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B— ¢K and B— ¢ X, in the heavy quark limit
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We studyB— ¢K andB— ¢X, decays in the heavy quark limit using perturbative QCD. The next leading
order corrections introduce substantial modifications to the naive factorization résolts than 50% The
branching ratidr(B— ¢K) is predicted to be in the rang&? "*(m3)/0.33]%(3.2-4.5)x 10" © that is within
the oneo allowed region from the central value of &40 measured by CLEO Collaboration, but outside
the oneo allowed region from the central value of 1%X20 % measured by BELLE Collaboration for
reasonablé:?*K. For the semi-inclusive decag— ¢Xs we also include initial bound state effects in the
heavy quark limit that decreases the branching ratio by about BO¢B— ¢X,) is predicted to be in the range
(4.8-6.6)xX10°°.
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Recently CLEO and BELLE have measured the penguindealt with. It has recently been shown that it is indeed pos-
induced AS=1 hadronic B decays with Br(B~— ¢K)  sible in the heavy quark limit to handle most of the problems
=(6.4"25"95x1076) Br(§°H¢K°)=(5.9+‘2"8+(1)'$>< 1076 mentioned in relation td to two light mesons from QCD

A e ’ - —y_ 1 wor067+018  calculationd7,8]. Several decays have been studied with in-
fom CLEO [1] and Br(B —¢K")=(1.7245 015 teresting resultd9,10]. In this paper we will follow the

_5 . _
x107") from BELLE CoIIa_boratlon[Z]. Although the CeN"  method developed in R€]i8] to carry out calculations for the
tral values do not agree with each other, they are ConS'Sterﬂ)tranching ratios foB— ¢K andB— ¢X
s

at the 2r level. The branching ratios will soon be determined The effective Hamiltonian for charmle® decays with
with better precisions at CLEO, BABAR, and BELLE Col- yg_1 ig given by
laborations. These decay modes are particularly interesting

in the standard model, as they are purely due to penguin G 11

amplitudes to leading ord¢B,4] and therefore are sensitive He”:_F VupVid €10+ 0202+2 cioi)

to new physics at the loop levgs]. The neutral decay mode V2 i=3

also provides a model independent measurement for one of 11

the Kobayashi-Maskawé<M) unitarity triangle parameters +VepVEY, Cioi]- (1)
sin 28. The related semi-inclusive decay moBe- ¢ X is =3

also purely due to penguin amplitufi®6] and is sensitive to
new physics at the loop level. The branching ratio for thisHereO; are quark and gluon operators and are given by
decay, although not measured at present, will be measured in . .
the near future aB factories. The above exclusive and semi- O1=(SuUg)v_a(Ugh,)y_a, 2
inclusive decays have been studied theoretically before with
large errorg3,4,6] that both the CLEO and BELLE measure-
ments can be accommodated.

Previous calculations for the branching rati@r (B
— ¢K) and Br(B— ¢Xs) are based on naive factorization O3(5)= (Saba)v-n> (ApApv— ()
calculations. In these calculations, nonfactorization effects q’
cannot be calculated and are usually parametrized by an ef-
fective color number that is treated as a free parameter. — —
There are also uncertainties related to gluon virtuality in the 04(6):(SabB)V—AZ (dgle)v—(+)As
penguin diagrams and the dependence of the renormalization a
scale. To have a better understanding of these decays, it is 3
necessary to carry out calculations in _such a way that the 07(9)25(50[}3&)\/7/\2 eq’(%qlﬁ)VHf)A’
problems mentioned and other potential problems can be q’

O,=(SaUa)v—a(Ugbg)y_a,
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3 — We will use the notation
OS(lO)ZE(Sab,B)VfAE eq'(%qa)vH—)A'
q!

Oq1= ° n g’ VGa )\gﬁ 1+‘y b and
11 8 2 MpS, ) ( 5) B

where V+A)(V+A)= (1% y5)7, (1% y5), q'=u,ds, (K[sy*b|B)=F5 " (q?) (pk+pf) +[F§ " (a?)
c,b, ey is the electric charge number qf quark,\, is the BoK, .2 2 2 2
q a _ _
color SU3) Gell-Mann matrix,« and g8 are color indices, F17(9%) ] (mg —my) g/~
andG,,, is the gluon field strength.
The coefficientsc; are the Wilson coefficients that have
been calculated in different scheni&s11]. In this paper we

The coefficientsaj"® are given by

will use, consistently, the naive dimensional reduction U e Cs as Cp
(NDR) scheme. The values af at u~m, GeV with the az=ag=Cat g+ 7~y C4F e
next-to-leading orde(NLO) QCD corrections are given by
[11]
ab=c +C3+ as Cr C3[F 4+ G (Ss)+Gy(sy)]
I LN I N b
c,=—0.185, c,=1.082, cy=0.014, ! N 47 N oA e
b
+ +(cy+ +
c,=—0.035, cs=0.009, cg=—0.041, C1Gy(Sp) +(Ca CG)ZU Go(s)FCuGyuf,
C7: —0.002aem, C8:0.054’lem, Cg: - 1.292aem, CG o CF
as=ac=cg+ Nt ﬁ WC6(— Fy—12),
C10: _0.263!em, C11: _0143
gzrnet aem=1/137 is the electromagnetic fine structure con- al=aS=c,+ %Jr Z_; %08(_%_12)'
The exclusiveB— ¢pK decay gt +@+ﬁﬁc .
In decay, amplitude can be expanded according to the two 9T N T4y N WO S
small numbersas and Agcp/m, in the problem. In the
heavyb quark limit, the decay amplitude due to a particular c a. C
operator can be represented in the fd@h aly=aS,=cio+ N9+ ﬁ WFC9F¢'
<¢K|O|B>:<¢K|O|B>fact b
(64
p sk e
X1+ rpal+O(Agep/my) |, (3) =7, | (Ca+ e X eGolsy)
- . o 3
where({ ¢K|O|B);,¢; indicates the.na|ve factonzqnon regult. +C9§[eSG¢(SS)+ebG¢(Sb)]]1 (5)
The parameterA 5cp~0.3 GeV is the strong interaction

scale. The second and third terms in the square brackets in- )
dicate higher ordetrs and A cp/m, corrections to the ma-  Wherep takes the valuesi andc, '212123 is the number of
trix elements. Including the next-leading order correctionscolor, Cg=(N?~1)/2N, and s;=mi/m;. The other items
and using information from Ref10], we have the decay are given by
amplitude forB— @K in the heavy-quark limit as,

2 4 pu 1
G, B B G¢(S):§_§Inﬁ,+4jo dxe 4(x)
A(BHQSK)=EC<¢ISWSI0><KISWb|B>,

1
XJ duu(l—u)in[s—u(l-u)(1-x)], (6)
0
C=VuVidast+ag+tag—3(as+ag+aly +ajg]
1 2
VoNelaG oo e e e e, (@ O™ | O om0
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2

FB—»K m2)
1 (my (3.8-4.1)X10°8,

0.33

_ H I gl _ _
Fy=-12In -~ 18+ 1,41}, Br(B~— ¢K ):(

1
fy= JO dx g(x) @4(x),

FBﬂK(mi) 2
Br(B— ¢K%=| —-——| (3.6-3.9x10°°.
1— 2% 0.33
g(x)=3 T=x In x— 3ir, 9
| 412 ffg 1 ¢p(2) We have checked sensitivities on some of the parameters.
¢~ N FEK(0ymz Jo Z— The branching ratios are insensitive to the phase angle
1 B because terms proportional te”'* are suppressed by

about 5% that leads to an uncertainty of about 10% for the
branching ratios. Including this uncertainty, the branching
ratios are given in the range of (3:4+.5)x10 ¢ and (3.2
—4.3)X10 ® for B-—K™ ¢ and B°~K%¢, respectively.
We find that the NLO corrections to the matrix elements
(terms proportional tayg in a;) to be significant. Without
such NLO corrections, the branching ratios are in the range
of [F?7"(m3)/0.33%(2.1-2.8)x 10" . The nonfactoriz-
able contributiongterms proportional td'q's) tend to reduce
br.o(X) =6X(1—X), ) the branching ratios at a few percent level. The form factor
’ F2~K s the least-known parameter in the calculations. There
where Ng is a normalization factor satisfyingédx%(x) are several calculations for this paramgter. Lattice calculation
= 1. Fitting variousB decay datawg is determined to be 0.4 9ives 0.22-0.11[13], Bauer-Stech-Wirde(BSW) model
GeV. gives 0.38[14], while light-cone calculation gives 0.35
The above results are from genuine leading QCD calcu= 9-05[15]- gJSLng the average central value from these cal-
lation in the heavy quark limit. The number of color should culations, Fy"(0)=0.33, one finds that the predicted

not be treated as an effective number, but has to be thrd@ranching ratios are closer to the averaged central value of

from QCD. The results are renormalization scale indepenthe measurements from CLEO than that from BELLE. To

dent. The problem associated with the gluon virtuakly  reach the CLEO central valueB; " needs to be around

=(1-x)m2 in the naive factorization calculation is also 0-42 that is on the high value side from theoretical calcula-

meaningfully treated by convoluting thedependence with tions, while to reach BELLE central value an unreasonably
the meson wave functions in the functio@(s,x). Also  large value 0.72 folfiHK is needed. Precise measurements
leading nonfactorizable is includéby the term proportional 0f these modes may provide a good measurement of the form
to f;). There are still uncertainties in the calculation, such adactor F2 7. If a better understanding of the form factor
the form of the wave functions and the unkno®m-K tran-  F; '© can be obtained from other experimental measure-
sition form factorFEHK(qZ)_ However using wave functions ments and from theoretical calculations in the future, precise
obtained by fitting other data, the errors can be reduced. Imeasurement dB— ¢K may provide us with important in-
any case calculations based on the method used here is &imation about new physics beyond the SM.
more solid ground compared with previous calculations.

The decay rate can be easily obtained and is given by

L k() (1. byly) [VupVidVepVed which is about 1/50. The error oy, is
X J dx " f dy y
0 0

Here ¢;(x) are meson wave functions. In this paper we will
take the following forms for therfi9]:

2,2
$p(x)=Npx*(1-x)? exr{ Ty
wg

The semi-inclusiveB— ¢ X decay

G,Z: Bk 22 3. 3 We will follow the procedures for semi-inclusive B de-

I'(B— ¢>K)=E|C|2f¢|:f (m3)?mgA5,  (8)  cays described in Reff16] to studyB— ¢X. The final state

Xs can be divided into two parts{s=X.+X. Here X, can

where\, =(1—m?/mé—mf/m§)2—4mi2m1-2/m‘é. be viewed as containing a perturbatively produseguark
In our numerical calculations we will use the following "9 S0mMe nonperturbatively produced state nonstrange state

values for the relevant parametdts?]: m,=4.8 GeV,m, that are not related to theands forming the ¢. X is the
—1.4 GeV, V,=0.2196, V,=0.0395, V,,/V.,=0.085,  Nnonperturbatively produced state containing no strange num-

f4,=0.233 GeV,f=0.158 GeV, andz=(180=20) MeV. ber but associated with treands forming the¢. Neglecting

We keep the phase to be a free parameter. The results oncolor octet contribution and summing over Al , the decay

the branching ratios are not sensitive to light quark massesvidth for each of the helicity state of ¢(\), at the leading

We obtain the branching ratios f&— ¢K to be order with light quark masses set to zero, can be written as
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1 . d3k . —
Fx(B—>¢Xs)=§G§|C|2f WW275(QZ)J d*x €% (B[by,(1—vs5)y-qy,(1— ¥s)

><b<x>|B>-§ (0[S(0) Y(1— y5)S(0)| (N )+ X){ (M) +X[s(X) (1= ¥5)S(X)|0),

where the parametet is related to the Wilson coefficients
¢; . In the vacuum-saturation approximation,

; (0[s(0) y*(1— y5)S(0)| (N) + X)

X(d(N)+X[s(x)y"(1— ys)s(x)|0)
~(0[s(0) y“(1— vs)s(0)| p(\))

X(A(N)[s(x) y"(1— y5)s(x)|0). (12)

(10

b(x)=e "M X{1+iy.Dy/2my+v-Dy-Dy/4mg
—(y-Dp)*8mth(x) + O(1/mg)

+ (terms for antiquark

D{=D*—v*v-D with v being the four velocity of thé3
meson satisfying?=1 andD#= g*+igG*(x).

Analysis of spectroscopy of heavy hadrons and QCD sum
rule calculations givg18] u;~0.36 GeV and u’~(0.3
—0.54) GeVt. We will use ug=u5=0.36 GeV for nu-
merical calculations. The initial statend? correction reduces

In this approximation the color octet contributions are au-he pranching ratio by about 10%. The branching ratio for
tomatically neglected. We will work with this approximation B— ¢X, is predicted to be

to estimate the branching ratio f@&— ¢Xs. This approxi-

mation is consistent with the assumption made in the previ-

ous section if color octet is neglected. If one cuts the

Br(B— ¢Xs)=(5.3—6.00x10 °, (14

momentum to be above 2 GeV or so, the contributions are

dominated by the effective two-body dechy- ¢s. In this
caseC is similar toC but with f}; set to be zero. In principle,

terms proportional to"d', also contribute. However this con-

This prediction, as in the case for exclusive decays, is insen-
sitive to the phase anghe The NLO corrections enhance the
branching ratio significantly, similar to the exclusive decay

tribution is small and can be neglected. This is because thatases.

in the semi-inclusive decay onlky in the final state is speci-
fied. When the constraint of having in the final state is
relaxed, the term corresponding t{j leads to a three-body

The expression for the semi-inclusive decay in E),
on the face of it, has fewer parametér® dependence on
F2~X) compared with the exclusive branching ratios dis-

decay. Requiring the identified hadron in the final state to beussed earlier. One might think that the prediction for

hard limits the phase spa¢&6] and results in a small con-
tribution from f'a'S compared with other contributions.

If the b quark mass is infinitively largeBr(B— ¢X,) is
equal toBr(b— ¢s). However due to the initiab quark
bound state effect there are correctiphg]. This correction
is included in the factor(B|b(0)y,(1—ys)y-qy"(1
—y5)b(x)|B). Following the discussions in Refl17] we
obtain the Ith? correction factor,

G2f2m? 7 u? 53 u’
. ~F ¢ D R2 P9 22 Fw
FE=dX)~ 15, 1M1 m & m):
(12
where
2 -1 v
Mg:<B|h§gSG,uV0-M h|B>!
p%=—(B[hD?h|B). (13)

Here the fieldh is related tob by

Br(B— ¢X,) is more certain compared with the exclusive
cases. However, one should be careful about this because in
the calculation we have only included color singlet and the

s, ssbound state contribution. There may be other contri-
butions such as color octet and oti&and P wave states

from ss. These contributions are in general smaller than the
contributions already considered. One cannot rule out sig-
nificant enhancement at present. However, we can view the
color singlet result as a leading contribution that gives a
good order of magnitude estimate of the semi-inclusive de-
cayB— ¢Xs.

In conclusion, we have studidgl— ¢K andB— ¢ X, de-
cays in the heavy quark limit using perturbative QCD. We
found that the next leading order corrections introduce sub-
stantial modifications to the leading native factorization re-
sults (more than 50% The branching rati®dr(B— ¢K) is
predicted to be in the rangeF? "(m3)/0.331%(3.2-4.5)

X 10~ ® which is within the oneo allowed region from the
central value of 6.2 10" ® measured by CLEO, but outside
the oneo allowed region from the central value of 17.2
X 10~ measured by BELLE for reasonal#§ . For the
semi-inclusive deca— ¢ X we also included initial bound
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state effect in the heavy quark limit that decreases thend about the method based on QCD improved factorization
branching ratio by about 109Br(B— ¢X,) is predicted to approximation.

be in the range (5:36.0)x 10 °. Future experimental data  This work was supported in part by NSC under Grant No.
will provide us with more information about these decaysNSC 89-2112-M-002-016 and the NCTS.
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