Eur. Phys. J. C 23, 89-112 (2002)
Digital Object Identifier (DOI) 10.1007 /5100520100856

THE EUROPEAN
PHYSICAL JOURNAL C

Branching ratios for B — K*~ and B — p~ decays
in next-to-leading order in the Large Energy Effective Theory

A. Ali', A.Ya. Parkhomenko?3

! Deutsches Elektronen Synchrotron DESY, 22603 Hamburg, Germany
2 Institut fiir Theoretische Physik, Universitit Wiirzburg, 97074 Wiirzburg, Germany

3 Department of Theoretical Physics, Yaroslavl State University, Sovietskaya 14, 150000 Yaroslavl, Russia

Received: 2 November 2001 /
Published online: 14 December 2001 — (© Springer-Verlag / Societa Italiana di Fisica 2001

Abstract. We calculate the so-called hard spectator corrections in O(a;) in the leading-twist approximation
to the decay widths for B — K*~ and B — pvy decays and their charge conjugates, using the Large Energy
Effective Theory (LEET) techniques. Combined with the hard vertex and annihilation contributions, they
are used to compute the branching ratios for these decays in the next-to-leading order (NLO) in the strong
coupling «s and in leading power in Aqcp/Mp. These corrections are found to be large, leading to the
inference that the theoretical branching ratios for the decays B — K™~ in the LEET approach can be
reconciled with current data only for significantly lower values of the form factors than their estimates in the
QCD sum rule and Lattice QCD approaches. However, the form factor related uncertainties mostly cancel in
the ratios B(B — py)/B(B — K*v) and A = (AT°+A79)/2, where A*? = I'(B* — p*v)/[2I'(B°(B°) —
poy)] — 1, and hence their measurements will provide quantitative information on the standard model
parameters, in particular the ratio of the CKM matrix elements |V;q/Vis| and the inner angle « of the
CKM-unitarity triangle. We also calculate direct CP asymmetry for the decays BT — pT~ and find, in
conformity with the observations made in the existing literature, that the hard spectator contributions
significantly reduce the asymmetry arising from the vertex corrections. In addition, the sensitivity of the

CP asymmetry on the underlying parameters is found to be discomfortingly large.

1 Introduction

There exists a lot of theoretical interest in measuring the
branching ratios for the inclusive radiative decays B —
Xy and B = Xgv. The corresponding exclusive radia-
tive decays B — K*y and B — p7v, and related de-
cays involving higher K* and p-resonances, are experi-
mentally more tractable but theoretically less clean. In
particular, the form factors entering in these decays have
to be determined from a non-perturbative approach such
as lattice-QCD or QCD sum rules. Alternatively, these
form factors can be related to the ones in the semilep-
tonic decays B — pfr, using heavy quark symmetry and
determined from data on the semileptonic decays. As the
heavy quark symmetry is broken by perturbative QCD
and non-perturbative power corrections, these effects will
have to be taken into account at some level. This should
enable us in principle to predict the branching ratios in
radiative decays in a theoretically controlled way. In the
Standard Model (SM), measurements of the radiative de-
cays in question, as well as their semileptonic counterparts
B — (K,K* m p)tt¢~, will constrain the matrix ele-
ments of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
[1]. In particular, the ratios of the branching ratios B(B —
p7)/B(B — K*v) would provide independent and com-

plementary information on the CKM matrix element ra-
tio |Viq/Vis|. Likewise, the isospin-violating ratios AT0 =
r(B* — p*y)]/[2I(B°(B°) — p°y)] — 1 and the CP-
asymmetry in the rate difference Acp(p*y) = [['(B~ —
p~y) = I(BY = p*y)]/[['(B™ = p™v) + (BT — p*7)]
will determine the angle o, which is one of the three in-
ner angles of the CKM-unitarity triangle. They are also
sensitive to the presence of physics beyond the SM, such
as supersymmetry [2,3]. It is therefore imperative to firm
up theoretical predictions in exclusive decays B — V),
with V' = p or K*, for precision tests of the SM and to
interpret data for possible new physics effects in these de-
cays.

To compute the branching ratios reliably, one needs to
calculate at least the explicit O(«s) improvements to the
lowest order decay widths and take into account the lead-
ing power corrections in a well-defined theoretical frame-
work, such as the heavy quark effective theory (HQET).
More specifically, theoretically improved radiative decay
widths for B — V', require the calculation of the renor-
malization group effects in the appropriate Wilson coefhi-
cients in the effective Hamiltonian [4], an explicit O(as)
calculation of the matrix elements involving the hard ver-
tex corrections [5-7], annihilation contributions [8-10],
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which are more important in the decays B — pvy, and
the so-called hard-spectator contributions involving (vir-
tual) hard gluon radiative corrections off the spectator
quarks in the B-, K*-, and p-mesons [11,12]. These correc-
tions will shift the theoretical branching ratios and induce
CP-asymmetries in the decay rates, where the latter are
expected to be measurable only in the CKM-suppressed
decays B — pvy in the SM. In addition, the annihila-
tion and the hard gluon radiative corrections explicitly
break isospin symmetry, leading generically to non-zero
values for A*0 in B — py decays, and to a lesser ex-
tent also for the B — K™ decays. While the former have
been calculated in the lowest order in [8,9], and the ex-
plicit O(as) corrections to the leading-twist (twist-two)
annihilation amplitudes are found to vanish in the chi-
ral limit [10], the commensurate contributions from the
hard spectator diagrams have to be included in the com-
plete O(a;)-improved estimates. In this paper we compute
these corrections to the leading-twist meson distribution
amplitudes, borrowing techniques from the so-called Large
Energy Effective Theory (LEET) [13,14]. In doing this,
we correct several errors in the derivation of the decay
widths for B — p7, presented in the earlier version of this
paper, and discuss in addition the decays B — K*~v at
some length in view of its current experimental interest.
In a closely related context, a part of these corrections
were calculated some time ago by Beneke and Feldmann
[12]. With the remaining contribution of the hard spec-
tator corrections presented here, and in the meanwhile
also reported by Beneke, Feldmann and Seidel [15], and
by Bosch and Buchalla [16], the decay rates for B — K*v
and B — pvy are now quantified in the LEET approach, up
to and including the NLO corrections in o and to leading
power in Aqgcp/M, where M is the B-meson mass, in the
leading-twist approximation. These predictions have to be
confronted with data, which we undertake at some length
in this paper.

We use the O(a;)-improved estimates for the decay
rate for B — K*+, presented here, the corresponding the-
oretical results for the inclusive decay rate for B — X,
obtained in [4,17,18], and current data on the branching
ratios for B — K*v [19-21] and B — X7 [22-24] to de-

termine the form factor §(lK )(0) in the LEET approach.
This yields £ ¥ (0) = 0.2640.04, which is similar, though
not identical, to the result fg_K*)(O) = 0.2440.06 obtained

in [15] in the same framework, using the experimental
branching ratio for B — K*v only. Relating the LEET-

theory form factor §(lK*)(0) to the full QCD form factor
Tl(K*) (0), with the help of the O(ay)-relation calculated in
[12], yields T (0) = 0.28 +:0.04. This is to be compared
with a typical estimate in the light-cone QCD (LC-QCD)
sum rule, 75 (0) = 0.38 +£0.05 [25,26] and from the lat-
tice QCD simulations TI(K )(O) = 0.3210-0% [27]. Thus, the
form factor T 1(K*)(O) in the LEET approach is found to
be smaller compared to the values obtained in the other

two methods. At this stage, the source of this mismatch
is not well understood.

What concerns the decay B — py, we combine the
current determination of fg_K )(O) in the LEET approach
with an estimate of the SU(3)-breaking effects in the form
factors, using a light-cone QCD sum rule result for this
purpose, fg_p)/ff{ ) = Tl(p) (O)/Tl(K )(O) ~ (0.76+0.06 [28],
yielding fg_p) = (0.20 = 0.04. This allows us to calculate the
branching ratios for the decays B® — p°y, Bt — p*~ and
their charge conjugates. However, as we show by explicit
calculations in this paper, a parametrically more stable
quantity for this purpose is the ratio B(B — pv)/B(B —
K*~). Theoretically, this ratio can be expressed as

BaB=p) _ g Vil (o mp/APP
Ba(B — K) | Vis| (1—m3./M?)3
x[1+ AR(p/K™)],

where ¢ = fg_p)(O)/fﬁ_K*)(O) is the ratio of the HQET/
LEET form factors, S, = 1(1/2) are the isospin weights
for the p*(p%)- meson, and the dominant dependence on
the CKM matrix elements is made explicit. We calculate
AR(p/K*), to leading order in o, and Agcp/M, includ-
ing the leading order annihilation contributions in B — py
decays, and study its sensitivity to the underlying input
parameters. Knowing AR(p/K*) and ¢, the branching
ratio for B — py can be predicted in terms of the al-
ready known branching ratios for B — K*vy. Averaged
over the charge conjugates, we find By, (BT — ptvy) =
[0.85 + 0.30(th) + 0.10(exp)] x 1076 and By, (BY/B° —
p%y) = [0.49+£0.17(th) £0.04(exp)] x 10~¢, where the the-
oretical uncertainty is dominated by the current dispersion
on the CKM parameters and the meson wave functions.
The experimental uncertainty enters through the present
measurements of the branching ratios for B — K*~. The
isospin-violating ratios A*? and the charge conjugate av-
eraged ratio A = (AT + A=0)/2 are also calculated to
the stated level of theoretical accuracy. The resulting cor-
rections are found to be small in A, in particular in the
allowed CKM parameter range determined from the CKM
unitarity fits in the SM.

Finally, we compute the leading order CP-asymmetry
Acp(pT) involving the decays B* — p*+. The CP-
asymmetry arises due to the interference of the various
penguin amplitudes which have clashing weak phases,
with the required strong interaction phase provided by
the O(as) corrections entering the penguin amplitudes
via the Bander-Silverman-Soni (BSS) mechanism [29]. We
find that the hard spectator corrections significantly re-
duce the CP-asymmetry calculated from the vertex con-
tribution alone in B — py decays, in line with the observa-
tion made by Bosch and Buchalla [16]. However, this can-
cellation, and the resulting CP asymmetry, depend rather
sensitively on the ratio of the quark masses m./m;. This
parametric dependence, combined with the scale depen-
dence of Acp(p*), already discussed in [16], makes the
prediction of direct CP-asymmetry rather unreliable, as
we show explicitly in this paper.

This paper is organized as follows: In Sect. 2, we intro-
duce the underlying theoretical framework (LEET) and
the relations involving the B — V (V = p, K*) form
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factors resulting from the LEET symmetry, and sketch
the explicit O(a,)-breaking of these relations. The hard
scattering amplitude involving the spectator diagrams in
B — V'~ decays are calculated in Sect. 3. Explicit forms
of the O(as)-corrected matrix elements for these decays
are given in Sect.4. Numerical results for the branching
ratios for B — K*vy and B — py are presented in Sect. 5.
Isospin-violating ratios and the charge conjugate averaged
ratio A for the decays B — pvy, and the CP-violating
asymmetry Acp(pT7) are given in Sect.6. We conclude
with a brief summary and some concluding remarks in
Sect. 7.

2 LEET symmetry and symmetry breaking
in perturbative QCD

For the sake of definiteness, we shall work out explicitly
the decays B — pr; the differences between these and
the decays B — K™ lie mainly in the CKM matrix ele-
ments and in the wave functions of the final-state hadrons,
and they will be specified in Sects. 4 and 5. The effective
Hamiltonian for the B — py decays (equivalently b — dvy
decay) at the scale p = O(my), where my, is the b-quark
mass, is given by

Gr
Heg = — 4V Vi

+Va Ve [C17 (1) OF () + 57 () 08 ()] (2.1)

(1 (1) 04 () + €5 1) O5” ()|

~VaoVia [CF7 (1) Oz (1) + C5™ (1) Os (u)] +}

where we have shown the contributions which will be im-
portant in our calculations. Operators qu) and 05", (¢ =
u,c), are the standard four-fermion operators:

O = (duy,(1 = 75)45) (@57 (1 = 75)ba);

O = (daryu(1 = 75)4a) (@57 (1 = 75)bg),

and O7 and Og are the electromagnetic and chromomag-
netic penguin operators, respectively:

(2.2)

Or = 727;1; (doo™ (1 +75)ba) Flus
_ gy 5 o .
Os = ]2 (dao™ (14 75)Tagbs) Gy, - (2.3)

Here, e and g, are the electric and colour charges, F},, and
Gy, are the electromagnetic and gluonic field strength
tensors, respectively, Tj; are the colour SU(N.) group
generators, and the quark colour indices a and 3 and glu-
onic colour index a are written explicitly. Note that in the
operators O7 and Og the d-quark mass contributions are
negligible and therefore omitted. The coefficients qu)(,u)
and C’é‘”(u) in (2.1) are the usual Wilson coefficients cor-

responding to the operators O%q) and (’)gq) while the coef-
ficients C£% (1) and C§® (11) include also the effects of the

QCD penguin four-fermion operators Os and Og which
are assumed to be present in the effective Hamiltonian
(2.1) and denoted by ellipses there. For details and nu-
merical values of these coefficients, see [30] and reference
therein. We use the standard Bjorken-Drell convention
[31] for the metric and the Dirac matrices; in particu-
lar v5 = i7%y'9243, and the totally antisymmetric Levi-
Civita tensor €, is defined as €g123 = +1.

The effective Hamiltonian (2.1) sandwiched between
the B- and p-meson states can be expressed in terms of
matrix elements of bilinear quark currents inducing heavy-
light transitions. These matrix elements are dominated
by strong interactions at small momentum transfer and
cannot be calculated perturbatively. The general decom-
position of the matrix elements on all possible Lorentz
structures (Vector, Axial-vector and Tensor) admits seven
scalar functions (form factors): V, A;, and T; (i = 1,2,3)
of the momentum squared ¢? transferred from the heavy
meson to the light one. When the energy of the final light
meson F is large (the large recoil limit), one can expand
the interaction of the energetic quark in the meson with
the soft gluons in terms of Aqcp/E. Using then the effec-
tive heavy quark theory for the interaction of the heavy
b-quark with the gluons, one can derive non-trivial rela-
tions between the soft contributions to the form factors
[14]. The resulting theory (LEET) reduces the number
of independent form factors from seven in the B — p
transitions to two in this limit. The relations among the
form factors in the symmetry limit are broken by pertur-
bative QCD radiative corrections arising from the vertex
renormalization and the hard spectator interactions. To
incorporate both types of QCD corrections, a tentative
factorization formula for the heavy-light form factors at
large recoil and at leading order in the inverse heavy me-
son mass was introduced in [12]:

fi(@®) = CLeés + O + S5 @ Ty © B, (2.4)
where f(¢?) is any of the seven independent form factors
in the B — p transitions at hand; £, and &) are the two in-
dependent form factors remaining in the LEET-symmetry
limit; T} is a hard-scattering kernel calculated in O(as)
containing, in general, an end-point divergence in the de-
cay B — py which must be regulated somehow; 5 and &,
are the light-cone distribution amplitudes of the B- and p-
meson convoluted with Ty; Cx = 1+ O(as) are the hard
vertex renormalization coefficients. Hard spectator correc-
tions contribute to the convolution term in (2.4). They
break factorization, implying that their contribution can
not be absorbed in the redefinition of the first two terms,
and they are suppressed by one power of the strong cou-
pling a; relative to the soft contributions defined by &
and &)|. To compute the hard spectator contribution to the
B — pvy decay amplitude, one has to assume distribution
amplitudes for the initial and final mesons. To leading
order in the inverse B-meson mass, the dominant con-
tribution is from the leading-twist (twist-two) light-cone
distribution amplitudes of the mesons. In this approach
both the B- and p-mesons can be described by two con-
stituents only, for example, B~ = (bu) and p~ = (du),
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and the higher Fock states involving in addition gluons
are ignored. We show here that the tentative factorization
Ansatz given in (2.4) holds and derive the explicit cor-
rections to the amplitudes B — V', where V = p, K* in
the LEET approach. We note that an O(«y) proof of the
validity of (2.4) has, in the meanwhile, also been provided
by Beneke, Feldmann and Seidel [15], and by Bosch and
Buchalla [16].

We restrict ourselves with the following kinematics in-
volving quarks [12]: the momenta of the b-quark and the
spectator antiquark in the B-meson are

“w

Iy l
Pl 1“72 nk + 1+ —nk,

2

and for the quark and antiquark in the p-meson we de-
compose their momentum vectors as follows

K ~uEn" + K, +O(k?),
kY ~aEn" — K +O0(k3),

~ my v, (2.5)

(2.6)

. : 2 _ I I
where v* is the heavy meson velocity (v* = 1), n” and n/

are the light-like vectors (n% = 0 and (n_n,) = 2) par-
allel to the four-momenta p* and g of the p-meson and
the photon, respectively, in the approximation when the
effects quadratic in the light meson mass are neglected, so
that p? = mi ~ (. However, we shall keep the p-meson
mass in the phase space factor for the decay B — pv. In
the above formula u and @ = 1 — u are the relative en-
ergies of the quark and antiquark, respectively. In terms
of these vectors the B-meson four-velocity can be decom-
posed as v* = (n" +n/)/2. Due to the energy-momentum
conservation in a two-body decay the energy of the p-
meson is F ~ M/2, where M is the B-meson mass, as
well as the energy of the photon w ~ M/2 (we assume
that ¢ = wn’l). The four-vectors I/ and k| describe the
transverse motlon of the light quarks in B- and p-mesons,
respectively, and are of order Aqcp. In this approach we
neglect the internal motion of the b-quark in the B-meson,
which is also of order Agcp, and consider the b-quark
static in the B-meson rest frame (see (2.5)). It means that
the light antiquark in the heavy meson do not influence
strongly the B-meson kinematics, and its energy is also of
order Aqgcp (I+ ~ Aqep), i-e., it is of the same order as
its transverse momentum li.

Spectator corrections to the B — py decay amplitude
can be calculated in the form of a convolution formula,
whose leading (~ a;) term can be expressed as [12]:

dly jB)Ml(ip)ﬁjkz, (2.7)

1
AMESA) 4ms / du
0

where N, is the number of colours, Cp = (N2 —1)/(2N,)
is the Casimir operator eigenvalue in the fundamental
representation of the colour SU(N,) group, and Tk is
the hard-scattering amplitude which is calculated from
the Feynman diagrams presented in the next section. The
colour trace has been performed, while the Dirac indices
i, j, k, and [ are written explicitly. The leading-twist two-

particle light-cone projection operators M ;f) [32,12] and

and B — py decays

Fig. 1. Feynman diagrams contributing to the spectator cor-
rections involving the O7 operator in the decay B — p7y. The
curly (dashed) line here and in subsequent figures represents a
gluon (photon)

M, l(ip ) [33,12] of B- and p-mesons in the momentum repre-
sentation are:

e 1”’{ s+ 0P 0y)
)
X <7¢ —Z+VLW> 5 ) (2.8)
+ ik I=(4+/2)ny
M = =2 (1P $ 0 @) + 17 E e 6 )]

(2.9)

where fg is the B-meson decay constant, fﬁp) and fip) are
the longitudinal and transverse p-meson decay constants,
respectively, and ¢, is the p-meson polarization vector.
These projectors include also the leading-twist distribu-
tion amplitudes ¢S_B)(l+) and ¢(_B)(l+) of the B-meson
and qb‘(lp) (u) and (bg_p) (u) of the p-meson.

3 Hard spectator contributions
in B — V'~ decays

We now present the set of the hard-scattering amplitudes
contributing to the spectator corrections to the B — V'
decays, where V' = p, K*. These are calculated in O(asy)
based on the Feynman diagrams which we show and dis-
cuss in this section.

1. Spectator corrections due to the electromagnetic dipole
operator O7. The corresponding diagrams are presented
in Fig. 1. The explicit expression is:

f'f( )emb(:u) [’Yﬂ]kl

47T2 (l - k2)2
Po+] — Ko +my
pb+l—k2)2—m§7”

1 GF s e
TS0 = —lﬁthVibC?

(goe*)(1 +5) (

Fi+H2—]
" (k1 + ko —1)?

+7 (goe*)14+5)| , (3.1)
ij

where we have used a short-hand notation (goe*) = o
quey,

2. Spectator corrections due to the chromomagnetic dipole
operator Og. The corresponding diagrams are presented in

Fig. 2. The top two diagrams (Fig. 2a) give the corrections
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a
Og 08
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QQ000
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Q00004
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b

Fig. 2a,b. Feynman diagrams contributing to the spectator
corrections involving the Og operator in the decays B — V.
Row a: photon is emitted from the flavour-changing quark line;
Row b: photon radiation off the spectator quark line

for the case when the photon is emitted from the flavour-
changing quark line and the result is:

725?5) = _if/gv&‘/}bcéﬂ(ﬂ) 671712})755) (Vo ]kt Ell : Z))g
. Pt -k
¢ maw(lJr%)
+ 0 (1 +75) (glij__lI)er”ﬂf . (3.2)

ij

where the value of the b-quark charge Q, = —1/3 is taken
into account. The second row (Fig.2b) contains the dia-
grams with the photon emission from the spectator quark
which results into the following hard-scattering amplitude:

G u
T = Sy () L)
—k
X [0 (14 75)]ij W (3.3)

o+l -t

* * %14_]7{2_]519
Yty Y

(kl + k2 _pb)2 R kl .

Note that this amplitude depends on the spectator quark
charge Qq(,) and hence is a potential source of isospin
symmetry breaking.

8. Spectator corrections involving the penguin-type dia-
grams and the operator Osz. The corresponding diagrams
are presented in Figs. 3, 4, and 5. The hard-scattering am-
plitude corresponding to the two diagrams in Fig. 3a in-
volving the emission of the photon from the b- or d-quarks
is as follows:

Gr e

i$—¢ﬂ422VmwﬂNMFU%m
kQ*ly 2
% [{%_( (/@)_(]7;)2 l)}(l—%)

i
[

b

Fig. 3a,b. Feynman diagrams contributing to the spectator
corrections in B — V-~ decays involving the O2 operator.
Row a: photon emission from the flavour-changing quark line;
Row b: photon radiation off the spectator quark line

il —1+my o
(k1+k22fl)2fm§¢ +¢

(ko — 1), (K2
X{%‘ (ks — 12

Po+]— ¥
(pp +1 — k2)?

_1)}(1 —75)1 K

]

(3.4)

where the function AF;(2(/)) results from performing the
integration over the momentum of the internal quark f
having the mass my [34]:

(3.5)
and its argument is z§f) = (k2 — l)2/m? ~ —]\ﬂJrﬁ/m?7
in the limit of the large recoil and to leading order in
the inverse B-meson mass. In (3.5) the function Qo(z) is
defined as follows:

1

/duln [1—zu(l—w),

0

(3.6)

and for the case Imz > 0 it has the form [34]:

u_(z)

uy(z)

Qo(2) = =2 — [uy(2) — u_(2)] <ln

ui(z):;<1i\/1—j>.

The argument z(f) of the function AF} (zg)) in (3.4) can

be large (2\") ~ MAqcp/m? for the u-quark), and the
asymptotic form of this function at large values of its ar-
gument is of interest:

+ m) . (3.7)
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02 02

Fig. 4. Feynman diagrams contributing to the spectator cor-
rections in B — V'~ decays involving the O» operator for the
case when both the photon and the virtual gluon are emitted
from the internal (loop) quark line

~ 2 Kl - ) {ml +m]
Z—r00 3 Z
§+6+3
+3 .

Thus, in the case of the internal u-quark loop, the func-
tion AF} (z) is enhanced by the large logarithm In(m, /M).
However, as it has been shown in [35], summing up to all
orders in ay, the penguin-like diagrams relevant for the
b — dy process can be safely calculated by taking the
massless limit for the u-quark in the penguin loop. This
implies that, despite the superficial appearance, no large
enhancement in the amplitude due to In(m, /M) is en-
countered.

Diagrams in Fig. 3b describing the emission of the pho-
ton from the spectator quark line yield:

G eQdu *
— =5 Y ViV O (n) AR (=)

V2 8r? .
. K1t Ha—p po+l—¥

" [¢ < (pb+l—k1>2¢Ll

. (3.9)

ki + ko — py)?
(pb - kl)u } :|
H% (py — k1)? B =)y (1 =) ij
where the argument of the function AF;(z, (f)) is z(() ) =
(py — k’l)g/m? ~ M%j/m? in the large recoil limit.

There exists another topological class of diagrams con-
tributing to the spectator corrections involving the effec-
tive bdg*~y vertex presented in Fig.4. The expression for
the one-particle irreducible (OPI) bdg*y* vertex as well as
the general bdg*y* case are known since a long time [34].
For an on-shell photon ¢ = 0, the OPI vertex is simplified
and can be found in [6] and [7] for the four-dimensional
and arbitrary d-dimensional momentum spaces, respec-
tively. For the case considered here, the four-dimensional
result derived in [6] is used.

The hard scattering amplitude corresponding to the
diagrams shown in Fig. 4 is:

AFy(z)

(3.8)

Yo + Yo

X

7w _ _Gr ¢ o2A7Y
J

V2 672 (k2 —1)% (q[k2 — 1])
{ |:qy E(kQ - la 6*, q)
E(v,e*,q) + (e

x > ViV O (n)
f=u,c

—(qlk2 = 1])

*[kQ - l])E(Q7yv k2 - l)

—(qlk2 = 1)) E(e*, v, ko — l)} Ai5(z(()f),z§f),0)
[(kQ - l)2 E(Va 6*, Q) + (k2 - l)l/ E(E*a k2 - la Q)]

XAi25 (Z(()f), Z§f), 0) } (1 — "/5)‘| s
ij

where the value @, = 2/3 of the electric charge of the
quark in the loop is taken into account, and we have used a
short-hand notation for the following expression involving
products of y-matrices:

(3.10)

1 . o
E(w,v,p) = 5 (Yo =1 0) = ~i€uwpo 1% 5. (3.11)
The equality shown above is valid in the four-dimensional
space only. In (3.10) the functions Ais(2g, 21,0) and Aigs

(20, 21,0) are [6]:

Aig,(Zo, 21, O) =—-1+ Zo — [QO(ZO) QO(Zl)]
2
-—— 0-(9—0-Gal, (12
Ai25(207 21, 0) = Qo(Zo) — Qo(zl). (313)
The auxiliary function Qo(z) is defined in (3.6), and the
other auxiliary function Q_(z) is:
1
Q_(2) = / % Infl—zu(l—u), (3.14)
0

with the explicit form for the case Imz > 0 [34]:

Q (2) = % (mZ;Eg +m>2,

where the definition of uy(2z) can be found in (3.7).

S = oy — k1)?/m3 =~ M2a/m?
and zl (ko — 1)2/m?2 ~ —Ml+12/m already speci-
fied above depend on tﬁe internal quark mass my, and
in the case of the u-quark, they are large practically in
all the region of the variables u and ;. This is not the
case for the c-quark contribution in the internal loop, and
the charm quark mass-dependent corrections can be im-
portant [15,16]. Note that the value of z%f) is suppressed

by the factor Aqcp/M in comparison with z(()f) and in the

framework of the large recoil limit the corrections of or-
der z§f ) / z(()f ) can be neglected. In this case, the functions
(3.13) and (3.12) are reduced, respectively, to Aias(z0, 0,

0) = Qo(z0) and

(3.15)

The arguments 25

. 2
Ais(20,0,0) = -1 — — Q_(20)
20

_ {—1 + (4/2) arctan? [1/\/(4/20) - 1] , 20 < 4,

—1— (In[u_(20) /us (20)] +im)* /20, 20 > 4.

Using the properties of the dilogarithmic function Lis(z),
the functions ¢, (u,m,) in the limit ¢ — 0 ((33) derived

(3.16)
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Fig. 5. Feynman diagrams contributing to the spectator cor-
rections in B — V' decays involving the Oz operator for the
case when only the photon is emitted from the internal (loop)
quark line in the bs(d)y vertex

in [15]) and h(u,s) ((35) in [16]) are the same as the func-
tion Ais (2,0, 0), derived here, up to overall factors given
below:
_ 1 2 ..
ha,s) =— =ti(u,mg) = —Ai5(2,0,0).
2 4250 U

Finally, there are also diagrams where a photon is emitted
from the internal quark line due to the effective b — s(d)~y
interaction and a gluon is exchanged between the specta-
tor quark and the b- or s(d)-quarks (see Fig.5). Note that
in the momentum space the amputated b — s(d)7y vertex
due to the four-fermion quark interaction (the Oy vertex)
has the form [34,7]:

2
e q
I;(Lf) = _6? AFl <,rn?c> [qldi - q27;t] (1 - 75) ) (317)

where the function AF;(z) is defined in (3.5). For the real
photon case (¢ = 0), the amplitude contains the scalar
product (e*I1)) ~ (e*q)¢ —q>¢* which is zero. This vertex
gives a non-vanishing contribution for off-shell photons,
such as b — s(d)y* — s(d)IT1~, which, however, is not
the process we are considering in this paper. Hence, for
on-shell photon, the Feynman diagrams in Fig.5 do not
contribute to B — K*(p)vy (or b — s(d)7).

4 O(a)-corrected matrix elements
for B — V'~ decays

The convolution of the B- and vector (p- or K*-) meson
projection operators displayed in (2.8) and (2.9), respec-
tively, with the hard-scattering matrix elements derived
in the previous section can be written as:

*

e*e")

Gr ea,C
174 F sV F
AME) = T CCE [

)
\/§ 47TNC foJ_

+ieps(e*, e*,n_, (4.1)

5
o] San®.
k=1
where eps(a,b,c,d) = €,p0a"b”c”d’ and the upper in-
dex V (= K* or p) characterizes the final vector meson.

The dimensionless functions AH,EV) (k=1,2,3,4,5) de-
scribe the contributions of the sets of Feynman diagrams

presented in Figs. 1-5, respectively. In the leading order of

the inverse B-meson mass (~ Aqcp/M), the result reads

as follows:
AH{" () = ViV 5% ()

W [0, @)Y W

NN <1TQ>(LV) (H)} ; (4.2)
AHY (1) ~ % Vi Vi G5 (1) 1 (1)

x (171, (™) (), (4.3
Al ) =0 -
AHY () ~ éCz(u) M), ViV (7)) ()

FV Ve V) (2] (4.5)
AHY () ~ 0, (4.6)

where z = m2/m? and index p in the CKM matrix el-

ements is p = s for the K*-meson and p = d for the
p-meson. In the above results we have used the short-
hand notation for the integrals over the mesons distribu-
tion functions:

W, = [ o),
0

1
N W= [duf@olfww, @)
0

and for convenience the following function was introduced:

A V)
h(v)(z,u)—< is(20”.0. 0)+1> .

U
1

(4.8)

The function AH2(V) (1) (4.3) contains the distribution

moment < _1>(lv)7 which in the case of the p-meson can

—1\(p __
DY @)Y,
tribution function ¢(p )( ) is symmetric under the inter-
change u — @ = 1 — w [32]. This replacement is not valid
for the case of the K*-meson where a sizable asymme-
try under the interchange w — @ is present in the wave-
function [32]. The function AHZEV)(M) (4.5) arises from
the diagrams shown in Fig.4 with the internal u- and
c-quarks. The contributions of the internal quarks dif-
fer by the CKM factor V, Vyp, (f = u,c) and the quark
masses (m. and m,). If the internal quark masses are
neglected, an assumption made in the earlier version of
this paper but one which we no longer invoke here, then

C u) C'(c = (5. This follows as AH(V (1) originates in

the terms ~ Ais from the hard-scattering amplitude ’TJ 58
and the replacement Ais — —1 holds in the chiral inter-
nal quark limit, m; = 0. By making use of the unitarity
relation Vi Vip + Vi Vep + Vi3 Vip = 0 their sum can be

be replaced by (u as the p-meson dis-
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Table 1. Representative values of the K™~ and p-meson parameters in the decays
B — Vv (V = p,K*) at the scales u = psp = 1.52 GeV for the hard spectator
corrections and p = myp pole = 4.65 GeV for the vertex corrections. The central
values of the parameters shown in Tables 4 and 6 are used as inputs with \/z =

me/my = 0.29
K*-meson p-meson
Hsp Mp,pole Hsp Mp,pole
1, [GeV] 1.52 4.65 1.52 4.65
a(fl) (1) 0.187 0.164 0 0
ai‘g)( 0.036 0.029 0.179 0.143
ho(2) 3.91+i1.64 3914+i1.64 391+i1.64 3.91+i1.64
V) (2, ) 47240146  4.62+4i1.49  4.01+i1.45 3.99 +i1.48
(a1 3.67 3.58 3.54 3.43
h<‘f>/<a*1><f> 12049040 1.29+4i042 1.13+i041  1.16+40.43
V), [MeV] 179 167 155 145
AFY) (1) 1.96 1.79 1.64 1.48

expressed in terms of one independent CKM combination
VipVip (the first term in the bracket of (4.5)). The cor-
rection due to the non-zero c-quark mass, which comes
weighted by its own CKM factor V,Vep, is contained in
the second term of (4.5). A detailed dlscusswn of the im-
portance of these corrections will be discussed below. (See,
also [36].)

The result obtained above deserves a number of com-
ments. First, note that the diagrams shown in Fig. 3 in-
volving the operator Qs do not contribute in the large
recoil limit and to leading order in the inverse B-meson
mass. Second, there are no contributions from the dia-
grams involving the chromomagnetic operator Og for the
case where a photon is emitted from the spectator line
(Figs.2b). It means that no new contributions to the
isospin-breaking corrections to the decay rates B — Vv
arise from the hard-spectator corrections in the large recoil
limit. Third, the contribution from the diagrams shown
in Fig.1 contains an end-point singularity of the form

12_2>(V) whereas the diagrams in Figs.2 and 4 give fi-
nite contributions. As argued by Beneke and Feldmann
n [12], this end-point singularity describes the soft-gluon
physics of the matrix element and can be absorbed into

the “soft form factor” 51‘/). This removes the singularity
but introduces a factorization scheme (or renormalization
convention) for the “soft form factor”. After adopting this
procedure, the hard-spectator corrections to the B — V'~
decay amplitude depends on the product of the moment

se2fe (1) ;1)
AP ) = =i, (@) ),

-1
<l+ >+
the B-meson distribution function ¢SFB)(Z+) which is typ-
ically estimated as )\g’lJr = (3£ 1) GeV [33,12]. At the
scale psp = +/mpAg of the hard-spectator corrections,
and for the central values of the parameters shown in
Table 1 with )\; 4+ = 3 GeV, this quantity is evaluated
as AFS) (ug, = 1.52 GeV) = 1.96 and AF\ (py, =
1.52 GeV) = 1.64 for the K*- and p-meson, respectively.

In term of AFiV)(/J,) the hard-spectator part of B — V-
decay amplitude has the form:

(4.9)

where )\glJr = is the first negative moment of

GF O € v
\ththb e ﬁAFi)(M)

x [(pP) (e*e
. 1
x | Cs™ () + 3 C
ch};%b h(v) (Za /.L)

() + 5 Colp)
XQ+* MG, )L (1.10)
Vip Vo (@) ()

where P = Mv and p = En_ ~ Mn_/2 are the four-
momenta of the B- and vector meson, respectively, and,

AMgy =

") +ieps(e”, &%, p, P)]

. i . _ N

of the B-meson distribution <l_;1>+ with the vector me- > (4.2)-(4.6), index p = s or d for the case of K™ or
) () Prmeson. . .

son transverse distribution averageS' <1‘f1>(l , <u’1> e We now proceed to give an analytic result for the func-

and hV) = ((Ais + 1)/u> . These products are intrin-
sically non-perturbative though universal quantities and
will have to be determined either by data from elsewhere
or else resorting to models for the B-meson and the vector
meson distribution functions.

It is convenient to introduce the dimensionless quan-
tity [12]

tion h()(z, ). To that end we recall that the leading-

twist transverse distribution amplitude (i)(lv) (u, p) of a vec-
tor meson is the solution of an evolution equation and has
the following general form [32]:

(V)(u ) =6uu |14+ Z a(v

n=1

)O3 2 (w—a)|, (4.11)
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where C3/ *(u— @) are the Gegenbauer polynomials [C’f /2
(u—1a) = 3(u— 1), C3*(u—a) = 3[5(u—u)?—1]/2,
etc.] and a(jQ () are the corresponding Gegenbauer mo-
ments (the p-meson distribution amplitude includes the

even moments only). These moments should be evaluated
at the scale p; their scale dependence is governed by [32]:

ol = (24 2))%% o) (1o),

(4.12)

where 8y = (11N, —2ny)/3 and v, is the one-loop anoma-
lous dimension with Cp = (N2 —1)/(2N,) = 4/3. In the
limit ¢ — oo the Gegenbauer moments vanish, a(j;)(,u) —
0, and the leading-twist transverse distribution amplitude
has its asymptotic form:

W (u, 1) = 7 () = 6ua. (4.13)

A simple model of the transverse distribution which in-

cludes contributions from the first aﬁ_vl) (1) and the sec-

ond aﬁ_vz) (1) Gegenbauer moments only is used here in

the analysis. In this approach the quantities <u*1>1v) and
<11_1>S_V) are:
) =3 [t o + ],
@ =3 [1+aYw+aP W], @1

and depend on the scale u due to the coefficients aS_Vn) ().
The Gegenbauer moments Were evaluated at the scale

fo = 1 GeV yielding [32]: ‘Ul (1 GeV) = 0.20 +£ 0.05
and aJ_2 (1 GeV) = 0.04 £ 0.04 for the K*-meson and
al’)(1 GeV) = 0 and a'f)(1 GeV) = 0.20 £ 0.10 for the

p-meson. In the same manner, the function (V) (z, 1) in-
troduced in (4.8) can be presented as an expansion on the
Gegenbauer moments:

h(v)(Z,IU,) = ho( )+aJ_1 ( )hl( )+CLJ_2( )hQ( ) (415)
[1 + 30 (1) + 60, (1 )] ((Ais + 1) /a) )
=6 [a) () + 505 ()] (45 + 1))
+30al) (u) (@ (Ai5 + 1),

where another short-hand notation is introduced for the
integral:

u)) ) —/duf &7 (u). (4.16)

Such a decomposition allows us to define the set of func-
tion hy,(z) which are dependent on the charm-to-bottom
quark mass ratio z = m2/m? but are independent of the

5.0
4.0 A r
Re ho(z)
3.0 9 r
e N
I ~
2.0 S L
! N
7' N
1
1 Imh
1.0 . o(2) L
" \\\
0.0 T T T T T T w\\T" T
0.00 0.05 010 0.15 020 0.25
z=m3/m}

Fig. 6. The function ho(z) plotted against the ratio m%/mj
where my is the b-quark mass. The solid curve is the real part
of the function and the dashed curve is its imaginary part

parameters of the vector meson in consideration. The an-
alytical expressions for the integrals in (4.15) are:

<Az’5(u/z,0,0) i 1><0>

U

1
=—22{6— In® 2 +6Qo(1/z)

3imln z
+\/ﬁ 2+ Qo(1/2)] —6(
—6[2Inug(1/2) —im] Lig(us-(1/2))
—6[2Inu_(1/2) 4 im] Lig(u—(1/2))
+ 12 [Lig(u4(1/2)) + Lis(u-(1/2))]},
(Ais (1) 2,0,0) + 1)V
_ 3z = (5—122) + 92 (1 - 22) Qo(1/2)
76,2 (1—4z+62%) Q_(1/z),
(u[Ais (1) z,0,0) + 1))V
= = (414 1442 - 72027)

6(1—22)Q_(1/2)

(4.17)

(4.18)

+§ (5 4 342 — 1202%) Qo(1/2)
(1/2),

where Qo(1/z) and Q_(1/z) are the functions defined in
(3.6) and (3.14), respectively, and the dilogarithmic Liz(z)
and trilogarithmic Lig(z) functions have their usual defi-

nitions:
[ In(1 — [ L

t
0 0

—2z (1 - 182% 4+ 402°) Q_ (4.19)

The result for the charm-quark mass dependent contri-
bution to AHAEV) in (4.5), ((Ais(z (C)) + 1)/u> , derived
above in the LEET framework is finite. We concur on this
point with the observations made in [15,16]. Moreover, we
have presented the resulting contribution in an analytic
form.
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Fig. 7. The functions hi(z) (left
figure) and ho(z) (right figure)
plotted against the ratio m%/mj

5.0
4.0 A
3.0
2.0 A
1.0 A
0.0 1
-1.04 R Im hy(2) F 1.0 .,
1 b 1 "7 Imhy(2)
_2.0 T T T T _2.0 T T T T
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 020 0.2
z=m}/mj z=m3/mj
5.0 5.0
| Re b (z,
4.0 4.0 (5 b -
Re h)(z, pgp) i
3.0 1 3.04, L
’ ~ 1 N
11 N 4 \
I R 1 ‘\
20! N 2.0 1! . ,
N N Im A (2, p,
{ o Im AP (2, pg) 1 R (2 tep)
1 S 1 N
1.0 N 1.0 AN r
I So ! ~
7I \\ ,I \\
0-0 T T T T T T T h T = T 00 T T T T T T s“ = T =
0.00  0.05 0.10 0.15 0.20 0.00 0.05 010 0.15 0.20 0.2

z=m}/m}

z =m}/mi

where my is the b-quark mass. The
solid curves are the real parts of the
functions and the dashed curves are
their imaginary parts

Fig. 8. The functions A" (z, usp)
for B — py (left figure) and
R (2, pep) for B — K*~ (right
figure) plotted against the ra-
tio m7/mj at the mass scale of
hard-spectator corrections s, =
1.52 GeV. The solid curves are the
real parts of the functions and the
dashed curves are their imaginary
parts

The real and imaginary parts of the functions h,(2)
are presented in Figs.6 (for n = 0) and 7 (for n = 1
and n = 2). The dependence on z = m2/m} of the func-
tion h(V)(z, u) (4.8) at the mass scale p = pigp, = 1.52 GeV
of hard-spectator corrections is presented in Fig. 8 for the
p- and K*-meson. The values of the corresponding Gegen-
bauer moments used for evaluations are given in Table 1.
Comparison of the numerical values for the functions hg(z)
and h(Y)(z, jusp) given in this table shows that the influ-
ence of the Gegenbauer moments is more sizable in the
case of the K*-meson, with the real part increasing by
~ 15% and the imaginary part decreasing by ~ 7%. In the
case of the p-meson, the imaginary part decreases approxi-
mately by a similar amount but the real part is practically
insensitive to the inclusion of non-leading Gegenbauer mo-
ments.

The amplitude (4.1) is proportional to the tensor decay

constant fJ(_V) of the vector meson which is a scale depen-

dent parameter. As for the Gegenbauer moments aﬂ_‘il),

its values were defined at the mass scale yg = 1 GeV
for the K*- and p-meson following [32]: fJ(_K )(1 GeV) =

(185+10) MeV and £ (1 GeV) = (160+10) MeV. Their
values at an arbitrary scale p can be obtained with the
help of the evolution equation [32]:

. (2)\ 4/ 350)
V() = (aEZ%D £ (o).

(4.20)

Central values of the tensor decay constants at the scales
tsp = 1.52 GeV and myp pole = 4.65 GeV are presented in
Table 1.

The amplitude (4.10) allows us to get the hard-
spectator corrections to the form factors for the B — V
transitions, with V' = p or K*. The relevant form factors
are defined as follows:

(V(p.e")|Qo" q,b|B(P))

=21 (¢?) eps(u,e*, p, P), (4.21)
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(V(p,e")|Q 0" 75,0 B(P))
=T (@) (M —m}) ™ — () (o + P)"]
—iTi"(¢%) (e*q) |q" — ﬁ (p+ P)*|, (4.22)
1%

where @) = d (for the p-meson) and @ = s (for the K*-
meson) are the down quark and strange quark fields. Note
that only two form factors T\")(¢?) and T."(¢?) con-
tribute to the matrix element of the B — V-~ decay.
Hence, the hard spectator corrections for these form fac-
tors from the amplitude (4.10) for on-shell photon (¢ = 0)
are:

a,Cp AFY

()

ATy (0) = ApTy" (0) = =+ =
Oy O ()
30§0)eff(ﬂ) 3C(O)eff( )

ViV hP(z,p)
1+V*V N , (4.23)
Ve (@) ()

for the p-meson, and

K*)(O) ~ asCF AFiK )(:U‘)
47 2

C(O)Cﬁ( ) <u71>(J_K*) (,LL)

K
ASPTI( )(0) = ASPTQ(

1 "
N SO (1 (@ )
" w (D)
3¢ (1) @O w /)]

(4.24)

for the K*-meson, in which the asymmetric distribution
of the K*-meson wave-function is taken into account. In
writing the last equation we have used the CKM-unitarity
relation ViV, / ViV, ~ —1. We remark that the contri-
bution obtained for the diagrams in Fig. 1 is the same as
the one presented in [12].

5 Branching ratios for the decays B — K*~y
and B — pvy

We shall proceed by first calculating the branching ra-
tios for the decays B — K™+ in the LEET approach. In
doing this, we will ignore the isospin-breaking differences
between the decay widths B* — K**y and B°(B%) —
K *O(I_( *0), as they are power suppressed. A recent calcu-
lation shows that such isospin-breaking terms can lead to
a difference at (4 — 8)% level in the amplitudes [37]. Since
present data is not precise enough to quantify isospin-
violations in the decays B — K*v, and the effect is any
case small, we average the data over the charged and neu-
tral decay modes to get a statistically more significant re-

sult for the form factor £€57)(0) (equivalently Tl(K*)(O)).

As we shall see, the exclusive branching ratios have signif-
icant parametric uncertainties, which translate into com-
mensurate theoretical dispersion on the form factors. To
reduce some of these uncertainties, we shall also calcu-
late the ratio of the exclusive to inclusive decay widths
R(K*v/Xsv) =T'(B — K*v)/I'(B — X,7), and extract
the form factor from the experimentally measured value
for R(K*v/Xs7).

The branching ratios for the decays B* — pT~v and
B%°(B%) — p% can be related to those of the exper-
imentally measured B-decay modes BT — K*t~ and
B? — K*%y, using SU(3)-symmetry breaking effects and
taking into account other differences in the decay ampli-
tudes of which the differing CKM structure is the most
important. An important difference in the B — p and
B — K~ transitions is that the annihilation contribution
is important in the former, leading to significant isospin vi-
olations in the decay rates for B* — p*+ and B® — p%.
We shall take these isospin violations in B — pvy decays
into account. The branching ratios for the B — p~y decay
modes will be obtained from the expressions

In(B* — p*v)

B(Bi - pify) = In(B — K*v)
X Bexp(BY — K**r), (5.1)
B(BO(BO) N pO,Y) _ Fth(BO(BO) - pO,y) (52)

Tw(B = K*)
X Bexp(B*(B") = K™ (K*%)y).

As we shall see, the theoretical ratios of the branching
ratios on the r.h.s. of these equations can be obtained
with smaller parametric uncertainties.

5.1 B — K™*~v decays

The present measurements of the branching ratios for B —
K*~ decays from the CLEO, BABAR, and BELLE col-
laborations are summarized in Table 2. They yield the
following world averages:

Boxp(BE — K**7) = (3.824£0.47) x 1075, (5.3)
Bexp(BY(B%) — K*9(K*%)y) = (4.44 £0.35) x 107°.

Since we are ignoring the isospin differences in the de-
cay widths of B — K™~ decays, the branching ratios for
B* — K**v and B(B°) — K*9(K*0)y differ essentially
by the differing lifetimes of the B* and B mesons. Thus,
generically, the branching ratio can be expressed as:

Bin(B = K*y) = 75 Ith(B — K*v) (5.4)
G2 Oz|thV*| K*
. F32 s 7poleM3[( )}

><<1 mK*) | 1 AW )} ,

where G is the Fermi coupling constant, o = «(0) =
1/137 is the fine-structure constant, my pole is the pole
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Table 2. Experimental branching ratios for the decays B°(B°) — K*°(K*%)y

and BT — K**

Experiment Bexp(B%(B%) = K*9(K*°) 4 7)  Bexp(BT = K** 4 4)
CLEO [19] (4.557572 +£0.34) x 107° (3.761059 £0.28) x 107°
BELLE [20]  (4.96 + 0.67 + 0.45) x 107° (3.89 £0.93 £ 0.41) x 107°
BABAR [21]  (4.234+0.40 +0.22) x 107° (3.83+0.62 £0.22) x 107°

b-quark mass, M and mg- are the B- and K*-meson
masses, and 7p is the lifetime of the B°- or B*-meson
which have the following world averages (in picoseconds)
[38]:
Tpo = (1.546 £ 0.018) ps T+ = (1.647 £ 0.016) ps
(5.5)
The product of the CKM-matrix | Vi Vi%| can be estimated
from the unitarity fit of the quantity [39]:

=0.976 £ 0.010 ,

cb

and the present measurements of the CKM matrix element
[Vep| = 0.0406 £ 0.0019 [39]. This yields

[VisVii| = 0.0396 & 0.0020 . (5.7)
The quantity fiK*) is the value of the Tl(K*) (¢?) form fac-
tor in B — K* transition in (4.21) and evaluated at ¢> = 0

in the HQET limit. For this study, we consider fiK*) as a
free parameter and we will extract its value from the cur-
rent experimental data on B — K*v decays. Note that
the quantity §5_K ) used here is normalized at the scale
[t = My pole Of the pole b-quark mass. The corresponding
quantity in [12] is defined at the scale p = my pg involving
the potential-subtracted (PS) b-quark mass [40,41].

The function A in (5.4) can be decomposed into the
following three components:

AW ()

= AW (1) + AN (1) + ADF (ugp) . (5.8)

Here, A(C}j and A%} are the O(as) (i.e. NLO) corrrections
due to the Wilson coefficient CS¥ and in the b — sy ver-
tex, respectively, and Ag,)K* is the O(as) hard-spectator
corrections to the B — K™~ amplitude computed in this
paper. Their explicit expressions are as follows:

A (n) = aZ—Sﬁ”) i (), (5.9)
AL () = % { 2? (13687 () + 276" ()

off mp 20 off
9 ()| = - 5 o0 )

4 (0)eff
-2
27 (33 —27% + 6mi) Cg " (1)

tra(2) O () } (5.10)

(K™)
* Qs Us AF S e
AD (1) = Qo) 211 W“&dw%@

47 655_1(*)

+C(0)eff( o) ll _ 6a)(,usp)1

(@) (1ep)
h(K*)(Z usp)

eI ll*’] }
o) |1~ o ()
(5.11)

Note, the O(a;) corrections arising from the relation be-
tween the MS mass 1y (1) and the pole mass M pole il the
operator O are included in the vertex corrections. As indi-
cated above, the first two contributions in AM (1) should
be estimated at the scale of the b-quark mass p ~ O(my),
while the hard-spectator correction should be evaluated
at the characteristic scale psp = +/pAn of the gluon vir-
tuality, where Ay ~ 0.5 GeV is a typical hadronic scale
of order Aqcp. The functions 72(z), where z = m?2/m2,
and the Wilson coefficients in the above equations can be
found in [7,4]. We recall that the function h57)(2) from
the hard spectator corrections is complex in the region 0 <
z < 1/4, likewise the function r2(z) from the vertex cor-
rections. The non-asymptotic corrections in the K *-meson

1>1K*) reduce the coefficient of
fF
e (,USp) by

wave-function Gag*) /{u~

the anomalous chromomagnetic moment Cg
about 20%.

We now estimate numerically the importance of the
O(a) contributions in the B — K*~ decay amplitude It

is convenient to decompose the vertex correction Aver( )
and the hard-spectator correction A( K () into the fac-

torizable Af/e)rf( ) and Aép)f (1) and non-factorizable
A\(,?r Le(p) and Aép)nf () parts. So as not to cause any

comfus1on7 our definition is that the first two depend on

the effective Wilson coefficient C;O)EH, and the last two
involve the rest of the Wilson coefficients. For the central
values of the parameters shown in Table 4, and the in-
dicated values of the the quantities m./m; and p, the
Wilson coefficient C'(O)eff in the leading order and the
O(a) corrections from (5.9)—(5.11) assume the values pre-

sented in Table 3. What concerns the spectator contribu-

tions Aip)f (psp) and Aép)i{f (psp), the quoted numbers

in this table make use of the QCD sum-rules motivated
value for the nonperturbative quantity fﬁ_K )(O) = 0.35
[15]. The values for the amplitude presented in the second
and third columns are obtained for the same pole quark
mass ratio \/z = m./mp = 0.29, but with m, = 4.27
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Table 3. Input parameters and individual contributions in the NLO amplitude for the decay B —
K™~ entering in (5.4) and (5.8). The entries in the second and third columns refer to the choice of the
b-quark mass schemes MS and the pole mass, respectively. The last two columns correspond to the
so-called PS-scheme b-quark mass used by Beneke et al. [15], with m./ms = 0.29 and m./m, = 0.22.
Note that the total decay amplitude squared, which is numerically presented in the last row, is
truncated to the NLO accuracy

101

me/ms 0.29 0.29 0.29 0.22

I my = 4.27 GeV Mp pole = 4.65 GeV  my pg = 4.6 GeV  mp ps = 4.6 GeV
CO (1) —0.320 —0.315 ~0.318 ~0.318

AS) () +0.010 + 0.009 +0.010 +0.010

AL (1) +0.032 +0.036 +0.024 +0.024

AL e () —0.076 —i0.016  —0.083 —i0.016 —0.085—30.016  —0.103 —0.025
ADE (pep) —0.028 —0.027 —0.026 —0.026

ADE (hep) —0.011 —i0.012 —0.011 —i0.011 —0.009 —i0.011  —0.004 —i0.018
AWM () —0.073 —40.028  —0.077 —0.027 —0.086 —70.027  —0.099 — 70.043
CO L AW () —0.393—40.028 —0.392 —i0.027 —0.403 —i0.027  —0.416 — i0.043
|CEOF L AW ()2 0.149 0.147 0.155 0.164

GeV and myp pole = 4.65 GeV, and calculating the strong
coupling «a,(p) in the two-loop approximation. The last
two columns of this table are calculated for comparison
with the numerical results by Beneke et al. [15]. They
are presented for the two values of the quark mass ra-
tio, m./mp = 0.29 (the ratio of the pole masses) and
me./mp = 0.22 (the ratio of the MS c-quark mass to the
pole b-quark mass [18]), but with m; ps = 4.6 GeV. Note
that for the entries in the last two columns the three-
loop strong coupling constant as was used as well as the
effect of the non-leading Wilson coefficients and the cor-

rection due to the m; ps mass [40,41] were taken into ac-
count in the A;l))’ff* and Aile)nf parts of the amplitude,
respectively. A comparison of the last-but-one row in this
table shows that for the same value of the quark mass
ratio m./my (= 0.29), the total amplitude has a negligi-
ble dependence on the choice of the b-quark mass: MS,
pole, or the PS b-quark mass. However, decreasing the
ratio m./my from 0.29 to 0.22, the amplitude is apprecia-
bly enhanced. The dependence of the total decay ampli-
tude squared \C§O)eﬂ(mb7polc) + A(l)(mb)polcﬂ2 (truncated
to the O(ay) accuracy) on the mass ratio m./my is pre-
sented in Fig. 9 (left plot). We also draw attention to the
marked scale-dependence of the amplitude squared (i.e.,
of the branching ratio B(B — K*v)). It is seen that for
z > 0.2 the amplitude squared becomes sensitive to this
mass ratio and falls down fast enough. A similar sensi-
tivity was observed in the inclusive B — Xy decay rate
[18].

Thus, for the central values of the input parameters,
we estimate the amplitude squared at the scale of the pole
b-quark mass as

|C§0)EH(mb,pole) + AW (my pote)|* = 0.147. (5.12)

In [15] such a detailed analysis of the amplitude was not
shown but the result was presented in the form of the total

amplitude squared:
[CrlReo = 105" (myps) + AD (myps) [* = 0.1751 5530,

This value has to be compared with the entries given in the
last row (the last two columns) in Table 3. For the same
input parameters, these numbers are noticeably smaller
than the ones by Beneke et al [15].

To compare our evaluation of the amplitude for B —
K*~ decay with the one presented in the paper by Bosch
and Buchalla [16], we recall that their calculations were

done in the approach where the QCD form factor TI(K*)

(0, iv) was used and not its HQET /LEET analog §(LK*)(O).
The two form factors are related in O(as) via the relation
[12):

(K™) _ (K™ as(mb) m?),polc
75 (0, mp) = €5 (0) [ 1+ In 1

—2
3T my

_|_O‘s (ﬂ%p) AFJ(_K )(ﬂsp)
o (K*)
£ (0

~1.08¢1%7(0), (5.13)

where m;, is the MS b-quark mass and flsp = vV Apmyp >~
1.47 GeV. We also recall that the form factor TI(K*)(O7 i)
is a scale-dependent quantity. The B — K*~v decay am-
plitude includes this from factor in combination with the
running MS b-quark mass (), and the scale depen-
dence of this product is governed by:

(K™)

g (1) T (0, 1) = g (1) T (0, )

~ 2
w1y @ o In b | (5.14)
m 1

In addition to the form factor and b-quark mass, the am-
plitude also contains the quantity Cr;(u) = C’§O)eﬂ(u) +
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M= My pole/2
Fig. 9. The effective coeflicient
squared in B(B — K*v) appearing
in (5.4) (left figure) and the ratio
of the exclusive B — K™~ to the
inclusive B — Xsv branching ra-
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AM (). The transition to the QCD form factor and the
use of running b-quark mass changes C7(u) in a way that
all the factorizable O(as) corrections (i.e.,terms propor-
tional to C;O)Cﬁ(u) in A (u)) are absorbed into Tl(K*)
(0, ) and my(p). With this interpretation, we give be-
low the numerical estimates of the various contributions
to the decay amplitude in B — K*~ calculated by us and
compare them with the equivalent quantities in [16], given
in the square brackets. For a meaningful comparison, the
values of the input parameters are taken from [16] with
me/mp = 1.3 GeV/4.2 GeV ~ 0.31:

CM(4.2 Gev) = 0321 [CF = ~0.322],
AY)(4.2 GeV) = +0.011  [ACNLO = 10.011),
AL (4.2 GeV) = —0.081 — 0.015

[T/ s = —0.082 — i0.015],
AWK (1.4 GeV) = —0.010 — 10.008

[T/ = —0.014 — i 0.011].

i (4.2 GeV) + AN (4.2 GeV) = —0.401 — §0.023
[a7(K*~) = —0.407 — i 0.026).

(5.15)

We agree with the other contributions but differ in the
evaluation of the spectator corrections; our estimate for
Agll))fff = T is somewhat smaller than the one in [16].
From our analysis, we get for the amplitude squared at
the MS b-quark mass scale: |Cr|Z o, = |CLVT |2 4 200
Re(AM) ~ 0.154, which is slightly smaller than the cor-
responding value |C7|%; o ~ 0.158, which can be obtained
from (55) of [16].

With the numerical estimates given above, and varying
the parameters in their stated ranges, we get the following
branching ratio for B — K*v decays:

B— K*y) ~ (68+1.0)x 107> [ —Z
Bun(B — K*v) ~ (6.8 £ 1.0) x 10 (1.6ps>

* 2
% ( Mp,pole )2 §5_K )
4.65 GeV 0.35

= (6.842.6) x 107°,

(5.16)

Vz =m./my

tios defined in (5.23) (right figure)
plotted against the ratio m./m; for
three values of the scale p

02 03 04 05

Table 4. Central values of the parameters and their +10¢ errors
used in estimating the quantity §(f<*> (0) and its error 6§iK*) (0)
from the branching ratio Bexp(B" — K*%v). The parameters in
extracting §S_K*) (0) in the BT — K**~ decay differ essentially
in the first two entries, and are discussed in the text

Parameter Value 5511(*0) (0)
Bexp(B® — K*%v)  (4.44£0.35) x 107°  40.012
THo (1.546 +0.018) ps ~ 40.002
Vi Vi 0.0396 = 0.0020 +0.016
Mb,pole (4.65+0.10) GeV ~ £0.006
VZ = me/mp 0.27 4 0.06 o006
I (200 =+ 20) MeV +0.004
5L (3+1) GeV™? +0.012
K91 GeV) (185 & 10) MeV +0.002
a7 (1 GeV) 0.20 £ 0.05 +0.001
a8V (1 GeV) 0.04 £ 0.04 +0.0002
u/mb,pole 0.5—-2.0 40.009
K 0) 0.282 = 0.027(th) % 0.013(exp)

where the enlarged error in the second equation reflects

the assumed error in the nonperturbative quantity, §S_K*)
(0) = 0.35+£0.07. This estimate of the branching ratio for
B — K*v is to be compared with the corresponding one
from [15] where a value By, (B — K*y) = 7.9755 x 1075 is
obtained. (Note that after some recalculations due to the
differences in the definition of the form factor the value
7.1 x 107° obtained for 750 = 1.56 ps in [16] becomes the
same as the one in [15]). If we use instead a value for the
b-quark pole mass myp pole = 4.8 GeV, the branching ratio
we get is By, (B — K*7y) ~ (7.2542.6) x 10, which is ap-
proximately 8% smaller than the ones presented in [15,16].
All these estimates in the LEET approach are larger than
the experimental branching ratio for B — K*+, though
the attendant theoretical error, estimated as +40%, does
not allow to draw a completely quantitative conclusion.
To quantify the price of agreement between the LEET
approach and data, we determine the value of the LEET-

form factor §S_K*)(O) from the current measurements. To



A. Ali, A.Ya. Parkhomenko: Branching ratios for B — K*v and B — pv decays

103

Fig. 10. Branching ratios for the
decays B° — K*y (left figure)

10
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= = 6
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2

i and Bt — K*'y (right figure) as
b functions of the LEET form factor
L (57)(0). Solid lines are the central

experimental and theoretically pre-

dicted values and the dotted lines

that end, we show the theoretically predicted branching
ratios in the NLO accuracy for the decays B — K*O~
(left figure) and BT — K*T~ (right figure) in Fig. 10 and
the corresponding measured branching ratios (horizontal
bands), where the solid lines are the central values and
the dotted lines define their £10 ranges. Theoretical un-
certainties on the curves labeled as By, are estimated from
all the parametric uncertainties, detailed in Table 4 for
the decay B° — K*°y, where the last column contains
the errors due to the variation of the input parameters
resulting from the indicated ranges in the second column.
The pole b-quark mass is taken from a recent estimate of
the same in the NLO accuracy mp pole = (4.651+0.10) GeV
[42], and the B-meson decay constant in the same ac-
curacy is taken as fp = (200 £ 20) MeV [43,44]. The
enlarged error on the charm-to-bottom quark mass ra-
tio v/z = m¢/mp = 0.27 £ 0.06 in Table 4 deserves a
comment. We recall from a recent discussion of the inclu-
sive B — X, branching ratio in the literature [18] that,
within the theoretical accuracy of the present calculations,
there exists an intrinsic uncertainty in the interpretation
of the quantity /z. It has been recently argued in [18]
that the inclusive branching ratio for B — X, is uncer-
tain, depending on whether this ratio is interpreted as the
one involving the pole masses, v/z = M pole/Mb,pole, OL as
Vz = mc(1)/mp pole involving the charm quark mass in
the MS scheme with m, < p < my. Typical range for the
pole mass interpretation is 1/z = 0.29 4 0.02, while in the
latter case the corresponding range is /z = 0.22 4+ 0.04
[18]. This translates into an uncertainty of about 11% in
the inclusive decay rate. Not surprisingly, a correspond-
ing sensitivity on /z is also present in the decay rate
for the exclusive radiative decays. This has been shown
through the z-dependence of the matrix element squared
for the exclusive decay B — K*v in Fig.9 (left plot). To
take into account the uncertainty in the decay rate from
this source, we use y/z = 0.27 £ 0.06. It is seen from Ta-
ble 4 that the decay rate for B — K™+ is not sensitive
to the variations in the K*°-meson wave-function param-

eters (fJ(_K*), afi*), and aﬁ_g*)) in the indicated ranges, and
*0
hence the derived errors on fﬂ_K )(O) from these sources

are small. To get the overall theoretical error on §E_K*O) (0),

L delimit the +1o errors in experi-
’ ment and theory, as discussed in the
text

we have added all the individual theoretical errors (given
in rows 3 through 11) in quadrature. The errors from the
experimental input quantities (first two rows) are given

separately. The form factor £iK*+)(0) extracted from the
Bt — K**+ branching ratio differs somewhat from the
one presented in Table 4 due to the difference in the B+-
and B°-meson lifetimes and the corresponding experimen-
tal branching ratios. Thus, present data and the NLO ex-
pressions in the LEET approach yield the following values

for §iK*)(O):
™ 00) = 0.28 £ 0.04 ,

€5 (0) = 0.25+£0.04 .

(5.17)

The central value of §E_K*o)(0) is marginally larger than

(lKH)(O) but they are consistent with each other within
lo. Tt has been argued recently in [37] that the small
difference may be accounted for by taking into account
the isospin-violating contributions from an annihilation
contribution in the penguin operator Og in the effective
weak Hamiltonian. With improved precision, it may be-
come necessary to include this contribution. As already
stated, we have ignored such isospin-violating contribu-
tions for the estimates presented for B — K*v decays in
this paper. We also note that the above determination of

(lK*O)(O) and f(LKH) (0) are in fair agreement with the one
presented in [15], (¢ (0) = 0.24 + 0.06).

The non-perturbative parameter f(lK*)(O) can also be
extracted from the ratio of the decay rates for the exclusive
decay B — K*v and the inclusive decay B — X,v. In
fact, one hopes that some of the parametric uncertainties
may be eliminated, or at least reduced, in this ratio. Two
particular parameters in point are the quark mass ratio v/z
and the product of the CKM elements |V;,Vi%|. Also, in
the experimental measurements some common systematic
errors may be eliminated from the ratio. The current world
average of the branching ratio for the inclusive B — Xy
decay is [22-24]:

Bexp(B = Xgv) = (3.22 £ 0.40) x 107%, (5.18)
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which yields the following exclusive to inclusive decay
width ratio:

Bexp(B — K*v)

Rexp (K Bexp(B = Xs7)

v/ Xsy) = =0.1340.02,

(5.19)
where, as for the numerator, we have used an experi-
mental branching ratio averaged over the B* — K**t~
and BY(B%) — K*(K*%)y decays: Bexp(B — K*v) =
(4.22 £0.28) x 107°.

The theoretical expression for the inclusive branching
ratio, By (B — X,7), can be written as [4,17,18]:

2 5
C;1Fa”nb,pole
3274

2
e 0 + a0 + B0

Buw(B — X&) = 15 Vi Vi |? (5.20)

where § is a lower cut on the photon energy in the brems-
strahlung corrections, E, min = (1 — §) myp pole/2, in the

massless limit of the final s-quark. The function A( )1 is the
O(a) corrections to the effective bsy vertex while B (1, 9)
describe the bremsstrahlung corrections originated by the
emission of a real gluon. To get the total branching ratio,
we should integrate over all possible photon energies which
corresponds to the limit § — 1 in (5.20). In this limit, the
vertex and bremsstrahlung corrections are [4,18,17]:

AY, () = @) {c%”e%) +ra(2) 05" ()

2 .
539+ 47%) 017 ()

4 c
+57 (33 = 2n° + Gi) {0 (1)
32

+o [130 (1) + 27C 0 (1)

My
M )
Yo L0l

i<j=2,7,8

xCO (1) O (),

—9C§0>e“(u)} In (5.21)

Bl b)), = 2

(5.22)

where the explicit forms of the functions ro(z) and f;;(6)
can be found in [4,17,18]. In the evaluation of the func-
tion fsg(d), which is divergent both in the s-quark massless
limit and § — 1, we take, as advocated in [17], mp/ms ~
50 and § = 0.9. At NLO, the ratio R(K*v/Xsy) can be
written as follows:

. Bth(B — K*v)
Ko/ Xem) = Bin (B — X47)

o[ oM )P as (k) 4
=[] ] {”ﬂ{”g]

2Re |45 ()| a0
+ (0)eff B
CLO (1) "

Rin(
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Fig. 11. The ratio of the exclusive B — K™~ to the inclusive
B — X,y branching ratios, defined in (5.23), plotted as a
function of the LEET form factor SS_K*)(O) and the current
experimental measurement of this ratio. The solid lines are the
central experimental and theoretically predicted values and the
dotted lines delimit the £1¢ bands

x Y fi6

i<j=2,7,8

() ()
MIC(OM()I?}' (5.23)

The dependencies of this quantity on the charm-to-bottom
quark mass ratio v/z and on the form factor §iK*)(O) are
presented in Figs.9 (the right plot) and 11, respectively.
It is seen that the ratio Ry, (K*v/Xsv) has a weaker de-
pendence on the ratio /2 than the branching ratio for the
B — K*v decay, as this dependence is partially com-
pensated in the last two terms in (5.23). The numeri-
cal analysis allows to estimate the nonperturbative quan-

tity fE_K*) (0) as:

90) =025 £0.04 (5.24)

in which half the error is contributed by experiment. This
coincides with the estimate of this quantity from the
Bt — K*T~ branching ratio presented in (5.17), where
the error is dominated by theory. The average of the three
extracted values ((5.17) and (5.24)) is:

K (0) = 0.26 £0.04,

TED (0, ) = 0.28 + 0.04} .
(5.25)
This estimate is significantly smaller than the correspond-

ing predictions from the QCD sum rules analysis T( R
(0) = 0.38 +0.06 [26,25] and from the lattice s1mulat10ns
TI(K*)(O) = 0.3270-0% [27]. The reason for this mismatch
is not obvious and this point deserves further theoretical
study. We shall make some comments in the concluding
section.
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5.2 B — pv decays

After comparing the LEET-based approach with experi-
ment in B — K*vy decays, we now present the effect of
including the hard-spectator corrections on the branching
ratios in B — py decays and in the isospin-violating ratios
and CP-asymmetries in the decay rates.

We recall that ignoring the perturbative QCD correc-
tions to the penguin amplitudes the ratio of the branching
ratios for the charged and neutral B-meson decays can be
written as [10,2]

B(B~ = p7v)
2B(B° — pv)

2
E3
A Vubvud
b
Vis Vi

~ (14 e4e™ (5.26)

where €44 includes the dominant W-annihilation and
possible sub-dominant long-distance contributions. Esti-
mates in the framework of the light-cone QCD sum rules
yield typically [8,9]: €4 ~ —0.304+0.07 and €4 ~ 0.03+0.01
for the decays B~ — p~v and B° — p°~, respectively,
which have also been confirmed in [10]. Moreover, it was
shown in [10] that the strong interaction phase ¢4 dis-
appears in O(a,) in the chiral limit. Henceforth we set
¢4 = 0; the isospin-violating correction depends on the
unitarity triangle phase « due to the relation:

VaViy, ’W;d

- e = [ 4+ F, .
ViV ViV e

(5.27)

The next-to-leading order vertex corrections for the
branching ratios of the exclusive decays B* — p*+y and
B® — p%y can be derived from the corresponding cal-
culations of the inclusive decays B — X7, discussed in
the previous subsection, and B — Xy [45]. Ignoring the
hard-spectator corrections, but including the annihilation
contribution, the result was given in [2]:

Bth(Bi — piq/)
= Tp+ .Z—‘th(.Bi — pi’y)

3
G|V V)2 . m?
= Tp+ —E 0 tdl 3074 td mapole M3 |1- 72

2
<[] {(Céo)eﬁ + ADN2 4 (F2 4 F2)
X (A% + Lip)? + 2P, [CFVT (A% + L) + AR LY

T2, [CLO° gy — Agl)tLﬁ]} , (5.28)

where 5(1’)(0) is the analogue of the quantity §(lK*)(O),
discussed at length in the context of the decays B —
K*vy, and LY, = ey C’§O)eﬂ. Including the O(a;) hard-
spectator corrections to the matrix elements evaluated at
the scale p, the function AM? is modified, and in addi-
tion the u-quark contribution A* from the penguin can no
longer be ignored. We decompose the amplitude A™M?* (1)
in its three contributing parts:

Ay = AD) () + AD () + ADP (), (5.29)
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where the functions A(clg (u) and Ag?r(u) have been defined
in (5.9) and (5.10), respectively, in the context of the B —

K*~ decays. The functions Aéﬁ)ﬂ and A“(u) are specific
to the decays B — py, and both involve hard spectator
contributions:

s (psp) AFJ(_p) (1sp)
24r o)

+ OO () + OS2 (1ep) [1 — )z, usp)H ,

Ag%))p(NSp) = 3C§0)eﬁ(ﬂsp)

() = 2 0 () [ry () — ra(0)] - i)
(p)
o C’Q(O)(,usp) AF(LT('“SP)h(p)(ausp)7 (5.30)
1(0)

The terms proportional to AF J(_p) (psp) above are the O(ay)
hard-spectator corrections which should be evaluated at
the typical scale psp = +/uAn of the gluon virtuality.
The complex function 72(z) of the parameter z = m?2/m?,
and the Wilson coefficients in the above equations can
be found in [7,4]; the function h?)(z, ) and the dimen-

sionless quantity AFip ) (1) are defined through (4.15) and
(4.9), respectively. The subscripts R and [ in (5.28) de-
note the real and imaginary parts of A and A%. The
hard-spectator corrections contribute to both the real and
imaginary parts of At and A*. They do not depend on
the charge of the spectator quark in B°- or B*-mesons,
and hence are isospin-conserving. Isospin violations enter
mainly via the W-annihilation contribution, and they are
suppressed in B%-meson decays as L%(B%) < L% (B*).
To simplify the theoretical expressions somewhat, and
in view of the smallness of the branching ratios, we would
like to present our numerical results in this section in
terms of the charge-conjugate averaged branching ratios:

Bun(B* — pty)

= % [Bin(BY = p™y) + Bu(B~ = p 7)),
Buw(B® — p%y)

= % [Bin(B° — p%9) + B (B° — p%v)] . (5.31)

Theoretical expressions for these quantities can be eas-
ily obtained from the branching ratios (5.28) by neglect-
ing the sign-dependent part. Unless otherwise stated, the
results shown below imply an average over the charge-
conjugate states.

To illustrate the effect of the NLO corrections on the
branching ratios for B — py decays, we show the relative
NLO corrections BNX©/BEC — 1 to the B — p*+y and
B — pYy decay rates as functions of the CP phase « in
Fig. 12. All other input parameters are fixed to their cen-
tral values given earlier. What concerns the CKM param-
eters, we take the ranges for the Wolfenstein parameters
from the unitarity fits, yielding [46-48]:

p=020+007, 7=039%0.07. (5.32)



106 A. Ali, A.Ya. Parkhomenko: Branching ratios for B — K*v and B — pv decays

Table 5. Central values of the partial amplitudes in B — py and B — K™~
decays. The column WC + VC is sum of the NLO corrections in the Wilson
coefficients (WC) and vertex corrections (VC) which are estimated at the scale p =
Mp,pole = 4.65 GeV; the column HSC contains the hard-spectator contributions
evaluated at the scale pusp = 1.52 GeV; and in the last column the total amplitudes

(WC+VC+HSC) are presented

HSC total

WC + VC
AW (py) —0.0428 — 1 0.0177
A" (py) +0.0479 + 3 0.0485
AW (K*) —0.0428 — 4 0.0177

—0.0515 —¢0.0197
—0.0476 —+0.0197
—0.0507 —70.0184

—0.0943 —¢0.0374
+0.0003 + 7 0.0288
—0.0934 — ¢ 0.0362

They in turn lead to the ranges |Vip/Vig| = 0.49 £ 0.09
and «a varying in the range 77° < o < 113°, with a =
93° as the central value. We will show this range of o by
a vertical band in most of the figures presented below.
We note from Fig. 12 that the NLO vertex and the hard-
spectator corrections are comparable, of order (25 — 30)%
each, increasing the branching ratio altogether by about
(50—60)% in B — py decays in the range of « favored by
the SM constraints. Note that the total NLO correction
for the BY — py decays has a very weak dependence on
the angle a.

We now proceed to calculate numerically the branch-
ing ratios for the decays B* — pT~ and BY — p%y with
the help of (5.1) and (5.2). The theoretical ratio involving
the theoretical decay widths on the r.h.s. of these equa-
tions can be written in the form

Bu(B = py) _ o |Vaa|" (L= mp/M?)?
Bun(B — K*y) " |Vie| (1 —m%./M?)3
x¢* [1+ AR(p/K™)],

(5.33)

where ( is the ratio of the HQET form factors and S, =
1(1/2) for p*- (p°-) meson. In the SU(3)-symmetry limit,
fﬂ_p) (0) = §S_K )(O), yielding ¢ = 1. SU(3)-breaking effects
in the QCD form factors Tl(K )(0) and Tl(p)(O) have been
evaluated within the QCD sum-rules [28]. These can be
taken to hold also for the ratio of the HQET form factors.
Thus, we take

(p)
70
¢= ST() ~ 0.76 =+ 0.06. (5.34)
Ty" (0)
Taking this and (5.25) into account, we obtain:
¢”(0) = 0.200 + 0.035, (5.35)

which can be used in numerical analysis.
The theoretical expression for dynamical function
AR(p/K™*) can be written as follows:

. 2
AR(p/K )=26AF1+6,24(F12+F22)+W
o

«Re [Aglljp — AWK 4 Fy (A" + ea A0

+ea(Ff + F5)AY]. (5.36)

For the numerical calculations of AR(p/K*), we recall
that the vertex and the hard-spectator corrections are
evaluated at different scales: for the former we use the
scale of the b-quark mass (pole mass my, pole = 4.65 GeV
in our analysis) and for the last the typical scale is psp =
1.52 GeV. The combined Wilson coefficient and vertex
contributions (WC+VC), the hard-spectator contribu-
tions (HSC), and the total contributions (WC+VC+HSC)
to the functions AM*(py), AW (K*~) and A%(py) are pre-
sented in Table 5. They correspond to the central values
of the input parameters specified earlier. For the assumed
input parameters, it is seen that the vertex and hard-
spectator contributions (WC+VC and HSC) in AN (py)
and AW (K*y) are of the same sign and comparable to
each other. The small difference in the HSC parts is due

to SU(3)-breaking effects in the ratio of AFJ(_V) (defined

n (4.9)) and 55_‘/)(0). For the p- and K*-mesons, their
central values are estimated to be:

K*
AFJ(_p) (Hsp) -~ AFJ(_ )(MSD> ~
o) ~ 8.18, ) ~ 7.54,
17(0) £ °(0)

where the values of §5_K*)(O), f)(()) and AFJ(_V) (psp) are
taken from (5.25), (5.35) and Table 1, respectively. The
main uncertainty (~ 30%) in these ratios originates from
the first negative moment of the B-meson )\]_371 - The con-
tributions to A*(py) from the vertex and the hard-spectator
corrections have opposite signs, and the real part of the
sum is rather small. For the numerical estimates, one also
needs to know the CKM-functions F} and F, defined by
(5.27). In the analysis the central value resulting from the
CKM fits: \/F2 + F2 ~ |Vip/Via| = 0.49 is used. The dy-
namical functions AR(p*/K**) and AR(p®/K*?) for the
BT — p*~ and B° — p%y are presented in Fig.13. It
is seen that taking into account the hard-spectator cor-
rections both in the charged and neutral B-meson decays
makes the branching rates in the leading (LO) [the dotted
lines in Fig.13] and next-to-leading (NLOyc) [the solid
lines in Fig.13] close to each other. The dependences of
the dynamical function AR(p*/K**) on the CKM an-
gle @ and on the quark mass ratio \/z = m./my are
presented in Fig.14. The solid lines correspond to the
scale © = My pole- It is seen that the dashed lines rep-
resenting the p = mp pole/2 and g = 2myp pole results are
very close to each other. Notice also the mild dependence
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of AR(p*/K**) on the quark mass ratio /z. The main
uncertainties in the dynamical functions come from the
uncertainties in the CKM angle a and the nonperturba-
tive parameters 55_’)) (0) and E(K )(O) which can be seen,
in particular, for the B* — p*~ decay from Table 6. The
function AR(p°/K*Y) involving the neutral B-meson de-
cays can be similarly calculated. The allowed ranges of the
two functions are estimated to be:

|AR(p*/K**)| <0.15, |AR(p°/K*°)| <0.09. (5.37)

The central values of both these functions are close to
zero, and they impart an uncertainty ~ 15% and ~ 9% to
the ratios (5.33) of the B¥ — p*vy to BT — K**v and
B% — p% to B® — K*9v branching ratios, respectively.
The product of the CKM matrix elements | V3, V3| from
(5.28) can be estimated by using the CKM fits, which gives

[Vis Vgl = 0.0077 £ 0.0011 . (5.38)

Taking into account the value |V, V,%| = 0.0396 & 0.0020
(5.7), we get:
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Fig. 15. Branching ratios B(Bi —
py) (left figure) and (B® — p°v)
(right figure) in the NLO-LEET ap-
proach as functions of the CKM
matrix element ratio |Viq/Vis|. The
solid curves represent the central
values and the dashed curves de-
limit the theoretical £1¢ variations;

6.0 6.0
5.0 5.0
T g
= 4.0+ S 407
0 =
N 3.0 = 301
T T
& 201 ™ 20
& )
1.0 1.0
0.0 T —T T T T T T T T 00 T T
00 01 02 03 04 05 0.0 01
|Via/Vis]
Via
M1 —0.19440.029 , (5.39)
ts

which allows to predict the values for the branching ratios
for B — p7y decays with the help of (5.1), (5.2), and (5.33).
The branching ratios for B¥ — p*~ and B® — p°y decays
are presented in Fig. 15. The vertical bands in these plots
delimit the +1o range for |Viq/Vis| given in (5.39). Due
to the present analysis, the B — py branching ratios can
be estimated as

Bun(BE — pTv) = (0.85 4 0.30[th] & 0.10[exp]) x 107°,
Bin(B° — p%) = (0.49 & 0.17[th] = 0.04[exp]) x 107°,
(5.40)

where the SM favoured range 77° < a < 113° [46-48]
was used. In the above estimates, the first error is defined
by the uncertainties of the theory and the second is from
the direct experimental data on the B — K*v branching
ratios (5.3).

These estimates can be compared with the ones ob-
tained in the QCD sum rule approach of [8]: B(B* —
pty) = (1.9 £1.6) x 1075 and B(B° — p%) = (0.85 +
0.65) x 1076, in which only the leading order QCD cor-
rections in a, and annihilation contributions were taken
into account. The central values of the estimates presented
here are typically a half of the corresponding values in [8],
and the errors in our case are significantly smaller. As
shown in (5.37), the theoretical improvement discussed in
the present paper has only a marginal impact on the ratio
R(py/K*7), used here and in [8]. The source of the larger
values in [8] is to be traced back to the differences in the
input values of the CKM parameters and the experimen-
tal branching ratios for B — K™~ in the two calculations.
Present measurements have decreased the allowed range
of the ratio |Viq/Vis|, compared to what was assumed
in [8]. Moreover, the branching ratios B(B — K*v) are
now more precisely measured and are found to be smaller
than the experimental values en vogue in 1995. These two
circumstances, in turn, reduce the central values of the
branching ratios B(B* — p*v) and B(B° — p%y), and
the residual uncertainty is also reduced. We also wish to

02 03 o1 os the vertical bands show the SM
' ’ ) - favoured range: |Viq/Vis| = 0.194 +
|Via/Vis| 0.029

Table 6. Input parameters and the assumed errors used in the
evaluation of the function AR(p™/K**), defined in (5.36). The
resulting errors 6 R(p™ /K*T) are given in the last column. The
central value of AR(p™/K**) and the +10 errors obtained by
quadrature are given in the last row

Parameter Value SR(p* /K*¥F)

a 9301207 +0.1065/ — 0.1300
£ (0) 0.200 + 0.035 +0.0651/ — 0.0457
€579 (0) 0.260 £ 0.040 40.0429/ — 0.0585

21 Gev)
FEI A Gev)

(160 £ 10) MeV
(185 £ 10) MeV

+0.0192
+0.0174

Vz =me/my 0.27 + 0.06 +0.0124/ — 0.0019
a8 (1 Gev) 0.20 + 0.05 +0.0124

al)(1 GeV) 0.20 +0.10 +0.0102

€A ~0.30 £ 0.07 +0.0067/ — 0.0043
A5 (3+1) Gev—! +0.0050

[Vub/Vid| = y/F2 + F  0.49+£0.09 +0.0051/ — 0.0036
a8 (1 Gev) 0.04 + 0.04 +0.0038

14/ M pole 0.5—2.0 40.0023/ — 0.0020
/B (200 +20) MeV  £0.0015

M pole (4.65+0.10) GeV  +0.0005

AR(p* /K*+) 0.003 + 0.144

point out that the estimate of the B~ — p~~ decay rate
presented in [16] allows a substantially larger uncertainty:
B(B~ — p~v) = (1.2 — 3.6) x 107°, reflecting the larger
parametric uncertainties in the branching ratio, as well as
the fact that the NLO corrections increase the individ-
ual branching ratios by typically 60%. As shown in (5.37),
these corrections largely cancel in the ratio. Hence, our
predictions for B(B — py) are typically half as large as
the ones given in [16]. Finally, compared to the present
experimental bounds (at 90%C.L.) [49]: B(B* — p*v) <
0.99 x 10=° and B(B® — p%y) < 1.06 x 1077, one needs to
cover an order of magnitude to reach the SM sensitivity
in these decays. This should be possible at the present B
factories.
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6 Isospin-violating ratios and CP-violating
asymmetries in B — p~ decays

We now compute the isospin-violating ratios:

I(B* = p*v)

A:I:O — _ _
2I°(B°(B°) — p%™)

(6.1)

These ratios deviate from zero (the isospin symmetry
limit) due to the interference of the short distance pen-
guin amplitudes and long distance tree amplitudes, where
the latter are given by the lowest order annihilation con-
tributions, as the O(ay)-contribution to the annihilation
amplitude vanishes in the chiral limit in the leading-twist
approximation [10]. We present our numerical analysis for
the charge-conjugate averaged ratio:

_1 +0 -0
A_Z[A + A7, (6.2)

which is expressed in the NLO perturbative QCD as [2]:

1
ALo ~ 264 [Fl +5ea (F% + FZ?)} : (6.3)
Axto ~ Ao — —54_Tp AW | (g2 _ p2) g
NLO &~ Aro 0T 1ARp” + (F] 3)AR
7
tea(FE+ F)(AR" + FiAp)|,  (64)

where Ap o is the leading-order charge-conjugate averaged
ratio. The NLO quantity Anpo is sensitive to the hard-
spectator corrections which are contained in the O(as)

functions Ag)t (5.29) and A% (5.30).

The ratio A is shown as a function of the inner angle «
in Fig.16. The solid curve shows the complete O(ay)-
corrected ratio including the vertex and hard spectator
corrections, calculated using (6.4), the dashed curve shows
this ratio when only the vertex corrections are included,
and the dotted curve shows the lowest order result, ob-
tained using (6.3). We note that taking into account the
spectator corrections slightly modifies the O(a;) vertex-
corrected result, obtained in [2]. Thus, even if one takes a
generous error on this quantity, the theoretical precision
of Anro is not perceptibly influenced by the uncertainty

in AFJ(_p ) entering in the hard spectator correction. We
also note that the region of a where the NLO corrections
are large is not favored by the CKM unitarity constraints
in the SM, which yield typically 77° < « < 113° [46-48)].

In [16] the charge-conjugate averaged ratio A was
found to have an opposite sign than the one obtained in
[2]. Our result agrees with the one given in the latter of
these references. We would also like to point out that the
dependence of A on the inner angle «, shown extensively
by us in presenting our numerical results, emerges natu-
rally from (5.27).

Finally, we discuss the direct CP-asymmetry in the
B* — pT~ decay rates:

B(B~ = p~y) —B(BT — p*y)

+ _
A ™) = BB ) ¥ BB = pr)

(6.5)
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Fig. 16. The charge-conjugate averaged ratio A for B — py
decays defined in (6.1) as a function of the unitarity triangle an-
gle « in the leading order (dotted curve), next-to-leading order
without (dashed curve) and with (solid curve) hard-spectator
corrections. The +1¢ allowed band of a from the SM unitarity
fits is also indicated

The CP-asymmetry arises from the interference of the
penguin operator O7 and the four-quark operator Oz [5,
6]. The expression for the CP-asymmetry in B* — p*r
decays can be written as [2]:

2 (A% — eq AV
Acp(p™) = ((E)Cé i) :
Cs (1+ Apo)

(6.6)

where Aro is the charge-conjugate averaged ratio in the
leading order (6.3). Note that due to the charm quark
mass dependence of the hard-spectator corrections, which
enters through the function h(?)(2) (4.15), the functions
AWMt and A% are modified compared to their vertex con-
tributions. More importantly for the CP asymmetry, the
hard spectator contributions are complex. The resulting
numerical changes in the functions A%(py) and AN (py),
and in their imaginary parts, are illustrated in Table 5.
The dependence on the angle o of the CP-asymmetry
Acp(pT7) is presented in the left plot in Fig.17. It is
seen that the CP-asymmetry is suppressed by the hard-
spectator corrections. In the SM favoured interval for «,
77° < a < 113°, the direct CP-asymmetry Acp(pt7)
takes its maximum value, reaching about 5%, which is
nearly half as small as its value without the hard spec-
tator corrections. It was pointed out in [16] that the CP-
asymmetry Acp (p™) shows a marked dependence on the
scale p. This can be seen in the right hand plot in Fig. 17,
where we show additionally the dependence of this quan-
tity on the value of the quark mass ratio v/z = m./m;. In
the region 0.2 < /z < 0.3, the CP-asymmetry Acp(pT7)
increases rapidly changing its sign from negative to pos-
itive. Hence, without knowing precisely the value of the
quark mass ratio (1/z) and the scale p, it is difficult to
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920 +— ‘ ‘ ‘ ‘ 20 Fig. 17. Left figure: Direct CP-asymmetry
P in the decays B — p*y as a function
r, 10 1= M pole/ 2 L of the unitarity triangle angle o without
< 15 NLOwe X, A= 2my pole (dotted curves) and with (solid curves)
3 ------- E | the hard-spectator corrections. The +lo
10 S P, " allowed band of a from the SM unitar-
\é NLOsot & ity fits is also indicated. Right figure: Di-
< 5 F— L Lo ¥ rect CP-asymmetry in the decays B —
I SM fit, L pT~ as a function of the quark mass ra-
0 - . - I tio \/z = m./ms; the scale dependence of
0 /4 /2 3 /4 T 0001 02 03 04 05  the asymmetry is shown in the interval:

«Q \/Z - m'(‘/"“l' 'rnb,polc/2 S 1% S 2’rnb,polc

quantify Acp(pT). However, in all likelihood |Acp (pT7)|
< 10% in the SM.

7 Summary and concluding remarks

We summarize our main results and offer some remarks
on the underlying theoretical framework. We have com-
puted the hard-spectator corrections in O(a;) and lead-
ing order in Agcp/M to the decay widths for B — K*vy
and B — p7v, in the leading-twist approximation, using
the Large Energy Effective Theory. This is then combined
with the existing contributions from the vertex corrections
and the annihilation amplitudes to arrive at the NLO ex-
pressions for the corresponding decay rates. The annihi-
lation contributions are important only in the B — pvy
decays due to the favourable CKM structure. The matrix
elements for these decays in O(as ), and to leading power in
Aqcep /M, are finite, also including the intermediate charm
quark contributions from the penguin diagrams, correct-
ing an earlier version of this paper, and providing an ex-
plicit proof of the factorization Ansatz of (2.4) advocated
by Beneke et al. [11,12]. For radiative decays B — V4,
these proofs have also been provided in the meanwhile
in [16,15]. We have made extensive comparisons of our
derivations and numerical estimates with the ones pre-
sented in these papers, pointing out the agreements and
some numerical differences related to the hard-spectator
corrections. The NLO corrections in the decay rates are
substantial, with the branching ratios increasing typically
by 60% in the NLO approximation. Approximately, a half
of this enhancement is due to the vertex corrections, which
are common between the corresponding inclusive and ex-
clusive radiative decay rates.

The branching ratios for the decays B — K™+ in the
NLO accuracy are then compared with current data to de-
termine the form factor §S_K )(O) in the LEET approach.
For this purpose we have used the measured values of
the branching ratios for B — K*vy and B — X,v, get-
ting fiK*)(O) = 0.26 + 0.04, taking into account various
parametric uncertainties and experimental errors. Con-
verting it to the form factor in the full QCD, using a
relation correct to leading order in o, and Aqep/M [12],
yields Tl(K*)(O,mb) = 0.28 £ 0.04, to be compared with

the estimates T\~ )(0,/m,) = 0.38 + 0.06 [25,26], and

TI(K*)(O,mb) = 0.3270-05 [27], obtained using the LC-
QCD sum rule and Lattice-QCD approaches, respectively.
Thus, the form factor in the LEET-based factorization
approach, combined with current data, is found to be
typically (15 — 30)% smaller than the ones in the LC-
QCD/Lattice-QCD approaches. Another way to judge the
same issue is to use the central value of the form factor
fg_K )(0) = 0.35 extracted from the LC-QCD sum rules as
input and calculate the branching ratio for B — K*~ in
the LEET approach. This yields B(B — K*v) = (6.8 +
1.0) x 1075, compared to the current experimental value
of Bexp(B — K*v) = (4.22+£0.28) x 1075, where we have
averaged the theory and experiment over the B*- and
B°/B%decay modes. Thus, the LEET-based branching
ratio is found to be significantly larger than data, though
the underlying parametric uncertainties can be used to
reduce this difference to some extent (see, (5.16)). This
discrepancy, while not overwhelming, is discomfortingly
large for a precision test of the SM using the exclusive de-
cay rates. Improved data may bridge this gap, bringing in
line the LEET-based branching ratios with data, or equiv-
alently the form factors in this approach with the ones in
the other two QCD methods. This remains to be seen.
Of course, also in the sum rule and lattice approaches to
QCD, the desired theoretical accuracy on the form factors
is not yet reached. However, despite its tentative nature,
the current mismatch between the LEET-based and the
other two QCD results in the B — V' sector may after all
turn out to be symptomatic of a generic problem afflicting
the LEET approach, having to do with the inadequacy
of power corrections in exclusive two-body decays in its
present formulation. This, despite the fact that the un-
derlying framework, as formulated in [11,15,16] and also
applied in this paper, rests firmly on perturbative QCD
factorization, with the argument made even more persua-
sive by an all order proof of factorization in the strong
coupling [50,51].

What concerns the decay rates in the B — pvy decays,
we have argued that a more reliable route theoretically
is to calculate them via the ratio of the branching ratios
B(B — py)/B(B — K*¥), defined in (5.33), using ex-
perimental measurement of the B — K*7v decay rates.
This ratio depends essentially on the CKM matrix ele-
ment squared |V;4/Vis|?, given the non-perturbative quan-

tity ¢ = {Y) (0)/§(lK*)(0) and a dynamical function called
AR(p/K*), involving the vertex, hard-spectator and an-
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nihilation contributions, which is derived and analyzed in
this paper. Taking into account various parametric un-
certainties, we find that AR(p/K*) is constrained in the
range |[AR(p/K*)| < 0.15, with the central value around
AR(p/K*) ~ 0. This quantifies the statement that the ra-
tio B(B — py)/B(B — K*v) is stable against O(«;) and
1/M-corrections. As shown in this paper, the same does
not hold for the individual branching ratios B(B — py)
and B(B — K*v). Thus, apart from the dependence on
the CKM factor |Viq/Vis|, whose determination is the prin-
cipal interest in measuring the ratio B(B — pvy)/B(B —
K*~), the dynamical uncertainties are estimated not to
exceed +15%. Using the current branching ratio Bexp
(BT — K**~) = (3.824£0.47) x 10~°, the SU(3)-breaking
estimate from the LC-QCD sum rule [28], yielding ¢ =
0.76 £ 0.06, and AR(p/K™), calculated in this paper, we
find B(BT — pty) = (0.85 £ 0.40) x 1075, where the
present range for the CKM ratio as determined from the
unitarity fits, |Viq/Vis| = 0.19 4 0.03, is folded in the er-
ror. The corresponding branching ratio for the neutral B-
meson decay mode in the same approach is estimated to
be: B(B® — p%y) = (0.49 £ 0.21) x 107°. The isospin-
violating ratios A*? and its charge-conjugate average A
for the decays B — pvy are found to be likewise stable
against the NLO and 1/M-corrections, In the expected
range of the CKM parameters, we find |A| < 10%.

The CP-asymmetry Acp(pty) receives contributions
from the hard-spectator corrections which tend to de-
crease its value estimated from the vertex corrections
alone. Unfortunately, the predicted value of the CP-
asymmetry is sensitive to both the choice of the scale, as
already pointed out in [16], and the quark mass ratio \/z =
m./my. Typical values lie around 5%, but the uncertainty
is rather large, resulting in the range |Acp(p®7)| < 10%.

In conclusion, exclusive radiative decays B — py and
B — K*v (and their semileptonic counterparts) provide
an excellent laboratory to test the underlying theory
(LEET) and ideas on perturbative non-factorizing correc-
tions put forward by Beneke et al. [11] in the context of
B — nm and B — wK decays. These latter decays are
more involved due to the presence of two strongly inter-
acting particles in the final state and the underlying frame-
work is more tractable in radiative and semileptonic de-
cays. Precise measurements of the radiative and semilep-
tonic decay branching ratios and the related isospin and
CP-asymmetries will test this theoretical framework. We
have given a fairly detailed phenomenological profile of the
radiative decays B — K*vy and B — p7 in this paper, and
have pointed out some phenomenological issues in this ap-
proach related to understanding the current experimental
branching ratios for B — K™~ decays, which will have
to be resolved on our way to a completely quantitative
theory of exclusive radiative decays.
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