~65!, ~75!, ~76! that the predictednc and the
measurednc now agree within roughly one standard devi
tion after taking into account the effects of gluonic charg
Higgs penguin diagrams in model III with a relatively ligh
charged Higgs boson, as illustrated in Fig. 6.

V. SUMMARY AND DISCUSSIONS

In the framework of the general two-Higgs doublet mo
els, we calculated the charged-Higgs penguin contributi
to ~a! the rare radiative decayb→sg, ~b! the inclusive
charmless decaysb→q8g andb→q8 qq̄ with q8P$d,s% and
qP$u,d,s%, and ~c! the charm multiplicitync and semilep-
tonic branching ratioBSL .

In Sec. II, we studied the experimental constraint
model III from the CLEO data ofb→sg decay. With the
help of previous works@26,31–33#, we found the paramete
space of the model III allowed by the available data,
shown in Eq.~31!.

In Sec. III, we first calculated the new physics contrib
tions to the decayb→sg and found that the branching rati
BR(b→sg) can be greatly enhanced from the SM predicti
of 0.27 to 2.34 %~4.84%! in model III for MH15200 ~100!
GeV, as illustrated in Fig. 3. Such a significant enhancem
is clearly very helpful to resolve the missing charm-BSL
problem appeared inB experiments.

Following the method of Ref.@6#, we then calculated the
new physics contributions to three-body inclusive charml
decays ofb quark due to the interference between the ope
torsQ126 andQ8G . The Wilson coefficientC8G

III in Eq. ~34!
now describe the contributions from both theW6 and H6

QCD penguins, the latter is the new physics part we focus
here. From numerical calculations we found that~a! the new
8-10
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physics enhancement to the decayb→duū is only ;1.6%
since this mode is dominated by the tree diagrams,~b! the
branching ratios of other five three-bodyb decay modes are
strongly enhanced by the new charged Higgs penguins: 3
70 % increase can be achieved within the considered pa
eter space. The new contributions to the correspond
branching ratios in model II is, however, small in size a
negative in sign against the theoretical predictions in the S
As shown in Table I and Fig. 5, the ratio BR(b
→no charm) can be increased from the SM predict
BR(b→no charm)52.49% to BR(b→no charm)54.91%
~7.60%! in model III for MH15200 ~100! GeV.

In Sec. IV, we examined the current status about the
oretical predictions and experimental measurements for
semileptonic branching ratio of B meson decayBSL and the
charm multiplicitync , and calculated the new physics co
tributions, induced by the charged Higgs penguin diagra
in model III ~II !, to bothBSL andnc . With an enhanced ratio
BR(b→no charm), both theBSL and nc will be decreased
accordingly:~a! the central value ofBSL can be decrease
slightly by 0.003~0.005! for MH15200 ~100! GeV, ~b! the
value ofnc can be lowered significantly from the predictio
nc51.2860.05 in the SM tonc51.2360.05, 1.1860.05 for
MH15200,100 GeV, respectively.

In short, the predictednc and the measurednc now agree
within roughly one standard deviation after taking into a
count the effects of gluonic charged Higgs penguin diagra
in the model III with a relatively light charged Higgs boso
while the agreement between the theoretical prediction
the data forBSL can also be improved by inclusion of the
new physics effects.
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APPENDIX: RS INDEPENDENT DḠcc , DḠpeng,

AND DḠW

For the convenience of the reader, we here present
explicit expressions of the RS independent NLO correctio

DḠcc , DḠpeng, andDḠW . For more details one can see th
original paper@6#.

The termDḠcc in Eq. ~44! describes the current-curren
type corrections proportional toC1,2

(0)C1,2
(0) @6#

DḠcc5t
GF

2mb
5

32p3
uvuu2 (

i , j 51

2

Ci
(0)Cj

(0)Fhi j 1 (
k51

2

Jkibk jG
~A1!

with t51 for q5u andt50 for q5d,s, and the coefficients
hi j andJki can be found in Ref.@6#.

The termDḠpeng in Eq. ~44! describes the effect of pen
guin diagrams involvingQ1,2 @6#,

DḠpeng5
GF

2mb
5

32p3
ReF t (

i , j 51,2
Ci

(0)Cj
(0) vu

3@vc* gi j ~xc!1vu* gi j ~0!#

2 (
i 51,2

j 53, . . . 6

Ci
(0)Cj

(0)v t@vc* gi j ~xc!1vu* gi j ~0!#G
1ReF2 t vuv t* (

i , j 51,2
k53, . . . 6

Ci
(0)Cj

(0) Jkibjk

1uj tu2 (
i 51,2

j ,k53, . . . 6

Ci
(0)Cj

(0)JkibjkG . ~A2!

with t51 for q5u andt50 for q5d,s. The explicit expres-
sions of coefficientsgi j andJki can be found in Ref.@6#.

Finally, DḠW is given by

DḠW5
GF

2mb
5

32p3 F t (
i , j 51

2

uvuu2@Ci
(0)C̄j

(1)#bi j

1 (
i , j 53

6

uv tu2@Ci
(0)C̄j

(1)#bi j

2 t (
i 51,2

j 53, . . . ,6

@Ci
(0)C̄j

(1)1C̄i
(1)Cj

(0)#Re~vu* v t! bi j G .

~A3!

wheret51 for q5u andt50 for q5d,s, thebi j have been
given in Eq.~51!.
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