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In the framework of general two-Higgs-doublet models, we calculate the branching ratios of various inclu-
sive charmles$ 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 n, and semileptonic branching rati, . Within the considered parameter space, the enhancement
to the ratio BRb—sg) due to the charged-Higgs penguin diagrams can be as large as a fact(3) afi 8he
model Il (I), while the ratio BRb— no charm can be increased from the standard model prediction of 2.49
to 4.91 %(2.99% in model 11l (11). Consequently, the value 8, andn, can be decreased simultaneously in
model lll. The central value oBg will be lowered slightly by about 0.003, but the ratigQ can be reduced
significantly from the theoretical prediction of=1.28+0.05 in the SM ton,=1.23+0.05, 1.18-0.05 for
my+=200, 100 GeV, respectively. We find that the predictgdand the measured. now agree within
roughly one standard deviation after taking into account the effects of gluonic charged Higgs penguin diagrams
in model Il with a relatively light charged Higgs boson.

PACS numbes): 13.25.Hw, 12.15.Ji, 12.38.Bx, 12.60.Fr

I. INTRODUCTION so-called “missing charm puzzle[’15,19: the charm multi-
plicity n, measured at CLEO and the CERNe™ collider
In the forthcoming years, experiments at SLAC and KEKLEP [18,20 (especially at CLEO, theY resonanck is
B factories, DESY HERA-B and other high-energy colliders smaller than the theoretical prediction. Among various pos-
will measure various branching ratios art@iP-violating  sible explanations for the missing chabBg; problem, the
asymmetries oB decays[1,2]. The expected large number most intriguing one is an enhanc&d- X, charmrate due to
of B decay eventgsay 16— 10°) may allow us to explore new physics beyond the SM9]. An enhanced—sg can
the physics ofCP violation, to determine the flavor param- decrease the values of both and theBg, simultaneously
eters of the electroweak theory, and to probe for signals of19]. The large branching ratio BB 7' X,) reported re-
evidence of new physics beyond the standard m¢8#)  cently by CLEO[21] provided a new hint for enhances
[1-6]. —sg. In addition to those explanations based on the SM
Among variousB meson decay modes, the decdys [22], new physics interpretations for this large ratio are also
—sy andb—sg have been, for example, the hot subject of plausible[23].
many investigationg7], since these decay modes may be In a previous papef24], we calculated, from the first
affected by loop contributions from various new physicsprinciples, the new contributions to inclusive charmldss
models. Great progress in both the theoretical calculdBdn quark decaysb—sg,b—sqq from the gluonic charged-
and the experimental measuremgdithas enabled us to con- Higgs penguin diagrams in the so-called model I1I: the two-
strain the new physics models, such as the two-HiggsHiggs-doublet model2HDM) with flavor changing cou-
doublet model(2HDM) [10], the minimal supersymmetric plings[25,26. In the considered parameter space, we found
standard model11] and the technicolor mode[42]. that the branching ratio BR(sg) (q?=0) can be in-
For many years, it appeared that the SM prediction for theereased by roughly an order of magnitude, which is much
semileptonic branching ratiBg_ [13] was much larger than larger than that in the ordinary 2HDMI27]. In Ref.[24],
the values measured at resonance an@® peak[14,15.  however, we used the language of form factBssand F,
More recently, the theoretical predictions have been refinednd took into account the QCD corrections partially by using
by including full O(as) QCD corrections[16,17. This  the ag(my) directly to calculate the branching ratios.
progress, consequently, has lowered the prediB&gdand In this paper, in the framework of general 2HDM'’s, we
now adequately reproduces the experimental reqd/f. calculate the branching ratios of various inclusive charmless
However, the measured values B§, at theY (4S) and z° b decays by using the low energy effective Hamiltonian in-
resonance are still lower slightly than the theoretical predic€luding next-to-leading ordefNLO) QCD correctiond 6],
tions[18]. In addition to theBg, problem, there is another and investigate the new physics effects on the theoretical
predictions for bottBg, andn,.
This paper is organized as follows. In Sec. Il, we describe
*Email: zxiao@ibm320h.phy.pku.edu.cn the basic structures of model Ill, extract out the Wilson co-
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efficients, draw the constraint on parameter space of model 1 \/§X+ 1 J2H*

[l from currently available data. In Sec. Ill, we calculate the b1=— 0.: 0 bo=——| yiiim2 3)
, . — 1 2 v+HH +ix" | 2 2 H*+iH* >

branching ratios BR{—sg) and BRbp—q'qq) for q’

ed,sandqeu,d,s in models lll and Il with the inclusion of . _
NLO QCD corrections. In Sec. IV, we examine the currentand take their vacuum expectation values as the form

status and new physics effects on the determinatioB (f 0
andn.. The conclusions and discussions are included in the _ _
final section. (¢1) ( v/ﬁ) .+ (¢2)=0, (4
wherev = (\/2Gg) “Y?=246 GeV. The transformation rela-
Il. THE GENERAL 2HDM'S AND EXPERIMENTAL tion between K—|01H1,H2) and the mass eigenstates

CONSTRAINT (H° h° A% can be found in Ref26]. TheH™ are the physi-
. O 0 .

The simplest extension of the SM is the so-called two-C& charged Higgs bosorti™ and h wé?r'e the physical
Higgs-doublet model§10]. In such models, the tree level CP-e\dlzn neutr?I H|ggsbboson afnd th is the phyfsmal )
flavor changing neutral current§CNC'’s) are absent if one ]E_:IID(;O h n$Ut|£a H'Egs oson. ,fMer tke rota;l?r? (f) ﬂ%uar
introduces anad hoc discrete symmetry to constrain the ields, the Yukawa Lagrangian of quarks are of the fpP@)
2HDM scalar potential and Yukawa Lagrangian. Let us con- =90 H.U: ot #°P0 D. o+ 290 B, U.
sider a Yukawa Lagrangian of the forf26] ¥ =7 Qinbaljrt 7 Qi b1Djrt & QiLd2Ui

+&1Qi 1 42D; r+H-C, (5)
Ly= ﬂitfai,LalUj,RJr ﬂﬁ@,u_%Dj,R*' gitfai,LaZUj,R where7;/*® correspond to the diagonal mass matrices of up-
D= and down-type quarks, while the neutral and charged flavor
+£jQiLg2DjrtH.C., (D changing couplings will b26]*
ymym; N
E0="—Nj, G £0°,

where ¢, (i=1,2) are the two Higgs doublets of a two- v
Higgs-doublet model,; =i 7,¢%, Qi (Ujr) with i

U 3D _
=(1,2,3) are the left-handed isodoublet quaidight-handed Echarged™ €Verm, fcharged’VCKMgD’ 6)

up-type quarks D; g are the right-handed isosinglet down- . . . -

ty%eygua?ks v)\/shilé;}?’j'D and fiuj'g (i,j=1,2,3 are fgmily in. Where [VcﬁM is the Cabibbo-Kobayashi-Maskawa mixing
' , I ' ! matrix [28], i,j=(1,2,3) are the generation index. The cou-

ggfpﬁ;‘; gs;?rrr?pl)lgstiﬂz ?r?emcjiliig?entgl s@r?wtrrllq%etfym the YUKawapIing constants\;; are free parameters to be determined by

experiments, and they may also be complex.

In model Il and assuming tg®=1, the constraint on the
b1—— b1, oy, Di——D;, U—TFU, (2) Mmass of charged Higgs boson due to CLEO datb-efsy is
My+=350 (200 GeV at the LO(NLO) level [29,30. For
model I, however, the limit can be much weaker due to the

one obtains the so-called models | and I1. In model | the thirg?©SSible destructive interference with the SM amplitude.

and fourth term in Eq(1) will be dropped by the discrete For model Ill, the situation is not as clear as model Il '
symmetry, therefore, both the up- and down-type quarks gel?ecause there are more free parameters here. As pointed in
mass from Yukawa couplings to the same Higgs doulet  Ref.[26], the data oK -K® andBJ-B} mixing processes put
while the ¢, has no Yukawa couplings to the quarks. ForSevere constraint on the FC couplings involving the first gen-
model II, on the other hand, the first and fourth term in Eq.eration of quarks. One therefore assumes that

(1) will be dropped by imposing the discrete symmetry. L o

Model Il has, consequently the up- and down-type quarks Nyj=Agj=0, for j=123. @)
getting mass from Yukawa couplings to two different scalar Imposing the limit in Eq.(7) and assuming all othex;,

doubletse, and ¢,. parameters are of order 1, Atwoed al. [31] found a very
During past years, models | and Il have been studied ex—trong constraint of/ +>660 GeV b ﬁsing the CLEO data

tensively in literature and tested experimentally, and modeif b— sy deca avaiTabIe in 1995 Iﬁ Ref32], Aliev et al

[l has been very popular since it is the building block of theSt died )t/heb é/ decav in model I.II by 6 ter;d'n the NLO

minimal supersymmetric standard model. In this paper, we udi Y Yl y ex ing

focus on the third type of 2HDM25], usually known as fesults of mo<_jel I[30] to the case.of model IIl, and found

model 111 [25,26. In model Ill, no discrete symmetry is im- some consraints on the FC couplings.

posed and both up- and down-type quarks then may have

diagonal and/or flavor changing couplings with and ¢,.

As described in Ref[26], one can choose a suitable basis 'We make the same ansatz on #je” couplings as the Ref26].

(HOH,H? H*) to express two Higgs doublefg6] For more details about the definition &f:° one can see Ref26].
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In a recent papef33], Chaoet al,, studied the decap W",_ H- -
— Sy by assuming that only the couplings; and A, are VAN PSRN
nonzero. They found that the constraintdp,+ imposed by b wot N sd 354
the CLEO data ob— sy can be greatly relaxed by consid- P g‘q Ds g
ering the phase effects of; and \p,. The constraints by
BY-B® mixing, the neutron electric dipole momeiNEDM), e e
the Z%-pole parametep andR,, give the following preferred RAah N
scenarid 33]: b ! Vs, d b [ )sd

|)\tt|$0.3, |)\bb|~50, MAO%MhOZSO_ 120 GeV; g g

97 ¥

80 Ge\=M,+=<200 GeV. (8) _
FIG. 1. The Feynman diagrams for the decéyssy andb

—sg in the SM and 2HDM'’s. The internal quarks are the upper

In the following sections, we will calculate the new phys- typeu.c, andt quarks.

ics contributions to the inclusive charmless decayis giark
in the Chao-Cheung-Keun¢CCK) scenario of model Il . ,
[33]. Model Il has tr?e foIIov%ng advantages. InLthe SM and ordinary 2HDM's, both operato@;,, and

(1) Since we keep only the couplings, andA ,, nonzero, Qg are absent because one usually assumenthan,~0.
the neutral Higgs bosons do not contribute at tree level of? Model Ill, however, these two left-handed operators may
one-loop level. The new contributions therefore come onlycontribute effectively because the Wilson coefficiedts,
from the charged Higgs penguin diagrams with the heavyandCgg may be rather large to compensate for the suppres-
internal top quark. sion of mg/my,.

(2) The new operator®g 10 and all flipped chirality part- In Ref. [24], we calculated thé&— sg decay in model IlI
10 as defined in Ref[32] do not from the first principle and obtained the corresponding form

decays under study in this paper. using the Feynman rules in model [26], we evaluate the
(3) The free parameters in model Ill are greatly reduced td-eynman diagrams for botb—sy and b—sg decay as
Nits Npp, andMy+. shown in Fig. 1, extract out the Wilson coefficie@g M)

In order to find more details about the correlations be-at the energy scalklyy by matching the full theory onto the
tweenM,,+ and couplings\; ,, by imposing the new CLEO  effective theory

data ofb— sy, we recalculate the decdy— sy in model Ill. _ _ P
For the sake of simplicity, we do not consider the less inter- Ci(Mw=0 (i=134.58, 12
esting model | further in this paper. Co,(My) =1, (13

The effective Hamiltonian foB— Xgy at the scaleu

=0 is given by[4 M
(o) iven byL4] C,(Mw) = — 7o D(YNel? e
Her(b—sy) b
1
Ge , CE(Mw)=Cr) (M) M= SA(y)|Ny|?
:_T;Vtsvtb Ty w. 71 W. 12 Yi | ttl
6 + EB(yt)|)\tt)\bb|ei0- (19
X| 2, Cim)Qi(m)+Cry(1)Q7,+ Cacli2) Qo -
mS
9 Coia(Mw) =~ 5D\l (16

The explicit expressions of operato@; ¢,Q7, and Qgg, 1
as well as the corresponding Wilson coefficie@t$M,y) in Cs(My)=Cgg(My)SM— 1_2D(yt)|)\tt|2
the SM can be found, for example, in RE4).
In model Ill, the left-handed QED magnetic-penguin op- 1 ‘
erator QY. and the left-handed QCD magnetic-penguin op- + EE(yt)|)\tt)\bb|elor 17
eratongG may also play an important role:

with
e _
QL =——mys,0*"(1— y5)b,F ., (10 A(X
g2 " v Cr(My)SM=— —(2”, (18
g — v D(x
Q'E;GZB—;Zmbsaa'“ (1— 75)T23bBGZv- (11 Caa(My)SM=— %, (19)
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where x,;=mZ/M3,, y;=mZ/M’., the phase angl#= 6,
— 6;, while 6, (6,) is the phase angle of,, (A). When
compared with Eqgs(18),(19) of Ref.[33], the second and
third terms in Eqs(15) and(17) have an additional factor of
1/2, since;"® used here has as additional factoy/a/ The
Inami-Lim functions[34] (A,B,D,E) are of the form

A 7x—5x%—8x3 . 2x%2—3x3 | 20
X)= X
) 12(1-x)®  2(1-x)* oolx].
D00 2x+5x%—x3 3x? log{x] 20
X)= X
( 4(1-x)°®  2(1—-x)* oa:
—3y+5y? 2y—3y?
B(y)= - , 22
(y) 21-y? 6(1_y) ay] (22)
—3y+y?
E(y)=—2 T joqy]. 23

A(1-y)2 2(1-y)

The Wilson coefficients given in Eq$12)—(17) contained
the contributions from both the W*-penguin and
H*-penguin diagrams.

Itis easy to see that bo (My) andCgs(My) in Egs.
(14) and (16) will be doubly suppressed by the ratia,/m,

and |\ y|?> when |\| is small as preferred by the data of

neutron electric dipole momenfNEDM) [33]. For typical
values of relevant parameters, say;|=0.3, [\pp| =40, 6

PHYSICAL REVIEW D62 094008
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o

[+ /]

BR(b —>s 7 )(10-4)

N

260
M, (GeV)

0 ‘
100 150
FIG. 2. Plots of the branching ratio BR{>sy) versusM+ in

the SM and models Il and lll. The short-dashed line is the SM

prediction, and the band between two dots lines refers to the CLEO

data. The dot-dashed curve shows the ratio in model Il, while the

long-dashed and solid curve show the ratios in model Il for
=0°,30°, respectively.

|stth|2 6aem
|Vcb|2 7Tf(Z)

BR(b—sy)!" = |C7,()"?BR(b—cev),
(27)

whereu=0(m,), BR(b—cer)=(10.7+0.4)% is the mea-
sured semileptonic branching ratio bfdecay, andf(z) is

—=0°, and M,+=200 GeV, One finds numerically that the phase space factor

CY(My)~Cg(My)~10"%, while C¥ (My)~CEs(My)

f(z2)=1—822+82°— 28— 247%log[ z], (28)

~0.8. Consequently, the left-handed Wilson coefficients are
much smaller than their right-handed counterparts and thergyherez= mgo'e/mgo'e_ It is straightforward to write down the

fore will be neglected in the following calculations.
At the lower-energy scalg=0(m,), the Wilson coeffi-

branching ratios BR{—svy) for the SM and model II.
In the numerical calculations, the following input param-

cientsC;(u) for the decayp— sy at the leading order are of eters[15,35 will be used implicitly:

the form

6
cj<m=i§1 kin¥ (j=1,...,6), (24)

C77(M)SM: 7716/2?C7'y(MW)SM
8 8
+ 5 (7B B Cap(My) M+ 2, o,

(25
8
Crp( )" = 7*OFCE,(Mu) + 5 (7%5= 992 CFg(My)

8
+Zl hi 7%, (26)

My=80.41 GeV, M,=91.187 GeV, agm=1/137,

ag(M;)=0.118, Gg=1.1663%10° (GeV) 2,
ms=0.13 GeV, m.=1.4 GeV, m,=4.8 GeV,
m,=m(m,) =168 GeV, Al=0.225,

A=0.84, A=0.22, p=0.20, 7=0.34, (29

whereA,\,p, and » are the Wolfenstein parameters of the

CKM mixing matrix. m,(m;) here refers to the running cur-
rent top quark mass normalized at=m; and is obtained
from the pole masmf®®=176 GeV. For the running ofs,
the two-loop formulag4] will be used.

Figure 2 shows the branching ratios BR¢sy) in the
SM and models Il and Ill, assuming;=0.3, \p,=35, 6
=0°,30°, tanB= 1. The horizontal band between two dotted

where 7=a{(My)/as(u), and the scheme-independent lines corresponds to the CLEO d&f@]: 2x 10 *<BR(b

numbersa;, kji, andh; can be found in Ref4].

—8y)=<4.5x10 *. The short-dashed line is the SM predic-

Using the effective Hamiltonian, the branching ratio of tion, and the long-dashed and solid curve show the ratio in

b— sy at the leading order can be written as

model 11l for 6=0°,30°, respectively. The dot-dashed curve

094008-4



CHARM MULTIPLICITY AND THE BRANCHING RATIOS.. .. PHYSICAL REVIEW D 62 094008

shows the same ratio at the leading order in model II. From
Fig. 2, the lower and upper limit ol .+ in model IIl can be
read out:

185 Ge\=My+=238 GeV, ford=0°,
215 Ge\sMy+=<287 GeV, for#=30°. (30

These limits are consistent with those given in Bj. If we
take into account the errors of theoretical predictions in
model 11, the corresponding mass limit will be relaxed by
about 20 GeV.

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

BR(b->sg)(10-2)

Ni;j=0, forij#tt, or bb,

INi|=0.3, [\pp|=35, 6=(0°—30°), FIG. 3. Plots of the branching ratio BR{>sg) versusM+ in
the SM and models Il and Ill. The dots line is the SM prediction,
My+=(200+100 GeV, (31 the short-dashed curve shows the the ratio in model I, and the
long-dashed and solid curve show the ratios in model Il for
are allowed by the available data. For the magg+, =0°,30°, respectively.

searches for pair production at LEP have excluded masses
My +=<77 GeV[36]. Combining the direct and indirect limits

together, we here conservatively consider a larger range @fnd an exact analytic formula far(z) can be found in Ref.
100 GeV=M ;=300 GeV, while takeM ;- =200 GeV as  [ag],

the typical value. For b—dg decay, one simply substitutdg®, by V¥ in
Eq. (32). For model I, one simply replaceSgs(u«) in Eq.
lll. INCLUSIVE CHARMLESS b QUARK DECAYS (32) with Clg as given in Ref[27].

In this section, we will calculate the new physics contri-  Figure 3 shows the branching ratios of BR¢sg) in the
butions to the two-body and three-body inclusive charmles$M and models Il and Ill, assuming;=0.3, A,,=35, and
decays of b quark induced by the charged Higgs gluoni®?=0°% 3(°. The dots line in Fig. 3 is the SM prediction

penguin diagrams in models Il and IlI. BR(b—sg)=0.27%, while the short-dashed curve shows
the branching ratio BR{(—sg)=0.81% in model Il assum-
A. b—s gluon decay ing tanB=2 andM+=200 GeV. In model lll, the enhance-

. . . ment to the ratio BR§—sg) can be as large as an order of
The branching ratio ob—sg at the leading order can be magnitude: BRO—sg)~2.34%, 4.84% for M+ =200,

written as 100 GeV respectively, as illustrated by the long-dashed and
ViViol® 8ag(n) ) _ solid curves in Fig. 3. Model IIl is clearly more promising
BR(b—sg)= |Cec(n)|“BR(b—cev),  than model Il to provide a large enhancement to the decay

Vo2 7f(2)(2) nt to
¢ b—sg. Although the current enhancement is still smaller

than~10% as expected, for example in RdfE9,23, such a
with significant increase is obviously very helpful for us to pro-
vide a reasonable solution for the problems such as the

8 . .. . .
— “missing charm puzzle” or the deficiBg, , as being dis-
Coal(p) =7 Coa(Mw) M+ 2 7™, (33 cyssed below.

(32

8
Caalm)" = 7""*CHe(Mw) + 2 hi7?, (34) B. Three-body charmlessb quark decays
=1

Within the SM, the three-body inclusive charmlebs
wheren= as(My)/as(n) with w=0(my), and the numbers quark decays have been calculated at LO and NLO level for
a; andh; can be found in Refi4]. The factork(z) contains example in Refs[6,24,4Q. In Ref.[6], Lenzet al. took into
the QCD correction to the semileptonic decay rate BR( account the NLO QCD corrections from the gluonic penguin

Hce;) [37-39. To a good approximation the(z) is given diagrams with insertions 0, and the diagrams involving
by [39] the interference of th@ge with Q;_¢ [6].

The standard theoretical frame to calculate the debays
2ay(p) [( L, 3

K(z)=1— B _)(1_2)2+ § —sqqfor q e{u,d,s} is based on the effective Hamiltonian
37 4 2

(39

094008-5
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F

2
_vt{

where quvgqub and the corresponding operator basis
reads

2
Hen(|AB|=1)= glcjchhquj“)

6

st CiQ;j+CgQsc

]+H.c.,

(36)

Q1=(Salp)v-a(Gaba)v-a, (37
Qo= (gaqa)va(aﬁb,g)va ) (39
with g=u andg=c, and

Q3:(gaba)V—Aq:;d . (aﬁ%)v—A’ (39
Q4:(§abﬁ)V7Aq:;d . (aﬁqa)vfm (40)
QSZ(gaba)Vqu=;d . (aﬁQ,e)WA, (41
Qs=(Sabplv-n 2 (Gglalv-. (42
Qgc=— %mbgaa"”(l"‘ ¥5) ToghsGh, (43)

where theQ; and Q, are current-current operator§;
— Qg are QCD penguin operators, while g is the chro-
momagnetic dipole operator.

For the SM part, we will use the formulas presented in
Ref. [6] directly. For the new physics part in models Il and
[Il under study here, we take into account the new contribu

tions from charged-Higgs gluonic penguin diagrams by usin&v

the Wilson coefficienCgg(u)" as given in Eq(34) in the

calculation, this coefficient comprises both the SM and the

new physics contributions. All other Wilson coefficients re-
main unmodified.

When the NLO QCD corrections are included, one usu-

ally expand the decay width to ordet,

ag(u)
A

T'(b—sqq=T©+ (AT o+ AT peng

+ATy+ATg)+0(a?), (44)

PHYSICAL REVIEW D62 094008

[6,35]. For the three-body decays—dqq one simply sub-
stitutess by d in Egs. (36)—(44).

At the NLO, the RS dependent Wilson coefficieGtg u)
are given by[35]

ag(um)
4

Cj(u)=C{ () + Ci(m)™, j=1,....6,

(45

whereC\? are the RS independent LO Wilson coefficients,
andC{" are the RS dependent NLO correctidas]

8

C,<°><ub>=i223 kji 7%, (46)

8

C}l)(ﬂb)zi; [&ji nEo(x) + i+ gji 7] 7%, (47)

where 7=ag(My)/as(wy), X=m2/M3,, the function
Eo(xy) and all the numbers;, k;;, e, f;;, andg; can be
found in Ref.[35]. The NLO QCD correctiorC{") is RS
dependent and can be split into two parts:

6

Ci(w®= 2, JCw+Ci(w™, j=1,....6,

(48)

where parameterd; are usually RS dependem—,-(u)(l) is
RS independent, and the precise definitions of the terms in
Eq. (48) can be found, for example, in Rg#1]. The terms
involving Jj, will be absorbed intd I'¢. andAT pepgto make
the latter scheme independent.

In the leading order the decays—sss sdd, dss and
ddd are penguin-induced processes proceeding Qia g
andQgg, while b—duu andb— suualso receive contribu-

tions from Q; and Q,. Combining both cases, the decay
idth at the LO level can be written §6]

2

t 2 [v,*cc{Vb
ij=1

2,5
FMp

6472

ro=

6
+ > |Ut|zci(O)C](O)bij
i3

-2t >
i=1,2

j=3,...6

COCORev i) by (49)

with t=1 for g=u andt=0 for g=d,s. The coefficientd;
whereT'(©) denotes the decay rate at the LO level, while thereag

second part represents the NLO QCD corrections. We here

use the renormalization-schem®S independent terms
AT ¢, AT peng, @andAT'yy . For the convenience of the reader,

the explicit expressions OIFCC, AFpeng, andAFW will be
given in the Appendix. The termaI'g in Eq. (44) [which will

167°

6
b

i

Jd(b3(277)4<Qi>(o)<Qj>(O)*:bji (50)

with Q; ,=Qfj , here. Setting the final state quark masses to

be defined below in Eq(52)] is already RS independent zero one find$6]

094008-6



CHARM MULTIPLICITY AND THE BRANCHING RATIOS. .. PHYSICAL REVIEW D 62 094008

b 1+r/3 fori,j<4, andi+]j even, _|Vub|2 1 (1-22)* \,
"l 1/3+r fori,j<4, andi+j odd, rue_|VCb|2ﬁ 1+K(Z)—K(0)+6W—1?§ ,
bss=bge=1, bge=Dbes=1/3. (51) (56)

where\,=0.12 Ge\f encodes the chromomagnetic interac-
Herer =1 for the decaygﬁddﬁandb_)SS—S in which the  tion of the b quark with light degrees of freedom, and the
final state contains two identical particles, and0 other- ~ factors off(z) and «(z) have been given in Eq$28) and
wise. The remaining;;'s are zero. (39).
Now we turn to study the contributions from the interfer- ~ From Eq.(32), we get
ence of the tree diagram wi with operatorsQ;_g, as
gram WiQp with operaiorsa: o [VEVs? 8ay(u)

shown in Fig. 3 of Ref[6]. The tree-level correctioAT'g is = |Caa(m)|?, (57
already at the order af and is given by 0 v2 mf(2)k(2) PO
GZm? 2 IViaViol*  8arg( )
- _ I (0) _ 2
Al'g= 3273 Re —tv{vCgalp) J_Zl C;’bjg ldg Vo2 ™ (2x(2) |Caa(m)|”. (58
6 Forrgyg, We use the formulas as given in Reff$0,24,
+|vtlzcge<m“'j23 cj“”bjg} (52) L se? .
- e
rSng V 2 16 Zfs .72 t Vl*Svlbfl(Xl lqz) ’
in model 1ll, whereCgg(u)" has been given in Eq34) [Vep|* 1677 (2) k(2) |i=use, 59

with u=0(m,). For the case of the SM and model Il, sim-
ply replaceCqg(up)" with the appropriateCgs(un). The  \yhere x;=m2M2,, the functionsf,(x;,q%) can be found,

definitions and numerical values of coefficiettitg can be  for example, in Ref[24]. In the numerical calculation, we
found in Ref.[6]. As mentioned previously, the Wilson co- ;o5 me than]2=mt2)/2. Since the new contribution to the de-

efficient Cj; now comprises the contributions from both the cay b—sgg due to the charged Higgs penguin diagram is

W-penguin and the charged-Higgs penguin diagrams. In thigegligibly small[24], we do not consider the new physics

way, the new physics contributions are taken int(_) account. ~qrrections to this decay here. In RES], the authors did not
For theb quark decay rates one usually normalize them tq,.|,de fogq in the estimation of¢. We here will include

the semileptonic decay rate of thequark this mode, since its branching ratio is rather laf4@,24), as
shown in Table I.

IZM . Lb=q9) The corresponding branching ratios for two-body and
a I'(b—cevy) b I'(b—cev,) ’ three-body charmleds decays are defined as
— — V-, \EXp
___Tb-au0) _ T(b—sgg BR(b—X)=rx BR(b—¢ eve)™ (60
W% pPpocery) | %Y I(b—cevy)’ where ratiog x have been defined previously. In the numeri-

(53)  cal calculations, BR{— ¢ v.)®*P=10.70% will be used.
By using the input parameters as given in E2Q) and
for the sake of eliminating the factor oiﬁ common to allb assuming|Ay|=0.3, |\pp|=35, My+=200 GeV and @

decay rates. One also define the charmless decay rdte of=0° or 30°, we find the numerical results of the decay rates

quark as and the branching ratios for various charmless b quark de-
cays and collect them in Table I. We also show the corre-
[a= Pyt e et ot [ eaet 28 gat T sponding results in model I assum|MH+=200 _Ge\_/ ano!
¢ qud,s( aqa* Msqd *Tsgt Fagt Fsggt 2Muet oy tanB=2. For larger tag8 the new physics contributions in

(54 model Il will become smallerABR in Table | is defined as

where rare radiative decays, for example>sy, have been ABR(b—X)=[BR(b—X)

fneglected. To ordets, the semileptonic decay rate takes the —BR(b—X)SM]/BR(b— SM)SM. (61)
orm
. Figure 4 shows the mass dependence of the branching
—  Ggmy ) ratios BRo—s qq) with qe{u,d,s} in the SM and model
T'(b—ceve)= 192773|V°'°| H(2)x(2), (59) lll, using the input parameters in Eq29 and assuming

INit| =0.3, |\pp| =35, andd=30°. In Fig. 4, the three curves
where the factor§(z) and«(z) have been given in Eq&28)

and(35).
To calculater ¢ we also need explicit expressionsiqf,, 2For more details, one can see the discussions about the semilep-
l'sg» Mg @Ndrggg. FOrr e one finds[42] tonic branching ratios db decay in next section.
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TABLE I. The ratesr and branching ratios in the SM and models Il and IlI, assuning= 0.3, [\,
=35, My+=200 GeV, tapB=2, and 6=0° or 30° (the numbers in parenthesisNe also use BR§

—Xeve)®P=10.70% as given in E¢63).

SM Model Il Model I
decay mode r BR(%) r BR (%) ABR(%) ABR(%)
b—duu 0.051 0.545 0.052 0.554 1.6 -0.3
(0.053 (0.57) 4.7

b—ddd 0.0005 0.006 0.00078 0.103 68.2 —134
(0.000% (0.010 (59.0

b—dss 0.0006 0.005 0.00096 0.008 68.7 —135
(0.0009 (0.008 (59.5

b—suu 0.018 0.192 0.027 0.286 49.0 -9.6
(0.023% (0.255 (32.8

b—sdd 0.019 0.206 0.030 0.322 56.0 -11.0
(0.0285 (0.307 (48.5

b—sss 0.016 0.168 0.024 0.262 56.7 -9.9
(0.0232 (0.250 (49.2

b—sg 0.025 0.270 0.192 2.065 663.6 202.3
(0.217 (2.339 (765.0

b—dg 0.00092 0.010 0.007 0.070 663.6 202.3
(0.008 (0.086 (765.0

b—sgg 0.070 0.757 0.070 0.757

b—u e, 0.013 0.144 0.013 0.144

b—u MZL 0.013 0.144 0.013 0.144

b—u Ty, 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 (4.9) (97.3

(horizontal line$ are the theoretical predictions in model Il negative and will decrease the branching ratios slightly, from
(SM) for g=u,d,s, respectively. FoiM,+=200 GeV, as

listed in Table I, the enhancement to the decay mbde
—duu is only 4.7%, but the enhancements to other fivethe SM and models Il and Ill, using the input parameters in
three-bodyb quark decay modes are rather large: frer80

—0.3to —13.5% for different decay modes.
Figure 5 shows the branching ratio BR{¢no charm in

Eg. (29) and assuming\|=0.3, |\pp|=35, and §=0°,

to ~70%. In model I, however, the new contributions are 30°. The dotted line in Fig. 5 is the SM prediction BR(

BR(b —>sqq)(10-3)

FIG. 4. Plots of branching ratio beesqa) versusMy+ in
model Ill. The three curveshorizontal line$ are the theoretical

1 L L L L L L L L L L L L L L L L L L
100 150 200 250 300

M, (GeV)

predictions in model II(SM) for g=u,d,s, respectively.

—no charm)=2.49%. The short-dashed curve shows the the
ratio in the model I, BRb— no charm)=2.98%(3.23%) for
My+=200 (100 GeV and tarB=2. The long-dashed and
solid curve show the theoretical predictions in the model IlI:
BR(b—no charm)}=4.67% (4.91% for M,y+=200 GeV
and 6=0°,30°, respectively. For the model Il with;+
=100 GeV, one finds that BR(-no charm)}7.27%
(7.60%) for6=0°,30°, respectively. It is easy to see from
Fig. 5 and Table | that the new physics enhancement to the
branching ratios of three-body charmldssgjuark decays in
the model Ill is much larger than that in model Il within the
parameter space considered.

IV. n. AND Bg,

The ratioBg, is the average over weakly decaying had-
rons containing oné quark. For the CLEO experiments run-
ning on theY (4S) resonance, the average is 0Bt andB°
and their charge conjugate hadrons. For the experiments run-
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TABLE II. Recent CLEO and LEP measurements of the ratio

N

NI BSL.

o

2 Bg (%) Experiment

£ 10.45+-0.21 Y (4S) PDG98[15]

8 11.01*+0.10(stat) 0.30(syst) ALEPH 9543]

0 10.65+ 0.07(stat)- 0.25(syst) 52 model) DELPHI 99[44]

2 10.16+ 0.13(stat} 0.30(syst) L3 9945]

0 10.83+ 0.10(stat)- 0.20(syst} 5-?Ymodel) OPAL 99[46]

0 10.66+0.17 Z°-peak

T ] 10.94+0.19 Z° corrected

o, ] 10.70+0.21 overall average
100 150 200 250 300

M, (GeV)
verted toY(4S) value by multiplying a factor ofrg/m,

FIG. 5. Plots of the branching ratios BRGno charm) versus — _ 1.026:Bg = (10.94+0.19)% @° corrected. In fact, there
My+ in the SM and models Il and Ill. The dots line is the SM

prediction, the short-dashed curve shows the ratio in model Il anI still a 20 discrepancy in ratids between the high-
the long-dashed and solid curve show the theoretical predictions innergyz value and the low-energy (4S) value. The av-

the model 11l for #=0°,30°, respectively. erage of thez® andY (4S) values ofBg is

= 0,
ning onZ° resonance, however, the average is ®&ér B°, Bs.=(10.70450.21)%, Overall average, (63)

° 3
By, andNp. S . where we conservatively chose 0.21 as the overall error of
The charm multiplicityn. is the average over the had- the measure®s,
g)n”s grodtgced n thetgglen environment. (iLECf)_anl?ml__EP As for the charm counting, the value of measured at
oliaborations presented new measurements ot INCIUSIVE y,q v (45) [20] is still smaller than that measured at the
—C transitions that can be used to extragt One naively peak[15]:
expectn.=1.15 with the additional 15% coming from the '

tree-level decay chaib—uW~—u cs. This expectation can 1.10=0.05, Y(49),
be verified experimentally by adding all inclusive—c Ne= o
branching ratios, and counting twice for the decay modes 1.20+0.07, Z°peak.
w!th_two clharm quarks in the fmal statg. Ir_1 this ;ectlon, Werpe average of th (4S) andZ® result leads to
will investigate the new physics contributions, induced by

the charged Higgs penguins in models Il and IlI, to the ratio ne=1.14+0.04 [Z°+ Y (49)] (65)
Bs. and the charm multiplicity, . © T

(64)

B. n. and Bg, : Theoretical predictions

The Bq, deficit was first pointed out around 19943] Within the SM, the basis of the prediction B andn,

when the theoretical prediction was considered to be difficulfS te @ssumption of quark-hadron duality. The estimation for

; i inclusive decay rates is usually performed by using
to produceBg <12% while the 1995 CLEO data oni(4S) various inc . .
resonance waBg, = (10.49+ 0.46)%[14]. In the following, 1€ heavy-quark expansid#iQE) [47] and the perturbative

e use the 1998 Particle Data Gro 15 QCD in the framework of the operator product expansion.
we I up valdg] The HQE allows us to relate the inclusive decay rate oBhe

A. n. and Bg, : Experimental measurements

Bg =(10.4550.21)% (62)  meson to that of the underlying quark decay proceds(B
—X)=T(b—x)+0(1/md).
as the measurefls; on Y (4S). The theoretical prediction foBg, with the inclusion of

For the experiments on th&° peak, all the four LEP  the O(ag) QCD corrections and the hadronic corrections to

collaborationg43—46 reported their measured values of the the free quark decay of ordermj is currently available
ratio Bg, as listed in Table Il. The seventh row shows the[16 17. B, andn, can be defined 346,17
averaged result of the rati@s_ on the Z° peak® B2,
=(10.66+0.17)%. ThisB2, on theZ° peak can be con- 1
Bs = , (66)

2 Feitleuatleestre¢

3N, is in turn the mixture ofA,(udb), 3,(ush), Z,(dsb), and
Qy(ssbh.

les— ¢
“We here made an arithmetic average over four results as done in n.=1+ ces , (67)
Ref. [18], but the newest L3 datgd5] has been used here in the D ret ot Fomtre
average. I
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wherere=r.,=1, r,,=0.25, andr 4 (rces) is the rate of  which is a linear correlation betwedy, andn.. Using the
the decay modé—cud’ (b—ccs') whered’ (s') is the Values forBg (63), rcyq (69), andr (68), one finds

appropriate Cabibbo mixture af ands quarks. n.=1.28+0.05 (75)
Ther¢ has been defined and calculated in the last section. ¢ '
In the SM, we have for Bg =(10.70£0.21)%. The overall uncertainty of this
prediction ofn. should be smaller than that as given in Egs.
r¢=0.23+0.08, (68) (71) and(73). The 2.60 discrepancy between the. in Eq.

(75) andn, measured a¥ (4S) motivated proposals of new
ephysics which will enhanceg and in turn decrease, . That
is what we try to do here.

where the error mainly comes from the uncertainties of th
scaleu and the mass ratim;/m;, [6].

As is well known, the main difficulty in calculatings As shown in Table I, the ratio; will be increased signifi-
andn is in the nonleptonic branching ratiog,q andrces-  cantly after taking the new physics effects into account,
Forrcy, a complete NLO calculation has been performedynich will in turn decrease botiBg, and n. accordingly.
[16] which gives From Eq.(74) and using the values f@g, (63), rs5q (69),

reaq=4.0-0.4, (69) andr¢ (54), one finds

where the error mainly comes from the uncertainties of the _ 1.23+0.05 for My+=200 GeV,

scaleu, the quark masses, andmy,, and the assumption of ¢ [1.18£0.05 for My+=100 GeV

o of e 01 1=30" and . They: and dependence ah s
cs!SY y - 9 rather weak: the central value af. will go down (up) by

for reus. The enhancement di—ccs due to large QCD only ~0.01 for u=my/2 (§=0°). ForBg, in model Ill, the

corrections is about 30%16]. Such enhancement will de- agreement between the prediction and the data will be im-

(76)

crease the value dg , but increase the size of. proved slightly by a decrease 0.003 (0.005) Kby, + =200
~Using the on-mass-shell sheme, the SM theoretical prerog) GeV due to the inclusion of new physics contributions.
dictions forBgandn at the NLO level are In model I, the resulted decrease fof (Bs,) is only 0.01
Bg = (12.0+0.7+ 0.5+ o.zt%‘;’)%, (70) (0.00) and plays no real role. Most importgntly, one can see
: from Eqgs.(64), (65), (75), (76) that the predicted. and the
n.=1.24+0.05+0.01, (71 ~ Measurech; now agree within roughly one standard devia-
tion after taking into account the effects of gluonic charged
as given in Ref.[16] and Higgs penguin diagrams in model Il with a relatively light

charged Higgs boson, as illustrated in Fig. 6.

(72

(12.061.0% p=m,,
SL™ V. SUMMARY AND DISCUSSIONS

(10.9-1.00% pu=m/2,
b

_ In the framework of the general two-Higgs doublet mod-
n :[1'201 0.06 p=mp, (73 els, we calculated the charged-Higgs penguin contributions
¢ 11.2150.06 pw=my/2, to (a) the rare radiative decap—sy, (b) the inclusive

charmless decays—q’'g andb—q’ qq with q’ {d,s} and
ge{u,d,s}, and(c) the charm multiplicityn, and semilep-
tonic branching ratiBg, .

In Sec. Il, we studied the experimental constraint on
model Il from the CLEO data ob—sy decay. With the

elp of previous work$26,31-33, we found the parameter

ace of the model Il allowed by the available data, as
shown in Eq.(31).

In Sec. Ill, we first calculated the new physics contribu-

. tions to the decayp—sg and found that the branching ratio
discrepancy between thg measured by CLEO and the the- BR(b—sg) can be greatly enhanced from the SM prediction

oretical prediction16]: 1.10+0.05 against 1.240.05. of 0.27 to 2.34.%4.84% in model Il for M- =200 (100

If we grop down the large uncertainty in the calculation GeV, as illustrated in Fig. 3. Such a significant enhancement
for b—ccs’ decay mode, we can eliminate the ratiQs  is clearly very helpful to resolve the missing chaBgc
from the expression dBg; andn. and find problem appeared iB experiments.

-~ Following the method of Ref6], we then calculated the
Ne=2—(2.25+rq+2r¢)Bg. (74) new physicgs contributions to three-body inclusive charmless
decays ob quark due to the interference between the opera-
torsQ;_g andQgg . The Wilson coefficiently in Eq. (34)
®The last and largest error &, comes from the uncertainty of now describe the contributions from both tié¢" and H™*
the renormalization scalg, while the main error of, is the the ~ QCD penguins, the latter is the new physics part we focus on
uncertainty inm,, [16]. here. From numerical calculations we found ttatthe new

as given in Ref[17] with the error mainly result from the
variation of the scalg. andm¢/m,.

Comparing the observed and predicted valueBgfand
n., one can see thah) after considering all the corrections,
the theoretical values d85; now come down and more or
less consistent with the measurement, but unfortunately
the expense of boosting., (b) the central value oh, in
Ref.[16] is higher than that in Ref17], although two pre-
dictions are agree within errors, arid there is still 2.8
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APPENDIX: RS INDEPENDENT AT, AL jerq,
AND AT,

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

e AT ¢, AT peng, @ndAT'yy,. For more details one can see the
100 150 200 250 300 original papei6].

MH (GeV) The termAT . in Eq. (44) describes the current-current
type corrections proportional 16{%C{°} [6]

10— .

FIG. 6. Plots of Charm multiplicityn, versusM+ in the SM
and model Il forBg =10.70%. The short-dashed line is the SM 2.5 2

2
prediction, and the band refers to the datangf 1.14+0.04. The AT =t GEM; lol2 > Ci(O)CJ(O) hij + > Jkibkj}
solid curve, the upper and lower dot-dashed curves together show 278 ihj=1 k=1
the central value and thed error of the theoretical prediction for (A1)
n. in model Ill.

with t=1 for q=u andt=0 for g=d,s, and the coefficients
hi; andJ,; can be found in Refl6].

The termATl ¢4 in Eq. (44) describes the effect of pen-
guin diagrams involving; , [6],

physics enhancement to the deday-duu is only ~1.6%
since this mode is dominated by the tree diagrafbsthe
branching ratios of other five three-botlydecay modes are
strongly enhanced by the new charged Higgs penguins: 30to  __ Gﬁmg

70 % increase can be achieved within the considered param- AT pe,=——'Re t >, COCVy,
eter space. The new contributions to the corresponding 32m hi=12

branching ratios in model Il is, however, small in size and

negative in sign against the theoretical predictions in the SM. X[vg gij(Xc) v gij(0)]

As shown in Table | and Fig. 5, the ratio BRR(

—no charm) can be increased from the SM prediction - > Ci(O)CJ(O)Ut[U:gij(xc)+U:gij(o)]
BR(b—no charm}=2.49% to BRp—no charm)4.91% 12';126

(7.60% in model Il for M+=200 (100 GeV.
In Sec. IV, we examined the current status about the the-

oretical predictions and experimental measurements for the R

- tUuUr ijzlz CI(O)CJ(O)\]k|ka

r_mﬁ

semileptonic branching ratio of B meson deddy and the k=3,...6

charm multiplicityn., and calculated the new physics con-

tributions, induced by the charged Higgs penguin diagrams +HE2 COC,iby | (A2)
in model IlI (1), to bothBg, andn.. With an enhanced ratio j’kI::3:}’_2‘ 6

BR(b—no charm), both thé8g, and n. will be decreased . -

accordingly: (a) the central value 0Bg, can be decreased Witht=1forg=uandt=0 forg=d,s. The explicit expres-

slightly by 0.003(0.008 for M+ =200 (100 GeV, (b) the ~ SIoNS of coeflicientg;; andJy; can be found in Ref.6]

value ofn, can be lowered significantly from the prediction  Finally, ATy is given by

n.=1.28+0.05 in the SM tan.=1.23+0.05, 1.180.05 for s 5F 2

M+ = 200,100 GeV, respectively. — _GFmb[ (S
I,

= 2rc@cip..
In short, the predicted, and the measurea,. now agree W3 | iy [vul GG by

within roughly one standard deviation after taking into ac-

count the effects of gluonic charged Higgs penguin diagrams 6 .

in the model 11l with a relatively light charged Higgs boson, +> v IC{PCMby;
while the agreement between the theoretical prediction and hj=3

the data forBg can also be improved by inclusion of these

new physics effects. -t > [COCW+CcCONRev}vy) by |-
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