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Abstract. We study the rare B decay B — K*¢T ¢~ using soft-collinear effective theory (SCET). At leading
power in 1/my, a factorization formula is obtained valid to all orders in as. For phenomenological ap-
plication, we calculate the decay amplitude including order as corrections, and resum the logarithms by
evolving the matching coefficients from the hard scale O(m;) down to the scale v/myAy. The branching
ratio for B — K*¢7¢~ is uncertain due to the imprecise knowledge of the soft form factors ¢ l(qz) and
(”(qQ). Constraining the soft form factor ¢ (¢> =0) from data on B — K*~ yields ¢ (¢2 =0) = 0.32+
0.02. Using this input, together with the light-cone sum rules to determine the qQ—dependence of ¢ J_(qQ)
and the other soft form factor H(q2), we estimate the partially integrated branching ratio in the range
1GeV2 < q2 <7GeV? to be (2.92f8:21) x 10~ 7. We discuss how to reduce the form factor related uncer-
tainty by combining data on B — p(— mw)fvy and B — K*(— Kn)¢T £~ . The forward-backward asymmetry
is less sensitive to the input parameters. In particular, for the zero-point of the forward-backward asym-
metry in the standard model, we get q% = (4.07J_r8:%g)GeV2. The scale dependence of q(2) is discussed in

detail.

PACS. 13.25.Hw; 12.39.St; 12.38.Bx

1 Introduction

The electroweak penguin decay B — K*/t¢~ is loop-
suppressed in the standard model (SM). It may therefore
provide a rigorous test of the SM and also put strong con-
straints on the flavor physics beyond the SM.

Though the inclusive decay B — X ¢~ is better un-
derstood theoretically using the operator product expan-
sion, and the first direct experimental measurements of
the dilepton invariant mass spectrum and m x-distribution
are already at hand [1,2], being an inclusive process, it
is extremely difficult to be measured in a hadron ma-
chine, such as the LHC, which is the only collider, ex-
cept for a Super-B factory, that could provide enough
luminosity for the precise study of the decay distribu-
tions of such a rare process. In contrast, for the exclu-
sive decay B — K*{*¢~, the difficulty lies in the im-
precise knowledge of the underlying hadron dynamics.
Experimentally, the BaBar [3] and Belle [4] Collabora-
tions have observed this rare decay with the branching
ratios
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Br(B — K*{(*(7)
{(7.8*};2 +1.2) x 1077 (BaBar),

(16.5723+0.940.4) x 10°7  (Belle).

We note that the Belle measurements are approximately
a factor 2 higher than the corresponding BaBar meas-
urements. In addition, Belle has published the meas-
urements [4, 5] of the so-called forward—backward asym-
metry (FBA) [6]. In particular, the best-fit results by
Belle for the Wilson coefficient ratios for a negative value
of A7,

Ay

y —15.3%33+1.1,
A
20 _103%32+1.8, (2)
A7 ’

are consistent with the SM values Ag/A7 ~ —13.7 and
Ai10/A7 ~ 414.9, evaluated in the NLO approximation
(see Table 1). With more data accumulated at the cur-
rent B factories, and especially the huge data that will be
produced at the LHC, it is foreseeable that the dilepton in-
variant mass spectrum and the FBA in this channel will
be measured precisely in several years from now, allowing
a few % measurements of the Wilson coefficient ratios and
the sign of A7.
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Table 1. The leading-logarithmic (LL) and next-to-leading-logarithmic
(NLL) Wilson coefficients evaluated at the scale my, = 4.8 GeV. For Cy 10,
they are also given in the NNLL order

LL NLL LL NLL NNLL
Ch —0.2501  —0.1459  Cg —0.0316  —0.0388
Co 1.1082 10561 c¢f 03145 —0.3054
Cs 0.0112 00116  C§f  —0.1491  —0.1678
Cy —0.0257  —0.0337 Cy 1.9919 41777 4.2120
Cs 0.0075 0.0097  Cho 0 —4.5415  —4.1958

Theoretically, the exclusive decay B — K*{T¢~ has
been studied in a number of papers; see for example [7-12].
From the viewpoint of hadron dynamics, the application of
the QCD factorization approach [13] to this channel [14]
deserves special mention, as we shall be comparing our
phenomenological analysis with the results obtained in this
paper. The emergence of an effective theory, called soft-
collinear effective theory (SCET) [15—19], provides a sys-
tematic and rigorous way to deal with the perturbative
strong interaction effects in B decays in the heavy-quark
expansion. A lot of theoretical work has been done in
SCET related to the so-called heavy-to-light transitions
in B decays; in particular, a demonstration of the soft-
collinear factorization [20—23], a complete catalogue of the
various 2-body and 3-body current operators [19,22, 24],
and the extension of SCET to two effective theories SCET
and SCETYy, with the two-step matching QCD — SCET;
— SCETy; [25]. Among various phenomenological appli-
cations reported in the literature, SCET has been used
to prove the factorization of radiative B — V~ decays at
leading power in 1/my, and to all orders in a5 [26,27]. Like-
wise, SCET, in combination with the heavy-hadron chi-
ral perturbation theory, has also been used to study the
forward—-backward asymmetry in the non-resonant decay
B — Km0 ¢~ in a certain kinematic region [28]. In this pa-
per, our aim is to use SCET in the decay B — K*¢t/{~.
Due to the similarity between B — K*vy and B — K*{+{~
decays, our approach is quite similar to the earlier SCET-
based studies [26, 27]; in particular to the one in [26]. More-
over, an analysis of the exclusive radiative and semilep-
tonic decays B — K*vy and B — K*{™¢~ in SCET can
be combined with data to reduce the uncertainties in the
input parameters. In particular, as we show here, the loca-
tion of the forward-backward asymmetry in B — K*{T{~
can be predicted more precisely than is the case in the ex-
isting literature.

It is well known that, when ¢?, the momentum squared
of the lepton pair, is comparable to M T/ the reso-
nant charmonium contributions become very import-
ant, for which there is no model-independent treatment
yet. Likewise, for higher g?-values, higher v-resonances
(', 9", ...) have to be included. Thus, in the following we
will restrict ourselves to the region 1 GeV? < ¢ < 7 GeV?,
which is dominated by the short-distance contribution.
Note that the lower cut- off 1 GeV? is taken here because, as
we shall see later, when ¢? is very small, say ¢* ~ (’)(AQCD)
the factorlzatlon of the anmhllatlon topology breaks

down. In this kinematic region, a factorization formula for
the decay amplitude of B — K*¢ ¢~ which holds to O(as)
at the leading power in 1/my, has been derived in [14]
using the QCD factorization approach. We shall derive the
factorization of the decay amplitude of B — K*/*t¢~ in
SCET, which formally coincides with the formula obtained
by Beneke et al. [14] but is valid to all orders of as:

(K TG )
1
+Z / L5 /0 duge. ()T (w,u, %), (3)

*€+ﬁ_|Heg|B> =

where a =||, L denotes the polarization of the K* meson.
The functions 7T and T™ are perturbatively calculable.
Ca(q?) are the soft form factors defined in SCET, while
% and ¢%. are the light-cone distribution amplitudes
(LCDAs) for the B and K* mesons, respectively. Com-
pared to the earlier results of [14], obtained in the QCD
factorization approach, the main phenomenological im-
provement is that for the hard scattering function 7™ the
perturbative logarithms are summed from the hard scale
wup ~ O(my) down to the intermediate scale py = /up Ay,
where A; represents a typical hadronic scale. Note also
that the definitions of the soft form factors (,(g?) for our
SCET currents, defined below in Sect. 2, are different from
those of [14], a point to which we will return later in Sect. 3.
Hence, the explicit expressions for T! derived here and
in [14] are also different.

This paper is organized as follows. In Sect. 2, we briefly
review the basic ideas and notation of SCET. We then list
the relevant effective operators in SCET and do the explicit
matching calculations from QCD to SCET (Sect. 2.1) and
from SCET] to SCET}; (Sect. 2.2). The matrix elements
of the effective SCET operators are given in Sect. 2.3. At
the end of this section, the logarithmic resummation in
SCET] is discussed. In Sect. 3, we consider some phe-
nomenological aspects of the B — K*¢*{~ decay. We first
specify the input parameters, especially the soft form fac-
tors ¢, (¢%) (Sect. 3.1), which are the cause of the largest
theoretical uncertainty. We use the ¢?-dependence of the
related QCD form factors in the LC-QCD sum rule ap-
proach, but we fix the normalization of these soft form
factors using constraints from data on the exclusive de-
cays B — K*v. In Sect. 3.2, we work out numerically the
evolution of the B-type SCET| matching coefficients, de-
fined earlier in Sect. 2. We then give the dilepton invari-
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ant mass spectrum and the forward-backward asymme-
try in the decay B — K*¢T¢~ and compare the integrated
branching ratios with the measurements from BaBar and
Belle (Sect. 3.3). We end with a summary of our results in
Sect. 4 and suggestions for future measurements to reduce
the model dependence due to the form factors and other
input parameters.

2 SCET analysis of B — K*¢T¢~

For the b — s transitions, the weak effective Hamiltonian
can be written as

a 10
Hesr = —%w:wb;cxu)@(u), (4)

where we have neglected the contribution proportional to
V. Vup in the penguin (loop) amplitudes, which is doubly
Cabibbo-suppressed, and we have used the unitarity of the
CKM matrix to factorize the overall CKM-matrix elem-
ent dependence. We use the operator basis as introduced
in [14, 30]:

=BT )v_a@T* b)y_a,
=(8c)y_a(cb)v_a,
Q 2 (5b)v—a Z a7"q)

V—A Z QVMTA q) y

q
Qs =257 (1—7)b (37" "q)

q

Q6 =2 57 7p(L=75)T4 b > (477" T q),
q

em b _ v
Q? = _%SU'u (l+’y5)bFI“, ,

Qi=2(3T"b)

gsm = v
Qs = —W;sa” (1+75)TA b G4,
Qs = “;: (3b)v—a(Br0),
Qo= (Sb)v Aty ys0) (5)

where T is the SU(3) color matrix, qem = g2, /47 is the
fine-structure constant, and (i) is the current mass of
the b-quark in the MS scheme at the scale p.

Restricting ourselves to the kinematic region 1 GeV? <
¢® < 7GeV?, the light K* meson moves fast, with a large
momentum of the order of m g /2, which thus can be viewed
approximately as a collinear particle. For convenience, let
us assume that the K* meson is moving in the direction of
the light-like reference vector n; then its momentum can be
decomposed as p* =i - pn* /2 +p'| +n-pi* /2, where it
is another light-like reference vector satisfying n-n = 2. In
this light-cone frame, the collinear momentum of K* is ex-
pressed as

p:(n'p7ﬁ'papl)N()‘271a)\)mb7 (6)
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with A ~ A/mp < 1. In addition to this collinear mode, the
soft- and hard-collinear modes, with momenta scaling as
(A, A, \)myp and (X, 1,v/X)my, respectively, are also neces-
sary to correctly reproduce the infrared behavior of full
QCD.

SCET introduces fields for every momentum mode, and
we will encounter the following quark and gluon fields:

gc“’)\v AgN(A2vl,>‘)7 ghc, _N>‘1/2
Al (LAY D ge e XY AR (AN,
h~ X3/, (7)

In the above, the symbol A* stands for the gluon field,
h represents a heavy-quark field, the symbols £ and ¢
stand for the light-quark fields, and the subscripts c, s, hc
stand for collinear, soft- and hard-collinear modes, respec-
tively. Note that the momentum ¢ of the lepton pair is
taken as a hard-collinear momentum, since in this pa-
per we only consider the range 1GeV? < ¢ < 7 GeV2.
That is why an extra hard-collinear field & in the 7-
direction is required later. As explained in detail in [26],
to construct the gauge invariant operators in SCET,
it is more convenient to introduce the building blocks,
given below, which are obtained by multiplying the fields
by the Wilson lines which run along the light-ray to

infinity:
Xc, Agv thv Xﬁv Aﬁc, Qs, Agv Hsy Qév H§()
8

For example, the field X}, is defined as

Xie () = Wi (2)€ne(x), with

Wae(z) = Pexp (ig [ OOO dsi - Ane(z + sn)> )

where Whe(x) is the hard-collinear Wilson line. The nota-
tions Qs and Hs are used when the associated soft Wilson
lines are in the n-direction. For the definitions of the other
fields and more technical details about SCET, we refer the
reader to [26] and references therein.

Since SCET contains two kinds of collinear fields, i.e.
hard-collinear and collinear fields, normally an interme-
diate effective theory, called SCETY, is introduced which
contains only soft- and hard-collinear fields, while the fi-
nal effective theory, called SCET], contains only soft and
collinear fields. We will then do a two-step matching from
QCD — SCET; — SCETq;.

2.1 QCD to SCET, matching

In SCET1, the K* meson is taken as a hard-collinear par-
ticle and the relevant building blocks are &}, A, Al and
h. The velocity of the B meson is defined as v = Pg/mp.
The matching from QCD to SCET] at leading power may
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be expressed as
Heg — — ﬁV*th<§:/ds cA (s)JA (s)
€ ts 1 7
V2 i=1
4 ~
+Z/ds /dr C}B(S,T)J]-B(S,T)
j=1
+/ds/dr/dt ac(s,r,t)Jc(s,r,t)> ,

(10)

where 6’1(A’B) and CC are Wilson coefficients in position
space. The relevant SCET] operators for the B — K*¢+{~
decay are constructed by using the building blocks men-
tioned above [26]:

Jit = Xe(s7) (1+75)7 h(0) £yt

J§ = Xoe(sii)(1 +75)n—:)h(0) vl

I3t = Xine(sn) (1475)7 h(0) £v,75¢

Jit = X (sn)(1 +75)nn—:)h(0) Cyvst

JP = Xnc(sn)(1475)7! AncL (rn)h(0) £y, L,

Jy = Xhe(s7)(14+75) AncL (1) :—_ﬂvh(o) vl
I3’ = Xne(s7) (1 +75)7! Anc (1) h(0) L5t
JP = Xnc(sn)(1475)Anc (rn) —h(0) ly,ys ,

where the operators J/* and JjB represent the cases that
the lepton pair is emitted from the b — s transition cur-
rents, while J¢ represents the diagrams in which the lepton
pair is emitted from the spectator quark of the B meson.
Except for the lepton pair, the operators JiA B have the
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same Dirac structures as those of the heavy-to-light tran-
sition currents in SCET, which were first derived in [16]
for JA and in [24, 25] for JP (see also [23,31]). In this pa-
per we take the operator basis of [26, 31] which makes JjB
multiplicatively renormalized, but we have neglected the
operators which contain the Dirac structure Anc 17/ and
which do not contribute to the exclusive B meson decays.
It is also clear that the structure 577“756 arises solely from
Q10 of the weak effective Hamiltonian.

Since in practice the matching calculations are done in
the momentum space, it is more convenient to define the
Wilson coeflicients in the momentum space by the follow-
ing Fourier-transformations:

CAE) = / ds " PCA(s)
CP(E,u)= /ds /dr ellustanmPOB (g ),

CCY(E,u) = /ds /dr /da eilustann-Pelan-aGC (5 1 g
(12)

with E=n-vi- P/2 and @ = 1 — u. To get the order «y cor-
rections to the decay amplitude, we need to calculate the

Wilson coefficients Ci* to one-loop level and CjB and C¢

to tree level. In the following we will use 4, C’i(A’B’C) to de-
note the matching results from the weak effective operators
Q; to the SCET currents JiA’B’C. With this, the matching
coefficients from QCD — SCET] can be written as

10
PO = > 2,0 (paep, u)

J=1

(13)

where pqcp is the matching scale and p is the renormaliza-
tion scale in SCET}.

Each operator of the weak effective Hamiltonian,
namely @110, will contribute to C* at order ay level, as
shown in Fig. 1. But due to the small Wilson coefficients
Cs3_g, it is numerically reasonable to neglect the contribu-
tions from (3_¢. For the operators 1 2 and Qs, the results

b é§ > S b ﬁ %§ s b é:::% S
Q16 Q16 Q16

(a) (b)

b Q16 s b s

(

(d) e)

b ks b i @) i s
(2) (h)

b

(©)

S
(f)

Fig. 1. O(as) contributions to the matching of
Q; to A-type SCET currents. The crossed cir-
cles denote the possible locations from where the
virtual photon is emitted and then splits into
a lepton pair
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can be easily derived from (11) and (25) of [32]:

_ Qem Qs (NQCD)
2 47

X [1 (257 +5F) o +2 (F” + B /o) Cl} :

A1 207 (pqep) =

B
(07 (e
AvaC(pgep) = — Sem 2slHacD)

2T 47
< [(2ED + F) Cat2 (FP+ FY16) ]
AsCi (nqep) =
Qem Qs (NQCD) mb(/‘QCD) 2 (7) (9) off
_ Qem EO4F
2 4dr mp § 8 G
AgC3'(pqep) =
Qem s (pQep) M (HqeD) [ ) (9)} off
- — 2F, F. 14
21 A7 mp st G, (1)

where § = q2/ml2)7 and my is the pole mass of the b-quark.
The current mass my is related to the pole mass at next-to-
leading order by

__ aSCF mg
my(p) =mp [1—{— g (SInF—Zl)} ) (15)

where Cr = 4/3. The functions F1(72%) are given in a mixed

analytic and numerical form in [32]. Following the con-
vention of [14], we also use the “barred” coefficients C;
(i=1,...,6) here which are the linear combinations of the
Wilson coefficients C; of the weak effective Hamiltonian
in (4). The effective Wilson coefficient CS¥ is defined as
C§" =Cs+C3—C4/6+20C5 — 10Cs.

For the operators @7, Q9 and @19, the matchings to the
A-type currents give

m m 2~
ACH = Qem T (HQcD) 509071357

27 mp
AzCft = em TlaCD) (T/;TCD) 2C10CS",
AgCA = O;: GaCt
AgCA = O;: (6*4+ 1;§65> cef

Qem
ApC4 = %C?)Cl()v

(16)

em ~ 1- 8 ~
ACi = a27r (C4+ TSC%> Cho -

629

To avoid confusion with the Wilson coefficients in (4), we
use the notation C; for the matching coefficients, instead of
C; as used originally in [16]. The explicit expressions of C;
up to one-loop order can be read from [16,23]. Note that
although the operator basis of the tensor current in [23]
looks slightly different from that of [16]; they are actually
the same, and it is easy to find the relations Cy = Cq(on 2
and C19 = C}Ao)l. The effective Wilson coefficients are de-
fined as C¢f = C7 — C3/3 —4C4/9 —20C5/3 — 80Cs/9 and
Cs%(q?) = Co + Y (¢?), where the function Y (¢?) represents
the contributions of the fermion loops and the explicit for-
mula can be found in [14].

To get the decay amplitude of B — K*£*/~ in order o,
the tree-level matching of the effective weak Hamiltonian
(4) onto the B-type SCET currents (11) is already enough,
as illustrated in Fig. 2. If we let the notation AmC’iB stand
for the matchings of Q1 _¢ onto the B-type SCET currents
JB | namely A4CF = Zle A;CE, we get from Fig. 2a

7 )

that

em 1 [2 R ~ A A
AlGClB = (—ng (u,s,mi/m%) (02+C4—06)

Con mpS \ 3
1
3
1
3

Fig(u, 8,0)C3

1*—11L6(1L,§7 l) (03+é4 —66 —405) ) ,

em 2 [ 2 R _ _ _
AlGCQB = O;?T m—b <§F1|6 (u,s,m%/m%) (02+C4—06)

(17)

where u is the momentum fraction carried by the strange
quark in the K* meson. The functions FILS’H are defined as

FlLG(u,;%,)\)

(1-38)(1—u) V3 —5+4X

_\/—1—|—u—§u+4)\
1-(1-3%mu

2 ( (\/—§+4)\ Vi
S arctan

arctan

1—(1—3%)u
vV—1l+u—5su+4X

Q16 Qi Q16

Fig. 2. Tree-level matching of Q); onto B-type
SCET currents. The crossed circles denote the

(a) (b)
b % S b E S
Q7 Qs

(d) (e)

(c)
b > / S
Q.(),m

) places where a gluon line may be attached

possible locations from where the virtual photon
is emitted, while the crosses mark the possible
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. 2v/3 . 2V
+ A Lis (\/_ §_>—|—)\L12 (\/— FRY )

. 2y/1—(1-3)
TALD <\/1—(1—§)u+\/1—(1—§)u—4)\>

2y/1-(1-3%)u

—ALL <¢1_<1—§)u—%1—<1—§)u—4k>> 7

(18)

va —5 14X
_\/—l—i—u—éu—i—4)\art V1—(1-3%u
V1I—(1-3%)u V=14u—3su+4X
. 2V/3 2V3
+/\Ll2<x/_ VE— >+/\LIZ<\/3_+\/§—4A>

. 2¢/1-(1-3)
_)\Ll2(\/1_(1_3.)“4_\/1—(1—3')@6—4)\)
) 1_(1—§)u

— A Liy (\/1_(1_3.)”_\/1—(1—3)16—4)\) ) (19)

As a check, it is not difficult to find the following relations:

. my (1-uw)E
Fll(i(u, 3, m—g) = tL(u,mq)72MB ,
b
_m; 3(1-u)E
FIH(S(qu,m_%):tH(uvmq) Mg y

where the functions ¢, | (u, m,) are defined in (27) and (28)
in the paper by Beneke et al. [14]. We also note that the
functions Fyg(u, 8, \) and F1H6(u, §,A) are finite as = 1—
u — 0, as opposed to the functions ¢, |(u, mg), which are
singular as u — 0.

Figure 2d and the operator Qg of Fig. 2f, combined
with Fig. 2b, will contribute to the matching coefficients
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A77ng2, while the operator Q19 of Fig. 2f will contribute
to AwC’?ﬁ:

A:CB = _0“2;’ "%bgzcgff,

ArCf = 2 my (m1b— B) 207

AgCE =0, ACP = —‘;: mt(l i) ot
MgCF =0, A0l =% %Clo (20)

Finally, Fig. 2e and ¢ contribute to the matching coeffi-
cients

 Qem T 2(1—u)(1— )C

2 m? 38(u+§—us)

AgCPE = AsCE =0.

(21)

We shall now consider the diagrams where the virtual (off-
shell) photon is emitted from the spectator quark, as shown
in Fig. 3. Due to the off-shellness of the quark propaga-
tor, it is easy to check that Fig. 3d—f are of order 1/my
suppressed compared with Fig. 3a—c, where the photon is
emitted from the spectator quark in the B meson. There-
fore at leading power in 1/mg, only the first three diagrams
in Fig. 3 are relevant for our analysis. As we shall see in
the following, all of these three diagrams contribute to the
Wilson coefficients of the C-type SCET current.

The annihilation diagram, shown in Fig. 3a, contributes
to the matching coefficient C“ at order af, for which the
calculation is trivial:

0 2
Agﬁ)cc —3 (

Vus VUb
ViV

(C + 302)5qu + (03 + 304)) .
(22)

Here ¢ is the flavor of the spectator quark in the B me-
son and the superscript (0) denotes the matching at order
a?. At order ag, the diagrams shown in Fig. 3b—c also con-
tribute to the matching onto the C-type SCET current

b @ s b Q16 s
q q q q
& &
(b) (c)
b Qs s b Q16 s
qd ® a d 4 Fig. 3. The diagrams where the virtual photon,

(d) ()

as denoted by the crossed circle, is emitted from

() the spectator quark
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with the coefficients

CF Ots 4C
N drl—u+ud’

Cr as R
ADCC =2 e Z { (Co+ Cu+Co) G (u, 3,m?/m3)
+ (03 +3Cy +3C(5) G (u,$,0)
+(C3+O4+Oﬁ) G(u,é,l)

4 _ _
+5(Ca—Cs—15C) |,

AgCC =

(23)
where the function G(u, §, ) is defined as

2 2
G(u,30) =5 +3n %

+4/01d13 z(l—z)InA—z(1—z)(1—u+us).
(24)

2.2 SCET, — SCET,, matching

As shown in [21,25], which analyzed the form factors
in the framework of SCET, one may simply define the
matrix elements of the A-type SCET] currents as non-
perturbative input since the non-factorizable parts of the
form factors are all contained in such matrix elements.
Therefore the explicit matching of JiA to SCETy; operators
is not necessary here.

For B-type SCET] operators, they are matched onto
the following SCETy; operators:

OF = R(sm)(1-+ 907 2 2.(0)

x O4(tn)(1 —75)%%(0) byl
0F = Z(s)(1+73) - 2 20

< Qu(tm) (1+93) B H,(0) Pt
OF = & (sm)(1 97 B 2.(0)

x Qy(tn)(1 —75)2715(0) Cypyst
OF = Z(s)(1+95) -2 2.0

x Qs<m><1+%>§ﬂs<o> Pyt (25)
where we only include the color-singlet operators that
have non-zero matrix elements for the B — K*¢* ¢~ decay.
Again, it is in practice more convenient to do the matching
calculations in the momentum space, and the Wilson co-
efficients DZ (w, u) can be defined by Fourier transforming
the corresponding ones, DB(s,t), introduced in position
space, just like the case in SCETY,

DB(w,u) = /ds /dt e lwnvtglusn PRB(g 1y - (26)
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Following the notation of [26], the Wilson coefficients D5
can be expressed as

DE(w,u, 3,p)

1 [t 1—-3§
:—/ dv J; (u,v,ln 7mbw(2 S),M> C’iB(v,,u),
W .Jo 2

(27)
where the jet functions J; arise from the SCET; — SCET1
matching, and it is clear that 71 = J3 = J, and Jo = Jy =

J|- At tree level, using the Fierz transformation in the op-
erator basis,

X NHs QM X,

= R R M) < B,
- wﬂmmmmgms
LI Y- RV R LS E VAT
one obtains
T (u,0) = Jj (u,v) = —4“]%?“5 mb(l_i)(l_g)(s(u—’u).
(29)

Finally, the C-type SCET| current is matched onto the
SCETy; operator

0° — Z.(sn)(1 +75>§xc<o> Ou(tm)(1+75)

X %Hg( 0) - Z b (30)
We may similarly define
DY (w,u) = /ds /dt e lwnvtelusnP RO (s 1), (31)
with
—ee, s 1-3)
e 2y eeqd c () mpw(
(w, u, 8, ) =m0 Bk

x CY(E,u, ), (32)
where e, is the electric charge of the spectator quark in
the B meson. Note that the prefactor in (32), —ee,§/(w —
q?/myp — i€), has been factored out from the definition of
JC. The denominator of this prefactor comes from the
propagator of the hard-collinear spectator quark, as seen in
Fig. 3. With this, at tree level the corresponding jet func-
tion is trivial, J C_ = 1. For later convenience, we will define
D¢ = DC/(w q?/my, — ie).

2.3 Matrix elements of SCET operators
The last step before we can finally get the decay amplitude

for the B — K*¢*{~ decay is to take the matrix elements
of the relevant SCET operators. Since the soft and collinear
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parts do not factorize in the matrix elements of the opera-
tor J4 in SCETy; due to an end-point singularity, we will
define the matrix elements of the J4 current in SCET;.
Following [26], they may be defined as follows:

(M (p)|Xuch|B(v)) = —2ECy (E)tr [Ma(n)T Mp(v)] ,

(33)
where the projection operators are
1+ -
Ma) =~ 225 Mies (=412
My: () =22 (34)

with €/ being the polarization vector of the K% meson. It
is then straightforward to get the matrix elements of the
SCET; currents J7* as

(K *€+€*|J{4|B> =—-2E(, (gL —ieh")et, byl
(K*t+0|J3|B) = —2E4H—me

(K*ete |J5 |B) = —2E(. (gJ_ — i) et yust
(K

e | g8 |B) = —2E(; mé’yu%& (35)
where g/ = g"” — (n*” +1#n”) /2 and € = e"P7u,n, /
(n-v). Note that, in the above equations, we use the con-
vention %123 = —|—1 as adopted in the book by Peskin and
Schroeder [33].

For the B-type SCETy; operators (25), although naively
the soft and collinear degrees of freedom seem to be decou-
pled, the factorization may be invalidated unless no end-
point divergences appear in the convolution integrals [21,
22]. The relevant meson LCDAs are defined as [13, 34]

(0|Qs(tn)I"H

. {(O|B@))
_ IFQ(H’) \/m—B/ dw e—iwn~vt

trl(ﬁ(w,u)—%

X FMB(U)] s

(67 (.11 —¢E<w,u>)>

(K* ()| u(sm) B 2, (0) 0)

2
_ifkx(u)
4

1
n-p tI‘[MK*F]/ du "G (u, p),  (36)
0

where two different K*-distribution amplitudes ( Q(* (u, p)

for I'=1 and ¢ (u,u) for I' =+, ) with their corres-
ponding decay constants f- I, and f+ (1), respectively, are
involved; F'(p) is related to the B meson decay constant fp
up to higher orders in 1/my, by [35]

fov/ms = F(u) (1+C1F+;(m(31n%—2>>. (37)
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With the above LCDAs, the matrix elements of the opera-
tors OF can be written as

(K*ete|cP0F|B)
F(pymy”
—— 1 -

A /0 du fre: () (u, 1)

)(gj_ _lfj_ )5J_u€7,u€

1 13
x/ dUJL(U,U,IHW w)CE (v, 1)
0
7 3/2
E—M(l—é)(gL 16J_)6J_V€7#€¢+

4
® frs bxs ®TL OO,

(K*tte"|cF0F|B)
F(ymif?

N
=L (1-8) Tyl

® friox: ®J) ®Cy, (38)
while for the matrix element of CPOP (CEOP), it can be
obtained by simply replacing the lepton current Kfy,ﬂ on the
right hand side of the above equations by £y,7v5¢ and also
replacing Cf — C8 (CF — CP).

The matrix element of O is obtained likewise, with the
result

* — F m ~ n*
(K*ete |DCOC|B>:—%(1— )n—me
woB
P T A

(39)

Since ¢ (w) does not vanish as w approaches zero, the inte-
gral [dw ¢P(w)/(w —g¢?/my) would be divergent if > — 0.
This end-point singularity will violate the SCETy; factor-
ization; that is why we should restrict our attention to the
kinematic region where the invariant mass of the lepton
pair is not too small, say g2 > 1 GeVZ.

2.4 Resummation of logarithms in SCET

In the above analysis a two-step matching procedure
QCD — SCET| — SCET; has been implemented. This in-
troduces two matching scales, pp ~ my at which QCD is
matched onto SCET} and y; ~ v/mpA at which SCETY is
matched onto SCETyy. Thus, with the SCET; matching
coefficients at scale up, one may use the renormalization-
group equations (RGE) of SCET] to evolve them down
to scale u; and then match onto SCETy;. The large log-
arithms due to different scales are resummed during this
procedure. Note that the meson LCDAs may be given at
another scale py, and, in principle, one should also use the
RGE of SCETy; to run the corresponding matching co-
efficients from p; down to py. But since in B decays the
scale p; ~ 1.5 GeV is already quite low, we may just take
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the meson LCDAs at the scale p; in this paper for simpli-
city and thereby avoid the running of the SCET|; matching
coefficients.

Furthermore, one should note that for the A-type
SCET currents only the scale py is involved, since it is
not necessary to do the second step matching of SCET} —
SCETyy. Similarly, we may choose the non-perturbative
form factors ¢, | at the scale y, and avoid the RGE
running of the A-type SCET; matching coefficients. For
the B-type currents, the RGE of SCET; can be ob-
tained by calculating the anomalous dimensions of the
relevant SCET operators, which has been done in [31],
where the matching coefficients at any scale p can be ob-
tained by an evolution from the matching scale p; as
follows:

CJ‘B(E,UaMh,N)

97\ “(knoH) 1
= (Z) es(“h’”)/ dv UF(u,U,ﬂh,ﬂ)qB(E,v,ﬂh)
0

2FE a(pn,m) s .
=(22) 7 s BB ). (40
Hh

with the subscript I" =, ||, and the functions a(pp, 1) and
S(pn, i) are given in (66) of [31]. Note that in the above
equation one should use the subscript I'=1 for j=1,3
and I" =|| for j = 2, 4. The evolution kernel U/ T(E,u, e, u)
obeys

dﬁlj"(E, U, h,y /1‘)

1
- r7d
dln'u _/0 dy yV[‘(y,U)UF(anaMhaﬂ)
w(

u)UIJ"(E7U,//'h,/1’)7 (41)
with the initial condition Uf(E, u, pn, i) = CjB(E, U, P,
Again, the functions Vr(y, u) and w(u) are defined in [31].
In the next section on phenomenological application,
we will solve the above integro-differential equation
numerically.

Finally, for the C-type SCET current J¢, its anoma-
lous dimension just equals the sum of the anomalous di-
mensions of the K* meson LCDA ¢g+ and the B me-
son LCDA ¢B. However, as the evolution equation of ¢&
is still unknown, we will not resum the perturbative log-
arithms for the J¢ current in this paper. Numerically
the contribution from the J¢ current to the decay ampli-
tude is small. Furthermore, as we will see later, the J¢
current is completely irrelevant for the forward-backward
asymmetry of the charged leptons. Therefore, this treat-
ment has only a minor impact on our phenomenological
discussion.

3 Numerical analysis of B — K*{T¢~

We are now in the position to write the decay amplitude of
B — K*¢*{~, using a notation similar to the one adopted
in [14],
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a’r GRIVEViol* (@em\? 5 ¢\
— TelVis P
dg?d cosd 12873 < 4m ) MK ( m2B)
{2g<1+cos ) (|c >+ (Cio)?)
-8¢2 cos@ Re (Cg ) Cio

+¢R(1 — cos? 0 (Ies2+ch?) b, @2

with mpAg+ /2 being the 3-momentum of the K* meson in

the rest frame of the B meson,
2\ 2 ¢ 4 Y2
Ae = [(1—‘1—2) oMk (1+ >+m§*] .
mg m% m% my
(43)

The angle 6 denotes the angle between the momenta of
the positively charged lepton and the B meson in the rest
frame of the lepton pair. Note that in the above equations
the leptons are taken in the massless limit and the K* me-
son mass is kept non-zero only for Ag=, which arises from
the phase space. The “effective” Wilson coeflicients Cgy Ll

and Cfd” are given by

21 (4 mp [BOE® fidi. @TLQCP
Cl + 9
Qem 4 4L

ct=

(-2 (pa, mp [BOR 6 fiedk © T 8 CF
Cg = Cy +
em Kl q
¢ fpwoP/ (w—g?/mpy — )®f”* . ®DC
4dmp CH ’
Il C
cl =27 <Cf+"ZBfB¢+®f *4 ®J® 4>,
em H

(44)

where CZ»A’B and D¢ are defined in (13) and (32), respec-
tively. The above expressions are valid at leading power in
1/myp and to all orders in as. But in this paper we only
calculate explicitly the “effective Wilson coefficients” at
one-loop order. At this order our results are quite similar to
those of [14] using the large-energy limit of QCD. The main
phenomenological improvement is that for the hard scat-
tering part; the matching coefficients CZ are evolved from
the scale uj, ~ O(myp) down to p; ~ +/mpAp, during which
the perturbative logarithms are summed. Here, A, repre-
sents a typical hadronic scale. Note also that the definitions
of the soft form factors ¢, | in SCET are different from
those of [14]; therefore the explicit expressions for C{* are
also different from the coefficients C%! appearing in [14],
which are related to the form factor Corrections.

In terms of the helicity amplitudes for the decay
B — K*(— K +m)¢T¢~, the double differential distribu-
tion d?B/d cosfds is given in (44) of [36]. This requires
the helicity amplitudes, |Ho(s)|? = |HE (s)|> + |HE(s)]?,
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|H" " (5)|? and |H£’R(3)|2. While the amplitudes Hf’R(s)
are both power-suppressed in 1/m;, and numerically small,
the expressions for the other ones in SCET are given here:

m2 2
=" (1) (el )
B
2 2
q
= (1 L) e echPe . )
B

Note that the dependence on the soft form factors fac-
torizes in Cﬁ and (? for the helicity components |Ho|?

and |[HY®|2, respectively. Since a similar analysis in terms
of the helicity amplitudes of the charged current decay
B — p(— 7w)¢T v, can be performed, the ratios Ry(s) and
R_(s) of the two differential distributions (in B — K*(—
Km)¢t¢~ and B — p(— mm)lTv,) have lot less hadronic
uncertainties, as these ratios (see (76) in [36] for their defin-
ition) involve estimates of the SU(3)-breaking in the soft
form factors. The point is that the ratios (lf{ : /¢ ﬁ) and

K i /¢ are more reliably calculable than the form factors
themselves.

3.1 Input parameters

To get the differential distributions numerically, some in-
put parameters have to be specified. For the calculation of
the Wilson coefficients, the relevant parameters are chosen
as [37]

My = 80.425 GV,
5
AD). = 21773 MeV

sin? fw = 0.2312,
(46)

and mP°"° = (172.7+2.9) GeV, updated recently by the
Tevatron electroweak group [38]. Numerical values of the
Wilson coefficients, evaluated at scale = my = 4.8 GeV,
with the three-loop running of g and the input parame-
ters fixed at their central values given above are shown in
Table 1. Note that the NNLL formula for Cy can be found,
for example, in the appendix of [14], while the relevant
elements of the three-loop anomalous dimension matrix
have been calculated recently in [39,40].

The CKM factor |VisVji| =~ (1 — A?/2)|Vep| is estimated
to be 0.0403 £ 0.0020 by taking |Ve,| = 0.0413+0.0021 [41]
and A = 0.2226. For the B meson lifetimes, we use 75+ =
1.643 ps and 750 = 1.528 ps [41]. The pole mass m; is cho-
sen to be 4.8 GeV. The ratio of the charm quark mass
over the b-quark mass is taken to be m./my = 0.29 £ 0.02.
For the matching scale from SCET] to SCETy;, we use
My = \/mb/lh ~1.5GeV.

The hadronic parameters for the decay B — K*¢1{~
include decay constants, light-cone distribution ampli-
tudes (LCDAs) and the soft form factors. The B meson
decay constant can be estimated by QCD sum rules or
lattice calculations; here we take fp = (2004 30) MeV.
For the K* meson, experimental measurements give [37]

IH(* = (217 £5) MeV, while the most recent light-cone
sum rules (LCSRs) estimate [42] is f.(1 GeV) = (185 +
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10) MeV. Note that fi-. obeys the scale evolution equation
Fiex () = Fier (o) (cvs () /s (o)) /%

The B meson LCDAs enter into the decay amph—
tudes only in terms of the integrated quantities Ay + and

gt (g 2) defined by the following integrals:

> d
3= [ ok,
o B
)= [ a2

w—q?/mp—ie’

Therefore, it is not necessary to know the details about
the shape of ¢#(w). The most recent estimate gives [43]
)\_ (1 86 40.34) GeV ! at the scale u = 1.5 GeV. How-
! (¢?) does require the knowledge of B (w), about
which we know very little. Fortunately, A" ! (¢®) only ap-
pears in the annihilation term which pla7ys numerically
a minor role in the B — K*{T{~ decay. To be definite, we
adopt a simple model function [34], ¢Z(w) = wy tew/wo,
with wy ' =~ 3 GeV—L.

The K* meson LCDAs may be expanded in terms of
Gegenbauer polynomials:

(47)

ever )\

;}il( p)=6u(l—u 1—|—§:aL ()32 (2u—1)

(48)

However, the coefficients a,, are largely unknown. Follow-
ing [44], we shall ignore the terms a;’ L (n > 2). For a4 2,
we omit their scale dependence and estimate in a conser-
vative manner: a; Hl=0.1+0. 1, aQ" =0.1£0.1. We note
that recently the ﬁrst Gegenbauer moment of the K* me-
son has been revisited in LCSRs [42], which gives smaller
uncertainties.

There are only two independent B — K* form factors
in SCET, namely ¢ (¢?) and ¢j|(¢*). They are related to
the full QCD form factors as discussed in [31]. The cur-
rent knowledge of these form factors is fragmentary. For
instance, ¢, may be extracted from VEK" [26]:

r ey \1=¢?/mi — 1-¢*/miyg )’

with 7} =0.923, 7Y = —0.511, my = 5.32 GeV and mi 5, =
49.40 GeV2. Note that the ¢?-dependence above is the
same as that of VB7K"(¢2), calculated in [44] using LC-
SRs. However, analyses of the radiative B decays B —
K*v [14,26,45,46], B — py [45,46] and the semi-leptonic
B decay B — plv [47] imply that the LCSRs overesti-
mate the B — V form factors significantly. We use the
radiative B — K*v decay, which has been measured quite
precisely [41]: B(B° — K*0v) = (4.01£0.20) x 1075, to
normalize the soft form factor at ¢?> = 0. In SCET, it is
straightforward to get the decay amplitude of B — K™~
from the B — K ¢T¢~ decay, by taking the limit ¢* — 0.
Then, using the input parameters from Table 2, we ob-
tain ¢) (0) = 0.3240.02. Here the error is mainly from the
CKM factor Vi, V,}, and the experimental uncertainty of the

(L(g?) =
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Table 2. Numerical values of the input parameters and their uncertainties

used in the phenomenological study

My 80.425 GeV sin? Oy 0.2312
mPole (172.742.9) GeV AL (21718) Mev
[Vis Vi3] (40.3+£2.0) x 1073 Qem (myp) 1/133

mg 5.279 GeV mpele 4.8 GeV
TR+ 1.643 ps TRo 1.528 ps
me/my 0.2940.02 m 1.5 GeV
Mg (15 GeV) (1.864+0.34) Gev ! fB (200 +30) MeV
¢ (0) 0.3240.02 ¢(0) 0.4040.05
FiE. (1 GeV) (185+10) MeV L. (217+5) MeV
ail 0.140.1 ay! 0.140.1

branching ratio B(B? — K*%v). This estimate is consistent
with the result of [26], but it is significantly smaller than
the value of 0.40 + 0.04 we get from LCSRs. In our numer-
ical analysis, we will choose the value ¢, (0) =0.32+0.02
as determined from the radiative B decays, but we assume
that the g?>-dependence of ¢ (¢*) can be reliably obtained
from the LCSRs.

For the longitudinal soft form factor ¢}, unfortunately,
there is no quantitative determination from the exist-
ing experiments, though this may change in the future
with good quality data available on the decay B — pluy.
Using a helicity analysis, one can extract ¢ ﬁ) (¢); com-
bined with estimates of the SU(3)-breaking one may deter-
mine Cﬁ( i (¢?). Not having this experimental information
at hand, one may extract ( (¢?) from the full QCD form
factor AF 7K (¢?):

AFE ()
as(mp)Cr
vy

= [1-

<2 In?[1—s] — % In[1 — s

2

+2 Liafs] + 4+ 55 ¢ (@)

1

4(1—s)

9F a(pp ) 1
®(_> eS(Mhy#l)/ dy Uy (v, y, ptns pur)
[k 0

feoP e fl.ol. g

with s = ¢%/m%. LCSRs estimate [44] AP =57 (0) = 0.
0.043 with the ¢?>-dependence

1364 0.990

AB—)K* 2\ _ _ .
o " (a) 1—q2/m% ~ 1—q2/36.78GeV2

(51)

From this we get (|(0) = 0.40+0.05, using the input pa-
rameters discussed above and/or listed in Table 2. Its
q*-dependence is drawn in Fig. 4.

0.8

0.2

¢'[GeV?]

6 7

1 2 3 4 5 8

Fig. 4. The g>-dependence of the soft form factors §J_7H(q2).

The solid curve represents ( | (q2), while the dashed curve rep-
resents | (q2). We have rescaled the transverse form factor at

q2 =0 to be consistent with the experimental measurements of
the B — K™~ decay rate

Alternatively, ¢|(¢*) may also be determined from the
following relation:

EmB(V _ AQ)B—>K* (q2)

myx(mp + M)
2

:ll ’

_ as(mb)CF

e (2 In?[1—s] —21n[1 — ]

)

9 a(ppky)
BOT @ fleetlr © J) @ (E)

Gi(g®)

1-2s

4(1—s)

1
xS0 [y Uy (o, ns ) 62)
0
With the input VE7E"(0) — AB~K"(0) = 0.152+0.057
from LCSRs, we obtain ¢);(0) = 0.4240.16, which agrees
with the range extracted from AZ~5". We will use ¢ (0) =
0.40 £0.05, obtained from its relation to the full form fac-
tor AP?E" and the LCSR, as discussed above. Figure 4
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shows the g-dependence of both soft form factors ¢ _ I (¢?).
However, since the analysis of the semileptonic decay B —
plv [47] suggests that both the transverse and longitudi-
nal form factors might be overestimated by LCSRs, we
will also consider, as an illustration of the non-perturbative
uncertainties, the value {j(0) = ¢1(0) = 0.32 with all the
other parameters taken at their central values.

3.2 Numerical solution
of the SCET, evolution functions

As we discussed in Sect. 2.4, the B-type matching coeffi-
cients C? should be run from the scale yu, = 4.8 GeV down
to u; = 1.5 GeV, with the evolution kernel Ur(E, u, fin, 1)
obeying the integro-differential equation (41). To solve this
equation numerically, it is more convenient to define the
following evolution functions:

1
UI(—'G)(E7U7:U’hHU’) :/ dUUF(’U,,’U,/J,h,/J,),
0

~ uts—us [*
Ul(“b)(E7u7,uhnu') = ﬁ/ dvUF(uvan'hnu‘)
- 0
1—v
v+§—vs’

Ffy (v,§,mg/m§)
Fis (u,8,m2/m32)’
(53)

1
1("6)(E7u7:u’hnu’) :/dUUF(u7’U7/~Lh7M)
0

where I' =1, |, and the functions Ffé’“(u, 8,m?/m3) are
defined in (18) and (19). Note that at the quark level the
K* meson energy is related to § by E =mp(1—38)/2 in

177
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,"I""I""
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0 o "' "'
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the rest frame of the b-quark. With such definitions, the
above evolution functions are normalized to one at the
scale pp: U}a’ "“)(E,u, ptn, ur) = 1, and the QCD parame-
ter /1% would be the only input for their numerical eval-
uations. The matching coefficients CJB at scale p; can then
be written as

95\ “(HhoH1)
AiCjB(E,u,Hl) = (M_) S Hnsm)
h

x (71(—51’1)’6) (Ea U, Wh, Ml)Azc}B(E, u, ,Lth) s

(54)

where we should use the superscript (a) for A779,1OCjB ,
the superscript (b) for AngB and the superscript (c) for
A16CP . For the subscript I, one should use I' =L for j =
1,3 and I' =|| for j = 2, 4, which is the same as the conven-
tion of (40). Note that for the evolution of A16CP, we have
taken into account the fact that the term Fig(u, 8, m?/m2)
is dominant due to the large Wilson coefficient Cs.

It is then straightforward to get the following evolution
equations:

AU (B, u, pn, 1)
dlnp

1
=/ dy yVr (y, W)U (B, y, i, 1)
0

r7(a@)

—|—w(u) r (E,’U,,/J,h,/.l,) y

p o[ " (1-y)(ut(1-u)j)
_/ONdnyF(y’ )(1—u)(y+(1—y)§)

X Ul("b) (Ev Y, Klh, :U')

+w(u)UY (B, u, i, ),

dﬁl("b) (Ev U, W,
dlnp

Fig. 5. Numerical values of the func-
tions ﬁ}a,b,c) (E,u, pp, 1y), evolved
from pp =4.8GeV down to p; =
1.5 GeV; the relevant parameters are
taken at their central values. For the
upper-left plot, the solid line denotes
ﬁ(a), while the dashed line denotes
ﬁi(a). For the lower plots, since ﬁl(f)
are complex functions, we only show
their absolute values
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dﬁl("C) (E, Uy Wh s ,LL)
dlnp

1 r a2 /02
F16 (y, S, mc/mb)

= [ dyyVr(y,u) .
/0 Ffg (u, 3,m?2/m7)

x US (B, y, pn, 1)
W)U (B, pn, ) -

To get the numerical solutions of the above integro-
differential equations, we will perform the scale evolu-
tion in one hundred discrete steps, while from the scale
tn to pny1, the convolution integral is evaluated for
three hundred different values and discrete §-values of
05 =0.01 in the interval § € [0.04,0.35]. The function
Ur(E,u, tip, ins1) is obtained from a fit to these values.
Taking A@ =217 MeV, the numerical results of these evo-

(55)

lution functlons are shown in Fig. 5. Note that the function

U(a)(E u, ip, 1) actually does not depend on the energy
E, as shown in Fig. 5a. In fact, it is just the same function
as Ur (u, pn, p) defined in (5.23) by Neubert et al. [31]. The

function U” is not shown in Fig. 5, since it does not en-
ter into the decay amplitude at the one-loop level, due to
AgC% = 0. For the complex functions Ul(f), only the abso-
lute values of the functions are plotted.

3.3 The dilepton invariant mass spectrum
and the forward—backward asymmetry

Experimentally, the dilepton invariant mass spectrum and
the forward-backward (FB) asymmetry are the observ-
ables of principal interest. Their theoretical expressions in
SCET can be easily derived from (42):

dBr
dg?

GRVieVil? (aem\? ¢\
~ BT 12843 (47r) mpPeel (1= 72

16 q 2 4 2
(Rt T (P (eh)”) + 568 (10 + (eh) ) |

(56)

dArp
dg?

1 1 0
=— dcos———— d 6
dr/dg? < / €08 dqu cos® €08 dq2d cos 9)

( z/mB)CLRe( 9L)C10

4(a2/m%) G (IG5 12+ (€50)?) + ¢ (icd12 + (choy?)
(57)

With the input parameters listed in Table 2, the decay
spectrum and the FB asymmetry are shown in Figs. 6
and 7, respectively. In our calculation we have dropped
the small isospin-breaking effects, which come from the an-
nihilation diagrams, and we take the spectator quark as
the down quark in (22) and (23). To estimate the residual
scale dependence, we vary the QCD matching scale pp, by
a factor /2 around the default value pj, = m;. Note that
the soft form factors ¢, (¢*) defined in SCET are actually
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scale dependent, which effect has been taken into account
in our error analysis.

Restricting ourselves to the integrated branching ratio
of B— K*{*¢~ in the range 1 GeV? < ¢? < 7 GeV?, where
the SCET method should work, we obtain

7 GeV2
/ 4 5 dBr(Bt — K*t(t(™)
q EPe
1 GeV2

= (292%0301c, *6Rlox T885) x 1077 (58)
Here we have isolated the uncertainties from the soft form
factor ¢ and the CKM factor |V;5V;3|. The last error re-
flects the uncertainty due to the variation of the other
input parameters and the residual scale dependence. If
the smaller value for the longitudinal form factor (;(0) =
0.32 is used, as shown in Fig. 6b, the central value of the
branching ratio is reduced to 2.11 x 10~7. For B° decay,
the branching ratio is about 7% lower due to the lifetime
difference:

7 Gev2 o 0y e
/ dquBr(B — K*4)
dg?
1 GeV2

= (2725831, TBloxn T84) x 1077, (59)

To compare with the current experimental observa-
tions, it was proposed in [14] to consider the integrated
branching ratio over the range 4 GeV? < ¢% < 6 GeV2, for
which we get (0.9270:2%) x 10~7. This is smaller than the
number (1.240.4) x 10~7 obtained in [14], which is mainly
due to the fact that the most recent LCSRs estimation [44]
favors smaller form factor AF ¥ ", Experimentally one of
the Belle observations [4] of our interest is

8 GeV2
[ o

4 GeV2
= (4.877 73 seat. = 0.3[syst. £ 0.3|mode1) X 1077,

for which we predict (1.941'8:13) x 10~7. This is smaller
than the published Belle data by a factor of about 2.5. But
at this stage, it is still too early to conclude that one should
change some theoretical input significantly to be consis-
tent with the experimental data. For instance, the BaBar
collaboration measures the total branching ratio of B —
K*¢+t0~ to be [3] (7.871241.2) x 1077, which is about
twice smaller than the Belle observation [4] (16.5733 +
0.9+0.4) x 1077, This implies that, if finally the total
branching ratio of B — K*{T£~ is found to be closer to
the BaBar result, the partially integrated branching ratio
over the range 4 GeV? < ¢? < 8 GeV? could be lowered to
around 2.3 x 10~7, which is consistent with our estimate
(1.947545) x 10~7 within the stated errors. We look for-
ward to experimental analyses from BaBar and Belle based
on their high statistic data.

dBr(B — K*0+0™)
dg?

(60)
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Fig. 6. The differential branching ratio dB(BO — K*0t )/clq2 in the range 1 GeV2 < ¢% < 8 GeV2. In the left plot, the solid line
denotes the theoretical prediction with the input parameters taken at their central values, while the gray area between two dashed
lines reflects the uncertainties from input parameters and scale dependence. In the right plot, the soft form factors are normalized
as (||(0) = (1 (0) = 0.32, while all the other parameters are chosen at their central values
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Fig. 7. The differential spectrum of the forward—backward
asymmetry dApp(B — K"‘EJ%f)/dq2 in the range 1 GeV?2 <
q2 < 8 GeV2. Here the solid line denotes the theoretical predic-
tion with the input parameters taken at their central values,
while the gray band between two dashed lines reflects the un-
certainties from input parameters and scale dependence. The
dotted line represents the LO predictions, obtained by dropping
the O(as) corrections

One of the most interesting observables in the decay
B — K*{*{~ is the location, g2, where the FB asymme-
try vanishes. It was first noticed in the context of form
factor models in [48] and later demonstrated in [12], using
the symmetries of the effective theory in the large-energy
limit, that the value of g2 is almost free of hadronic un-
certainties at leading order. From (57), it is easy to see
that the location of the vanishing FB asymmetry is de-
termined by Re(Cg-) = 0. At the leading order, this leads
to the equation Cg + CSf+ Re(Y (¢2)) = 0. Including the
order ag corrections, our analysis estimates the zero-point
of the FB asymmetry to be

g5 = (4.07515) Gev?, (61)

of which the scale-related uncertainty is A(g3)scale :Jjgjgg
GeV? for the range my /2 < up, < 2my, together with the jet

function scale u; = 1/un, X 0.5 GeV, as used in the paper by
Beneke et al. [14]. Since no reliable estimates of the power

corrections in 1/my, are available, we should compare our
results with the one given in (74) of [14], also obtained
in the absence of 1/my, corrections: g3 = (4.397035) GeV2.
Of this the largest single uncertainty (about +0.25 GeV?)
is attributed to the scale dependence. While our central
value for g2 is similar to theirs, with the differences re-
flecting the different input values, the scale dependence in
our analysis is significantly smaller than that of [14]. This
improved theoretical precision on g3 requires a detailed dis-
cussion on which we now concentrate in the rest of this
section.

As already stated in the introduction, the expressions
for the differential distributions in the decay B — K*{*{~
derived here and in [14] are similar except for the defini-
tions of the soft form factors and the additional step of
the SCET logarithmic resummation incorporated in our
paper. This resummation has also been derived in the ex-
isting literature [26, 31, 49]. However, its effect on the scale
dependence of g& has not been studied in sufficient de-
tail. With the SCET form factors ¢, (¢, 1) and CH(qz,,u)
defined in (33) here, which are scale-dependent quanti-
ties, and neglecting the resummation effects consistently in
both the decays B — K*¢*¢~ and B — K*v, the scale un-
certainty is increased, with ¢3 = 4.1215 07 GeV?2. We draw
two inferences from this numerical study, (i) Incorporating
the SCET logarithmic resummation helps in the reduction
of scale dependence in 2. (ii) A(q3)scatle = o5r GeV?2, ob-
tained by dropping the resummation effects, is still signifi-
cantly smaller (by a factor 2) compared to the correspond-
ing uncertainty A(q3)scale = 10.25 GeV? calculated in [14].
This difference, as argued below, is to be traced back to
the different definitions of the soft form factors used by
us for the SCET currents and the corresponding quanti-
ties employed by Beneke et al. [14] in the QCD factoriza-
tion approach. The results in [14] are, however, formally
equivalent to the so-called “physical form factor” (PFF)
scheme in SCET, as discussed subsequently by Beneke and
Yang [49]. Thus, the scale dependence of the distributions
in B — K*¢*¢~, in particular of ¢3, is related also to the
definitions (or scheme dependence) of the form factors in
effective theories. The PFF scheme is one such choice, but
this choice is by no means unique.
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Concentrating on the transverse form factor, relevant
for g3 of the FB asymmetry, in the PFF scheme, the corres-
ponding SCET form factor (¥ (where we have now added
a superscript P for this scheme) is defined as

P mp
L

—V, (62)
mp-+mg=
where V is one of the physical form factors in the decay
B — K*¢£~ in full QCD. In contrast, in our paper, the
soft SCET form factors are defined in (33). These two def-
initions can be related to each other by (¥ = C5(, , where
the expression for the perturbatlve QCD coefficient C’3 is
given below (Cj is called C in [23]). Since the decay
amplitude should be 1ndependent on how one defines the
soft form factors, one must have
CiPcl=Cy¢L =i =5 /Cs. (63)
Since 6’3 =
obtains

1+O(as), by expanding Cy- /Cg to order oy, one

Cy "
3 2 em -~ 2
- = 2 (o G- G (Sosme )
1—(1—03) Qem 2m S

4 ¢r
eff
=G
2 £ CFaS
—-C2 1 4 In —4 —1 1— .
+§C7<+47T + n(l—-3) |+...,
(64)
which agrees with the expression for C3- in (40) of [14]

(called Cy | (¢?) there). We recall that to determine g3, we
solve the equation Re C3- = 0, where now the quantity Cg-
is defined as follows:

C = Cs ()OS + ceffmbcg( Ybo,  (65)

with the QCD coefficients [16] (Cy is called C'q(wAO)2 in [23])
~ . aSCF 2 i _ ey i
Cs3=1 i [21 (mb) (41n(1-3) 5)1n(mb)
1
+21n2(1—§)+2Li2(§)+§+ (--3) In(1—8)+ }

[2 In? (n%,) —(4In(1-38)—7)In (n%,)

+21n*(1 - 8) — 2In(1 — 8) + 2Ly (5 )+E—|—6] (66)

=2}

Clc>

The ellipsis above denotes the terms which are the same for
Cy T and Cy. The functions multiplying the effective Wil-
son coefficients C§® and C£® appearing in C3-* and Cy- in
(64) and (65), respectively, lead to a different scale depen-
dence for gZ.
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Our result for g2 using the SCET form factors has been
given above in (61) with the scale-dependent uncertainty
A(g3)scate =508 GeV2. Note that we have considered in
a correlated way the scale dependence of (| (11,¢?) in our
analysis. To illustrate this, we use the experimental data on
the branching ratio of B — K*~ and the central values of
the other input parameters given in Table 2, which yields
the following scale dependence of the relevant form fac-
tor: ¢4 (0, u=2myp) =0.34 and ¢, (0, p =my/2) =0.30. In
solving the equation Re[Cy ] = 0, relevant for the zero-point
of the FB asymmetry in the decay B — K*¢*¢~, we have
factored in the scale dependence of ¢ (11, ¢?). We do a simi-
lar numerical analysis of ¢3 in the PFF scheme, where
the corresponding form factor (¥’ (¢?) is scale-independent,
and we incorporate the effect of the logarithmic resum-
mation in both the B — K*vy and B — K*{™{~ decays.
Solving now the equation Re[Cs-T] = 0, using the central

value of the soft form factor ¢¥(0) obtained from the
analysis of the B — K™~ branching ratio, Cf(O) =0.28,
and with all the other parameters fixed at their central
values given in Table 2, we find that in the PFF scheme
g2 = 3.98+0.18 GeV2. Had we dropped the resummation
effect, we would get ¢ = 4.03 £ 0.22 GeV?2, where the scale
uncertainty A(q3)scale = £0.22 GeV2, derived here in the
PFF scheme, is consistent with the number A(g?)scale =
+0.25 GeV? obtained in [14]. Therefore, we conclude that
the difference in the estimates of the scale dependence of
g2 here and in [14] is both due to the incorporation of the
SCET logarithmic resummation and the different (scheme-
dependent) definitions of the effective form factors for the
SCET currents and the ones used by Beneke et al. [14].
Using the SCET form factors defined in (33) in this paper,
we find that the scale-related uncertainty A(qg)scale is re-
duced compared to the PFF scheme of Beneke et al. [14].
One expects that such scheme-dependent differences will
become less marked after incorporating the O(a?) effects
in the decay distributions for B — K*{T(~. Our compar-
ative analysis hints at rather large O(a?) corrections to
g2 in the PFF scheme and a moderate correction in the
SCET analysis carried out by us in this paper. Since the
value of g3 offers a precision test of the SM, and by that
token it provides a window on the possible beyond-the-SM
physics effects; it is mandatory to undertake an O(a?) im-
provement of the current theory of B — K*¢+{~ decay As
power corrections in 1/my, have not been considered here,
although they are probably comparable to the O(as) cor-
rections as argued in a model-dependent estimate of the
1/my corrections by Beneke et al. [14], it also remains to
be seen how a model-independent calculation of the same
affects the numerical value of ¢3.

4 Summary

In this paper, we have examined the rare B decay chan-
nel B — K*(*{~ in the framework of SCET, where the
factorization formula holds to all orders in ag and lead-
ing order in 1/my. Making use of the existing literature,
we work with the relevant effective operators in SCET,
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and the corresponding matching procedures are discussed
in detail. The logarithms related to the different scales
wp =my and py = v/myp Ay, are resummed by solving numer-
ically the renormalization-group equation in SCET. We
then give explicit expressions for the differential distri-
butions in ¢? for the decay B — K*/*{~ including the
O(as) corrections. In the phenomenological analysis, we
first discuss the input parameters, especially how to ex-
tract the soft form factors ¢, (¢?) from the full QCD
form factors, and also the constraints on ¢, (0) from the
experimental data on the B — K*vy decay. Using the
¢?-dependence of the form factors from the LCSRs and
the normalization ¢4 (0) = 0.3240.02 and ¢;(0) = 0.40 £
0.05, we work out the differential branching ratio and the
forward—backward asymmetry as a function of the dilepton
invariant mass. In the region 1 GeV?2 < ¢? < 7 GeV2, where
the perturbative method should be reliable, our analysis
yields

7 GeVv?
/ dg? dBr(Bt — K*tte™)

dg?

=(2.923:57) x 1077,

1 GeV?2
(67)

which can be compared with the B factory measurements
in the near future. The largest uncertainty in the branch-
ing ratio is due to the imprecise knowledge of (j(¢?).
We have illustrated this by using the value {;(0) = 0.32,
which reduces the central value of the branching ratio
to 2.11 x 10~7. We point out that precisely measured ¢>-
distributions in B — K*¢T¢~ and B — pfv, would greatly
reduce the form factor related uncertainties in the differen-
tial branching ratios. The FBA is less dependent on the soft
form factors, and the residual parametric dependencies are
worked out. We estimate the zero-point of the FBA to be
q¢ = (4.077015) GeV2. The stability of this result against
O(a?) and 1/m;, corrections should be investigated in the
future.
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