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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 a;. For phenomenological
application, we calculate the decay amplitude including order a; corrections, and resum the loga-
rithms by evolving the matching coefficients from the hard scale O(m;) down to the scale v/mpAy,.
The branching ratio for B — K*¢T/¢~ is uncertain due to the imprecise knowledge of the soft form
factors (1 (¢%) and ((¢*). Constraining the soft form factor 1 (¢* = 0) from data on B — K*y
yields (1 (¢> = 0) = 0.32 £ 0.02. Using this input, together with the light-cone sum rules to deter-
mine the ¢>-dependence of (| (¢?) and the other soft form factor {H(qz), we estimate the partially
integrated branching ratio in the range 1 GeV? < ¢ < 7 GeV? to be (2.92f8:2{) x 1077, We discuss
how to reduce the form factor related uncertainty by combining data on B — p(— nm)lr, and
B — K*(— Km){T¢~. The forward-backward asymmetry is less sensitive to the input parameters.
In particular, for the zero-point of the forward-backward asymmetry in the standard model, we

get q% = (4.07f8:ig) GeV?. The scale dependence of q% is discussed in detail.
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I. INTRODUCTION

The electroweak penguin decay B — K*(*{~ 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,/T¢~ is better understood theoretically using the
Operator Product Expansion, and the first direct experimental measurements of the dilepton
invariant mass spectrum and my-distribution are already at hand [1, 2], being an inclusive
process, it is extremely difficult to be measured in a hadron machine, such as the LHC, which
is the only collider, except for a Super-B factory, that could provide enough luminosity for the
precise study of the decay distributions of such a rare process. In contrast, for the exclusive
decay B — K*{*(~, the difficulty lies in the imprecise knowledge of the underlying hadron
dynamics. Experimentally, BaBar [3] and Belle [4] Collaborations have observed this rare

decay with the branching ratios:

(7.871241.2) x 1077 (BaBar) ,
B(B — K*t(™) = ' (1)
(16.57234+0.9+0.4) x 1077 (Belle) .

We note that the Belle measurements are approximately a factor 2 higher than the corre-
sponding BaBar measurements. In addition, Belle has published the measurements |4, 5] of
the so-called forward-backward asymmetry (FBA) [6]. In particular, the best-fit results by

Belle for the Wilson coefficient ratios for negative value of Az,

Ag

ol —15.3155 £ 1.1,

A

0 - 103%52+18, (2)
A7 '

are consistent with the SM values Ag/A7; ~ —13.7 and Ajp/A; ~ +14.9, evaluated in the
NLO approximation (see Table I). With more data accumulated at the current B factories,
and especially the huge data that will be produced at the LHC, it is foreseeable that the
dilepton invariant 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 A;.

Theoretically, the exclusive decay B — K*¢*{~ has been studied in a number of papers,
see for example [, I8, 9, 110, 11, [12]. From the viewpoint of hadron dynamics, the applica-

tion of the QCD factorization approach [13] to this channel [14] deserves special mention,
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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, 116, 111, 11§, [19], provides a systematic 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, 21, 22, 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 SCET;;, with the two-step matching QCD —
SCET; — SCET/; [23]. Among various phenomenological applications reported in the liter-
ature, SCET has been used to prove the factorization of radiative B — V' decays at leading
power in 1/m; and to all orders in «a; [26, 27]. Likewise, SCET, in combination with the
heavy-hadron chiral perturbation theory, has also been used to study the forward-backward
asymmetry in the non-resonant decay B — K7f*{~ in certain kinematic region [28]. In this
paper, our aim is to use SCET in the decay B — K*¢*¢~. 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 Ref. [26]. Moreover, an analysis of the exclusive radiative
and semileptonic decays B — K*y 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 lo-
cation of the forward-backward asymmetry in B — K*(*¢~ can be predicted more precisely
than is the case in the existing literature.

It is well known that, when ¢?, the momentum squared of the lepton pair, is comparable
to M3 o the resonant charmonium contributions become very important, for which there
is no model-independent treatment yet. Likewise, for higher ¢-values, higher v-resonances
(', ...) 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 ¢* ~ O(AéCD), the factorization of the annihilation topology breaks down. In
this kinematic region, a factorization formula for the decay amplitude of B — K*(t{~,
which holds to O(a;) at the leading power in 1/my, has been derived in Ref. [14] using
the QCD factorization approach We shall derive the factorization of the decay amplitude of
B — K*{*¢~ in SCET, which formally coincides with the formula obtained by Beneke et



al. [14], but is valid to all orders of «ay:
(K Hgp ) = TG + 3 [ ol ) [T ) ®

where a =||, L denotes the polarization of the K* meson. The functions 77 and 77! are per-
turbatively calculable. (,(¢?) are the soft form factors defined in SCET while ¢# and ¢%.
are the light-cone distribution amplitudes (LCDAs) for the B and K* mesons, respectively.
Compared to the earlier results of Ref. [14], obtained in the QCD factorization approach,
the main phenomenological improvement is that for the hard scattering function 7%/, the
perturbative logarithms are summed from the hard scale i, ~ O(my) down to the interme-
diate scale p; = /iy, where Ay, represents a typical hadronic scale. Note also that the
definitions of the soft form factors (,(¢?) for our SCET currents, defined subsequently in
section 2, are different from those of Ref. [14], a point to which we will return later in section
3. Hence, the explicit expressions for T, derived here and in Ref. [14] are also different.
This paper is organized as follows: In section II, we briefly review the basic ideas and
notations of SCET. We then list the relevant effective operators in SCET and do the explicit
matching calculations from QCD to SCET; (Sec. II A) and from SCET; to SCET;; (Sec. II
B). The matrix elements of the effective SCET operators are given in Sec. II C. At the end of
this section, the logarithmic resummation in SCET; is discussed. In section III, we consider
some phenomenological aspects of the B — K*/t¢~ decay. We first specify the input
parameters, especially the soft form factors ¢ (¢?) (Sec. III A), which are the cause of the
largest theoretical uncertainty. We use the g>-dependence of the related QCD form factors
in the LC-QCD sum rule approach, but fix the normalization of these soft form factors
using constraints from data on the exclusive decays B — K*y. In Sec. III B, we work
out numerically the evolution of the B-type SCET; matching coefficients, defined earlier
in Sec. II. We then give the dilepton invariant mass spectrum and the forward-backward
asymmetry in the decay B — K*/*/¢~, and compare the integrated branching ratios with
the measurements from BaBar and Belle (Sec. III C). We end with a summary of our results
in section IV and suggestions for future measurements to reduce the model dependence due

to the form factors and other input parameters.



II. SCET ANALYSIS OF B — K*(t¢~

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

Gr. 10
Hegs = =&V 3 Cim) Qi) | (4)

V2 s
where we have neglected the contribution proportional to V*.V,; in the penguin (loop)
amplitudes, which is doubly Cabibbo-suppressed, and have used the unitarity of the CKM

matrix to factorize the overall CKM-matrix element dependence. We use the operator basis

introduced in [14, 30)]:

Q1 = (8T"¢)y_a(€T*b)y_4 , Q2 = (5¢)y_a(eb)v_a ,
Qs =2 (sb)y_a > _(07"q) . Qi =2 (ST*)v_a > _(v"Tq) .

q
Qs =2 57, (L— )b > _(@7"1"7"q) .

! (5)
Qs =2 57, 7(1 =)D D (47" T"q)

q

JemMb _ ., gsmy _
Q7 = - 87T2 bso-ﬂ (1 + /75)bF,U«I/ ) QS = —8721)80"“ (1 =+ /75)TAb Gﬁu 9
aem — 3 aem — 3
Qo = o (8b)y_a(ly*0) | Qo = W(Sb)V—A(@V”'}%@ ,

where T is the SU(3) color matrix, ae,, = g2, /4 is the fine-structure constant, and ()
is the current mass of the b quark in the MS scheme at the scale f.

Restricting ourselves to the kinematic region 1 GeV? < ¢®> < 7 GeV?, the light K*
meson moves fast with a large momentum of the order of mp/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* = @ - pn*/2+p'| +n-pn* /2, where i* is another light-like reference vector

satisfying n-n = 2. In this light-cone frame, the collinear momentum of K* is expressed as
p=(n-p,-p,pi)~ A\ 1,Nmy, (6)

with A ~ A/m, < 1. In addition to this collinear mode, the soft and hard-collinear modes,
with momenta scaling as (X, A, \)m;, and (X, 1,v/X)my, respectively, are also necessary 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

é-c ~ A ) Ag ~ ()\27 17 )‘) ) ghm he ™ >\1/2 ) AZC ~ ()‘7 17 )‘1/2) )
g~ A2 AL~ (AN, R A (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 ¢, s, hc stand for
collinear, soft and hard-collinear modes, respectively. Note that the momentum ¢ of the
lepton pair is taken as a hard collinear momentum, since in this paper we only consider
the range 1 GeV? < ¢ < 7 GeV®. That is why an extra hard-collinear field &, in the
n direction is required later. As explained in detail in Ref. [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,Au,th,ZX:EC,.AZC,QS,.AM

Cc s

He, 9, Hs. (8)

For example, the field X;. is defined as

0

V() = W1 (@)Enel(x); with Wie(z) = Pexp (ig /

dsn - Ape(x + sﬁ)) , 9)
where Wj,.(x) is the hard collinear Wilson line. The notations Q; and H; 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 Ref. [26] and references therein.

Since SCET contains two kinds of collinear fields, i.e. hard-collinear and collinear fields,
normally an intermediate effective theory, called SCET}, is introduced which contains only
soft and hard-collinear fields. While the final effective theory, called SCET;, contains only
soft and collinear fields. We will then do a two-step matching from QCD — SCET; —

SCETy;.

A. QCD to SCET; matching

In SCET/, the K* meson is taken as a hard-collinear particle and the relevant building

blocks are Xp., X4z, Al and h. The velocity of the B meson is defined as v = Pg/mp. The
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matching from QCD to SCET; at leading power may be expressed as
a 4 N 4 N
H.p — —7;1/;’;1/&) (Z /ds CA(s)J(s) + Z/ds /dr C’f(s,r)Jf(s,r)
i=1 j=1

+/ds/dr/dt G (s, )7 (5,7, t)) , (10)

where é’i(A’B) and CC are Wilson coefficients in the position space. The relevant SCET}
operators for the B — K*{T{~ decay are constructed by using the building blocks mentioned

above [26]:

T = T+ 2 (O Pl T = Talsm) (L4 2" (0) Pl

T = Toesm)(1 42 E(O) Byrsl o T = Xaelsm)(1+25) - h(0) st

JP = Xne(sn) (1 + v5)7 Aner (ri) h(0) y,C

T = Toesm)(1+ 360 (47) " (0) Dl (1)
T = Toels7) (1 + )2 e (r)(0) Pyt

TP = X)L+ 35 Mne ()" h(0) i

JC = Xpe(sn)(1 + 75)§xhc(7“n) X (am) (1 + 75)%h(0) ;

where the operators J# and JJB represent the cases that the lepton pair is emitted from
the b — s transition currents, while J¢ represents the diagrams in which the lepton pair is
emitted from the spectator quark of the B meson. Except the lepton pair, the operators JZ-A B
have the same Dirac structures as those of the heavy-to-light transition currents in SCET,
which were first derived in Ref. [16] for J* and in Refs. [24, 5] for JP (see, also Refs. [23,
31]). In this paper we take the operator basis of |26, B1] which makes JJB multiplicatively
renormalized, but we have neglected the operators which contain the Dirac structure Ap. v}
and which do not contribute to the exclusive B meson decays. It is also clear that the
structure £7,7s¢ arises solely from Qo 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 coefficients in the momentum space by the following Fourier-
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FIG. 1: O(as) contributions to the matching of @Q; to A-type SCET currents. The crossed circles

A
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denote the possible locations from where the virtual photon is emitted and then splits into a lepton

pair.

transformations:

)

CAE) = / ds " PCA(s) |
CP(E,u) = /ds /dr ei(usmr)ﬁpéf(sﬂ‘) ; (12)
CYE,u) = /ds /dr /da gilustunnP gianaC g . q)

with F =n-vin-P/2 and & = 1 —u. To get the order oy corrections to the decay amplitude,
we need to calculate the Wilson coefficients C{* to one-loop level and CJB and CY to tree

A5 t6 denote the matching results from the weak

level. In the following we will use A]Ci(
effective operators @); to the SCET currents JZ-A 5.0 With this, the matching coefficients
from QC'D — SCET; can be written as

10
PO =57 AP (wgen, ) (13)

j=1
where pgep is the matching scale and p is the renormalization scale in SCET].
Each operator of the weak effective Hamiltonian, namely Q;_yo, will contribute to C!

at order ay level, as shown in Fig. 1. But due to the small Wilson coefficients C5_g, it is
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numerically reasonable to neglect the contributions from ()3_g. For the operators ()12 and

(s, the results can be easily derived from Eqgs. (11) and (25) of Ref. [32]:

O‘ﬁ g (,U/QCD)

1
BraCiaen) = =52 200 | LR 1 E)Coot AR + V01
aem as = —
120 (geo) = =52 % [(2F§7> + FENG, + 2(F® + B9 /6)6’1} , »
14
Qe Olg m 2 .
A8CiA(:uQCD) =5 (Z;CD) b(:;jCD> |:§F8(7) + Fs(g)} Csff )

Qem O m €
A8CQA(NQCD) = T o (Z;CD) b(:;(:CD) [2F8(7) + FS ] Cy 1 )

where § = ¢*/m? and my, is the pole mass of the b quark. The current mass m;, is related to
the pole mass at next-to-leading order by

s (1) = M [1 + O‘ZCF <3lnf—§ - )} , (15)

7

where Cr = 4/3. The functions Fl(;’%) are given in a mixed analytic and numerical form
in Ref. [32]. Following the convention of Ref. [14], we also use the "barred” coefficients
Ci(i=1,...,6) here which are the linear combinations of the Wilson coefficients C; of the
weak effective Hamiltonian in Eq. (@). The effective Wilson coefficient C¢// is defined as
CT = Cg + O35 — C4/6 + 2005 — 10Cs.

For the operators QQ7, Q9 and @Q1g, the matchings to the A-type currents give

em m 2 ~ e em m -~ e
A7CA _ Q mb(,UQCD) 70907ff ’ A7C§4 _ Q mb(,UQCD) 201007ff ’
2m my S 2w my
AgCt = S Gyt D0y = Lem (&, L L8 ot (16)
L on ’ 27 on 2 ’
aem Qem ~ -5~
AwCéA C'3010 ; Awa = o <C4 + Cs) Cho -

To avoid confusion with the Wilson coefficients in Eq. (H), we use the notations C; for the
matching coefficients, instead of C; used originally in Ref. [16]. The explicit expressions of Ci
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 dlfferent from that of [16], they are actually the same and
it is easy to find the relations C’g Cr (402 ond C’ 0= C'(AO The effective Wilson coefficients
are defined as CS/7 = € — C3/3 — 404 /9 — 2005 /3 — 80Cs/9 and C577 (¢%) = Cy + Y (¢2),
where the function Y'(¢?) represents the contributions of the fermion loops and the explicit

formula can be found in [14].
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FIG. 2: Tree-level matching of ); onto B-type SCET currents. The crossed circles denote the

possible locations from where the virtual photon is emitted, while the crosses mark the possible

places where a g

luon line may be attached.

To get the decay amplitude of B — K*¢*/~ in order ay, the tree-level matching of

the effective weak Hamiltonian (4) onto B-type SCET currents (11) is already enough, as

illustrated in Fig. 2. If we use the notation AlGC’iB to stand for the matchings of ()1_g onto

B-type SCET currents JZ, namely A;sCP = 25:1 A;CP | we get from Fig. 2a that

AlGC'{B -

AlGOB -

where u is the

em 1 2 R - - - 1 =
a (—Ffﬁ(u, 5,m2/m3)(Cy+ Cy — C6) — = Fi5(u, 8,0)Cs—

21 mpd \ 3 3

]' A~ =~ = — _

gFlJé(uu S, 1)(03 + 04 - Cﬁ — 405)) ,

Qem 2 (2 A ~ ~ - 1 -
G~ (§F1“6(U> 3,m2/mp)(Cy + Cy — Cg) — §F1”6(ua 5,0)C—

1 . _ _ _
§F1”6(u, 8, 1)(Cy+ Cy — 06)) :

momentum fraction carried by the strange quark in the K* meson.
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. 1,
functions Fijg" are defined as

2 V=5 + 4 Vi
F= uU,5\) =1+ —F—— | §| ——=arctan ————=—
alt ) = T ( < Vi Vi h
- =3 1—(1—3 S
V—=1+u—3su+ 4\ retan ( : S)u A Li, 25
1—(1—3%)u V=T1+u—su+4X Vi — /5 —4X
5 2/1— (13
+ Liy 2V — A Li (1= )
Vi +VE—4x V1= =8u++/1-(1-3)u—4x
2:/1—(1—3
) Li 0 S , (18)
V1I—(1=8u—/1—(1—-35u—4x
43 V=5 + 4\ Ve
Fli(u,8,0) = 26+ ———— [ (1 ) | Y———— arctan —————
6(u, 8, \) s+(1_§)(1_u) (( u—l—us)< N arctan 0
- =3 1—(1—3 S
V—=1+u— 3u+ 4\ aretan ( : S)u A Liy 25
1—(1-35)u V=1 +u— su+ 4\ Vi — /5 —4A
S 21— (1—3
) Liy 2V — X Liy (1= $)u
VE 45— 44X VI— (0 =38u+/1—(1=3u—4x
2/1—(1—3
— A\ Liy (1= 8)u . (19)
VI-(1=8u—/1—(1—-35u—4x
As a check, it is not difficult to find the following relations
om?2 (1—u)E _mg S1—w)kE
Fii(u, 8, —2) = 11 (u,mg) X ~—mrr Fly(u, 8, —2) = t)(u, my) X

e oy i T,
where the functions ¢ | |(u, mg) are defined in Eqs. (27)-(28) in the paper by Beneke et al. [14].
We also note that the functions Fi&(u, 3, \) and F1||6(u, $,A) are finite as « = 1 —u — 0, as
opposed to the functions ¢, j(u, mg), which are singular as @ — 0.

Fig. 2d and the operator Q)9 of Fig. 2f, combined with Fig. 2b, will contribute to the
matching coefficients A7,901E,}2, while the operator Q1o of Fig. 2f will contribute to A10054:

MG = =52 Zzbgzc;ff L MOf =S mg(Tb— 5207
AgCB =0, AgCB = —O;: %CS” , (20)
AyCP =0, AuCP = -2 %Cw .
Finally, Fig. 2e and Fig. 2c contribute to the matching coefficients
AsCB = om0 2(L = W)(L = 5) gy AsCE =0 . (21)

2 mi 35(u+ § — us)
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FIG. 3: The diagrams where the virtual photon, as denoted by the crossed circle, is emitted from

the spectator quark.

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 propagator, it
is easy to check that Fig. (3d-3f) are of order 1/m; suppressed compared with Fig. (3a-3c)
where the photon is emitted from the spectator quark in the B meson. Therefore at leading
power in 1/my, 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 a?, for which the calculation is trivial,

2/ V*Vy - _ _ ~
ARCY = Z [ —282(Cy 4 3Cy)05u + (Cs +3Cy) ) (22)
3 VieVi

Here ¢ is the flavor of the spectator quark in the B meson and the superscript (0) denotes
the matching at order a?. At order ay, the diagrams shown in Figs. (3b-3c) also contribute

to the matching onto the C-type SCET current with the coefficients
CF Qg —4C§ff

¢ _
BeC™ = N.Arl —u+us’
AfgCC = 2%2‘7 {(Co+ Cit Co)G(u, 5,m2/m3) + (Cs + 3Cy + 3Ce)G(u, 5,0)  (23)

L 4 _ _
+(C3 + Cy + Cs)G(u, 8,1) + 5(03 —C5 — 1506)} ,

12



where the function G(u, §, ) is defined as
. 2 2 mb ! )
G(u, s, \) = §+§1 +4 | drz(1—2)In[A —2(1 —2)(1 — u+us)] . (24)
I 0

B. SCET; — SCET;; matching

As shown in Refs. [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 J# to SCET;; operators is not necessary here.

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

OF = Xelsm)(1 +95)7 22.(0) Qu(tm)(1 — 3 596.(0) Pt

_ nt _ _
OF = Telsm)(1+79) = E0.(0) Q,(tm)(1 +25) 290,(0) Pt -
Of = T(sm)(1 + vmi%xc(m 0, () (1~ 35)20,(0) Pt

OF = Tlsn)1 +26)"— L, (0) Qu(tm) (1 +25)596.(0) e

where we only include the color-singlet operators that have non-zero matrix elements for
the B — K*(*t¢~ decay. Again, it is in practice more convenient to do the matching
calculations in the momentum space, and the Wilson coefficients D?(w,u) can be defined
by Fourier transforming the corresponding ones DZ(s,t) introduced in the position space,

just like the case in SCET/,

DE(w, u) = / ds / dt e-ien s DB (g 4). (26)

Following the notations of [26], the Wilson coefficients D can be expressed as

1
D?(w,u,é,u)z—/dv%(u,v,ln
0

w

mpw(l — §

" %) CB (o1 | (27)

where the jet functions J; arise from the SCET; — SCET;; matching and it is clear that
Ji= T3 = JL and Jo = Jy = J). At tree level, using the Fierz transformation in the

operator basis,

X NH, QMX, = —%x (1+ 75)% Q,M(1— 75)%NS}CS - %D—Cc(l — 75)%360
; v, - Ly B X, ot
XQSM(1+75)2N 836(1+75)27mxc QSM(1+75)7L2N}CS,

(28)
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one obtains

4rCrasg 1

Tiluv) = Jjlwv) = —— =g A=y

u—w) . (29)
Finally, the C-type SCET; current is matched onto the SCET;; operator
C_ N (om 7 = 7" o
0% = X (sn)(1+ 75)§9CC(O) Qs(tn)(1 + 75)55}65(0) mﬁwﬁ : (30)

We may similarly define
DY (w,u) = /ds /dt emiwnvtgiusiP RO (g 1) (31)

with

—ee,d 1-3)
D 2 ) — €€qS ¢ myw(l — 3) (B 9
(w, u, s, u) (w — qz/mb — ZE) j n ,U2 y C ( ) Uy :U’) ’ (3 )

where ¢, is the electric charge of the spectator quark in the B meson. At tree level the

corresponding jet function is trivial, J¢ = 1. For later convenience, we will define D¢ =

D€ /(w — ¢2/my, — ie).

C. DMatrix 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. For the A-type SCET currents
(11), one may simply define [26]

(M(p)|XncTh|B(v)) = =2ECu (E)tr[Mar(n)T Mp(v)] | (33)

where the projection operators are

1ty

Mp(v) = 5

o Mem=a" . Fem=-2 @

with €/ being the polarization vector of the K} meson. It is then straightforward to get the

matrix elements of the SCET; currents J# as
* - v s VN kg * - n' -
(K0 LINB) = 2B — i)l (KO0 | B) = —2BG—— Tt
* - v - JUN _x g * - nt -
(K™ 0713 B) = —2BC1 (g1 —ie)el, byurst s (K| T} B) = —QECHEE%%E ;

(35)
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where ¢/" = ¢ — (n*a” + #*n”)/2 and €” = "7 v,n,/(n - v). Note that in the above
equations, we use the convention €123 = +1, as adopted in the book by Peskin and Schroeder
34).

For the B-type SCET; operators (25), although naively the soft and collinear degrees
of freedom seem to be decoupled, the factorization may be invalidated unless no endpoint

divergences appear in the convolution integrals [21, 22]. The relevant meson LCDAs are

defined as [13, 34|

(010, ()T 0] Bw)) = /0 ™ o et
ph

2n - v

o | (9800) = (6P ) — 0 ) ) TMa(0)] 30

(1 T (smr 500) = (W) [ e o )

where two different K*-distribution amplitudes ( ﬂ{*(u,u) for I' = 1 and ¢ (u, pu) for
[’ = 7, ) with their corresponding decay constants f1”< and fi. (), respectively, are involved;

F(p) is related to the B meson decay constant fz up to higher orders in 1/my, by [35]

favms = F(u) <1+CFO‘75(“) (31n@—2)) . (37)

47 W

With the above LCDAs, the matrix elements of the operators OF can be written as

* — F m3/2 A v . v * o Oodw
(e jePOfIE) =~ T (- (gt iyt [ o)
1 1 1 -3
< [ du i ws () [ 0o ™= 0B
0 0

F(u)ym?? s e o
= (le L (1= 3) (g — i), Ol &7 ® frerbrey © TL @ CY
.t F(p)m?/? ot
(eroposBy = - T (g 6 o o 0 T 0 CF

(38)
while for the matrix element of CZOP(CPOP), it can be obtained by simply replacing the
lepton current £, on the right hand side of the above equations by £v,7s¢ and also replacing
CF — CF (CF — CP).

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

F 3/2 e B ~
M n_g,yug wo? - ® fK‘TQSKﬁ‘ ® D¢ (39)

K*+_DC C’B:_
(K007 |DYO“|B) 1 P ey e




Since ¢ (w) does not vanish as w approaches zero, the integral [dw ¢Z(w)/(w—g¢*/ms) would
be divergent if ¢> — 0. This endpoint singularity will violate the SCET;; factorization, 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 ¢> > 1 GeV?.

D. Resummation of logarithms in SCET

In the above analysis a two-step matching procedure QCD — SCET; — SCET; has been
implemented. This introduces two matching scales, u;, ~ m; at which QCD is matched onto
SCET; and j; ~ v/myA at which SCET; is matched onto SCET;;. Thus, with the SCET;
matching coefficients at scale i, one may use the renormalization-group equations (RGE) of
SCET] to evolve them down to scale y; and then match onto SCET;;. The large logarithms
due to different scales are resummed during this procedure. Note that the meson LCDAs
may be given at another scale pr, and, in principle, one should also use the RGE of SCET;;
to run the corresponding matching coefficients from p; down to puy. But since in B decays
the scale p; >~ 1.5GeV is already quite low, we may just take the meson LCDAs at the
scale y; in this paper for simplicity 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; — SCET/;.
Similarly, we may choose the nonperturbative form factors ¢,  at the scale p;, and avoid
the RGE running of the A-type SCET; matching coefficients. For the B-type currents, the
RGE of SCET; can be obtained by calculating the anomalous dimensions of the relevant
SCET operators, which has been done in [31], where the matching coefficients at any scale

1 can be obtained by an evolution from the matching scale py, as follows

5 9\ Uns) 5 1 .
C] (E7u7,uh7,u> = <_) € (uh”u)/ dv Ur(uvvuuhu,u)cj (E,U,Mh)

Hh 0 (40)

9\ Un:h) .
= <E) €S(uhﬂu) Ulz‘(E7u7,uh7:u> )

with the subscript I' =L, || and the functions a(up, 1) and S(pp, i) are given in Eq. (66) of
Ref. [31]. Note that in the above equation one should use the subscript I' =1 for j = 1, 3,
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while I' =|| for j = 2,4. The evolution kernel UL(E, u, s, j1) obeys

AU E u, pup, i ! ~ ~ .
r(dln,u ) /0 dy yVr(y, w)UL(E, y, pn, 1) + w(W)UL(E, u, pn, 1) (41)

with the initial condition ﬁll(E, w, fin, pin) = CP (B, u, i,). Again, the functions Vp(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 anomalous dimension just equals the sum
of the anomalous dimensions of the K* meson LCDA ¢g- and the B meson LCDA ¢5.
However, as the evolution equation of ¢Z is still unknown, we will not resum the pertur-
bative logarithms for the J current in this paper. Numerically the contribution from the
J¢ current to the decay amplitude is small. Furthermore, as we will see later, the J¢ cur-
rent is completely irrelevant for the forward-backward asymmetry of the charged leptons.

Therefore, this treatment has only minor impact on our phenomenological discussion.

III. NUMERICAL ANALYSIS OF B — K*/(t¢~

We are now in the position to write the decay amplitude of B — K*{*¢~, using the

similar notations adopted in [14],

A A i
— S em )\ . 1 R 2
d2d cos 0 12873 (47r> Mg 23) .
2
q
{aczseos o) L cs + () (42)
B

2
862 cos0-y Re(C)CH + 21— o)A + (Cl) |
B

with mpAk+/2 being the 3-momentum of the K* meson in the rest frame of the B meson,

2\ 2 2 2 4 1/2
q My q M s
A = 11— — -2 1+ — ]+ . 43
K [( m2) m2 ( m2) m4] ( )

B B B B

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* meson mass is kept nonzero only for Ag~, which
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arises from the phase space. The "effective” Wilson coefficients Cgl I and Cllo’” are given by

oL — 27 (CA+@fB¢f®fﬁ*¢f{*®\ﬁ®ClB)
S e \ 4 L )
ol - 27 CA+@fB¢f®f||* b ® J) © CP
B ¢ wa¢§/(w—q2/mb—ie)®f”* |}<*®f)c (44)
4mB C” )
2
Cioy = —C' |
ol _2m CA_'_@fBQSf@f”* l.o g 0CB
10 — om 4 4 C” ,

where C*® and DC are defined in Eqs. (13) and (32), respectively. The above expressions
are valid at leading power in 1/my, and to all orders in a;;. 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 scattering part, the matching coefficients C¥ are evolved
from the scale uy ~ O(my) down to p; ~ v/myAy, during which the perturbative logarithms
are summed. Here, A, represents a typical hadronic scale. Note also that the definitions of
the soft form factors ¢, | in SCET are different from those of Ref [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 4 m)¢*T{~, the double
differential distribution d?B/dcosf,ds is given in Eq.(44) of Ref. [36]. This requires the
helicity amplitudes, |Ho(s)|? = |[HE(s)]2 4 [HE(s)[?, |HZ"(s)?> and |H"(s)|2>. While the
amplitudes Hf’R(s) are both power suppressed in 1/m;, and numerically small, the expres-

sions for the others in SCET are given below:

m2 q2
[Hol* = =2 (1 — 5 )%(1Cy 2 + (Clo)*)CE

2 mp (45)

2
HE = (0 i+ CuleE
B

Note that the dependence on the soft form factors factorizes in C”2 and ¢? for the helicity

components | Ho|? and |[H""|2, respectively. Since a similar analysis in terms of the helicity

amplitudes of the charged current decay B — p(— 7wm)lT1, can be performed, the ratios
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Ry(s) and R_(s) of the two differential distributions (in B — K*(— Kw)¢{*{~ and B —
p(— mm)l* 1) have lot less hadronic uncertainties, as these ratios (see Eq. (76) in Ref. [36]
for their definition) involve estimates of the SU(3)-breaking in the soft form factors. The
point is that the ratios Cf "/ Cﬁ’ and (&7 /¢? are more reliably calculable than the form factors

themselves.

A. Input parameters

To get the differential distributions numerically, some input parameters have to be spec-
ified. For the calculation of the Wilson coefficients, the relevant parameters are chosen as
3]

My = 80.425 GeV ,  sin®fy = 0.2312 A% = 21713 MeV , (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 y = m;, = 4.8 GeV, with the
three-loop running of o and the input parameters fixed at their central values given above
are shown in Table I. Note that the NNLL formula for Cq can be found, for example, in
the appendix of [14], while the relevant elements of three-loop anomalous dimension matrix

have been calculated recently in [39, 40].

TABLE I: The leading-logarithmic (LL) and next-to-leading-logarithmic (NLL) Wilson coefficients

evaluated at the scale my, = 4.8 GeV. For Cy 19, they are also given in the NNLL order.

LL NLL LL NLL NNLL

o] -0.2501 | -0.1459 Ce -0.0316 | -0.0388

Co | 11082 | 1.0561 | CS/7 | -0.3145 | -0.3054

Cs | 00112 | 00116 | C&/7 | -0.1491 | -0.1678

Cy -0.0257 | -0.0337 Cy 1.9919 4.1777 4.2120

Cs 0.0075 0.0097 Cio 0 -4.5415 | -4.1958

The CKM factor |Vi V| >~ (1 — A?/2)|Vy| is estimated to be 0.0403 + 0.0020 by taking
|Vep| = 0.0413+0.0021 [41l] and A = 0.2226. For the B meson lifetimes, we use 75+ = 1.643 ps
and 7o = 1.528 ps [41]]. The pole mass my, is chosen to be 4.8 GeV. The ratio of the charm
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quark mass over the b-quark mass is taken to be m./m; = 0.29 £+ 0.02. For the matching
scale from SCET; to SCET;, we use j; = v/mpA, ~ 1.5 GeV.

The hadronic parameters for the decay B — K*{™¢~ include decay constants, light-cone
distribution amplitudes (LCDAs) and the soft form factors. The B meson decay constant can
be estimated by QCD sum rules or lattice calculations, here we take fg = (200 &+ 30) MeV.
For the K* meson, experimental measurements give [37] [”( = (217 £5) MeV while the
most recent light-cone sum rules (LCSRs) estimate [42] is fi.(1 GeV) = (185 + 10) MeV.
Note that fj-. obeys the scale evolution equation fi. (1) = fi. (po) (as() /evs(110)) /2.

The B meson LCDASs enter into the decay amplitudes only in terms of the integrated
quantities )\E}Jr and )\]_371_(612) defined as by the following integrals

= [Tt ni@r= [T o) (47)

w— q*/my — i€

Therefore, it is not necessary to know the details about the shape of ¢ (w). The most recent
estimate gives [43] A5!, = (1.8640.34) GeV ™" at the scale 4 = 1.5 GeV. However, A5'_(¢?)
does require the knowledge of ¢Z(w), about which we know very little. Fortunately, )\]_371_(612)
only appears in the annihilation term which plays numerically a minor role in the B —
K*¢*(~ decay. To be definite, we adopt a simple model function [34] ¢Z(w) = wy te=w/«o
with wy ' ~ 3 GeV ™.

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

P ”(u p) =6u(l—u) |1+ ZGL TG 2u—-1)| (48)

n=1
However, the coefficients a,, are largely unknown. Following [44], we shall ignore the terms
- (n > 2). For a; 2, we omit their scale dependence and estimate in a conservative manner:
L = 0.1%0. 1, aL "= 0.1 £0.1. We note that recently the first Gegenbauer moment of
the K* meson has been revisited in LCSRs [42] which gives smaller uncertainties.
There are only two independent B — K* form factors in SCET, namely ¢, (¢*) and ¢;(¢?).
They are related to the full QCD form factors as discussed in [31]. The current knowledge
of these form factors is fragmentary. For instance, (| may be extracted from VE=5" [26]:

CJ_(q2): CJ_(O) < TY + T;/ . ) : (49)

r A \1=@/miy 1= ¢/my g,

with 7} = 0.923, 7y = —0.511, my = 5.32 GeV and m},;, = 49.40 GeV®. Note that the
q>-dependence above is the same as that of VB7E"(¢?), calculated in [44] using LCSRs.
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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 overestimate the B — V
form factors significantly. We use the radiative B — K*v decay, which has been measured
quite precisely 41]: B(B® — K*%) = (4.0140.20) x 107°, to normalize the soft form factor
at ¢> = 0. In SCET, it is straightforward to get the decay amplitude of B — K*v from the
B — K*1{*¢~ decay, by taking the limit ¢> — 0. Then, using the input parameters from
Table II, we obtain ¢, (0) = 0.32£0.02. Here the error is mainly from the CKM factor Vi,V
and the experimental uncertainty of the branching ratio B(B® — K*°v). This estimate is
consistent with the result of Ref. [26], but significantly smaller than the number 0.40 £ 0.04
we get from LCSRs. In our numerical analysis, we will choose the value ¢, (0) = 0.32 +0.02
determined from the radiative B decays, but assume that the ¢?>-dependence of (| (¢?) can
be reliably obtained from the LCSRs.

For the longitudinal soft form factor ¢, unfortunately there is no quantitative determina-
tion from the existing experiments, though this may change in the future with good quality
data available on the decay B — pfr,. Using helicity analysis, one can extract Cﬁ’ (¢*); com-
bined with estimates of the SU(3)-breaking one may determine Qf “(¢%). Not having this
experimental information at hand, one may extract ¢;(¢?) from the full QCD form factor
A (¢):

as(mb)CF

A7 () = {1 -

(21112[1 — 5] — gln[l — 8] +2 Lig[s] + 4+ g)] Ci(a®)

L e flidhoge (g)<> S i) / dy U )
41— )7 BT+ SR TR SIS Ay Uy ons
(50)
with s = ¢2/m%. LCSRs estimate [44] AP~%"(0) = 0.374 £ 0.043 with the ¢>-dependence
4B () = 1384 0.990 -

11— ¢2/m} 11— q2/36.78GeV?
From which we get (;(0) = 0.40 £ 0.05, using the input parameters discussed above and/or
listed in Table IL. Its ¢>-dependence is drawn in Fig. 4.

Alternatively, ¢;(¢?) may also be determined from the following relation,

Emp(V — A2)P~5(¢?) _ [1 _as(me)Cr

2
(2 In?[1 — 5] — 2In[1 — 8] 4+ 2 Liy[s] + 6 + 7{—2)} (@)
L=25 50l 28" s u)/l
- * * - h’ l d *
4(1_S)fB¢+®f Kk ®J|® i € . y Uy(v, 9, s 1)
(52)
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TABLE II: Numerical values of the input parameters and their uncertainties used in the phe-

nomenological study.

My 80.425 GeV sin? Oy 0.2312

mPle (172.7 £2.9) Gev  |ADL (217723) MeV
[Vis V3| (40.3 £2.0) x 1073 |t (mp) 1/133

mp 5.279 GeV mb'e 4.8 GeV

TR+ 1.643 ps TRO 1.528 ps

me/my, 0.29 £ 0.02 n 1.5 GeV

ApL (L5 GeV) (1.86 4 0.34) GeV ™| f5 (200 + 30) MeV
¢.(0) 0.32 £ 0.02 ¢(0) 0.40 £ 0.05
fL.(1GeV) (185 %10) MeV I (217 £ 5) MeV
ail 0.14+0.1 ay’! 0.140.1

With the input VE=57(0) — AZ~%7(0) = 0.152£0.057 from LCSRs, we obtain ¢ (0) = 0.42+
0.16, which agrees with the range extracted from AF~5". We will use ¢;(0) = 0.40 & 0.05,
obtained from its relation to the full form factor AZ~*" and the LCSR, as discussed above.
Fig. 4 shows the ¢*>-dependence of both soft form factors ¢ 1 (¢?). However, since the analysis
of the semileptonic decay B — plv [41] suggests that both the transverse and longitudinal
form factors might be overestimated by LCSRs, we will also consider, as an illustration of the

non-perturbative uncertainties, the value ¢;(0) = ¢, (0) = 0.32 with all the other parameters

taken at their central values.

B. Numerical solution of the SCET; evolution functions

As we discussed in Sect. I1.D, the B-type matching coefficients CZ should be run from
the scale up = 4.8 GeV down to y; = 1.5 GeV, with the evolution kernel ﬁp(E,u,uh,u)

obeying the integro-differential equation (@Il). To solve this equation numerically, it is more
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FIG. 4: The g¢*>-dependence of the soft form factors ¢ L7||(q2). The solid curve represents ¢ (¢2),
while the dashed curve represents C||(q2). We have rescaled the transverse form factor at ¢® = 0,

to be consistent with the experimental measurements of the B — K*v decay rate.

convenient to define the following evolution functions,

1
Ulg‘a)(E7u7luh7lu’) :/ d’UUF(U,’U,,uh,,M> )
0

U+ 8—us 1—w

~(b
O (B, i, 1) = P

1
/ dUUF (u> U, [h, :u) ) (53>
0

1—u
1 r . 9 )

~(c F '1_}78’ mc m

U (B, u, i, i) = / dwUr(t, v, jin, 1) 16 ( /m3)
0

Fig(u, 8, m2/mj) °

where I' =1, || and the functions FlLﬁ’”(u, §,m?/m?) are defined in Eqgs. ([§) and ([3). Note
that at the quark level, the K* meson energy is related to § by F = my(1 — §)/2 in the rest
frame of the b-quark. With such definitions, the above evolution functions are normalized
to one at the scale ju: ﬁlga’b’c)(E,u,uh,uh) = 1, and the QCD parameter A% would be
the only input for their numerical evaluations. The matching coefficients CJB at scale y; can

then be written as

5 28 alpinp) s ~ (a,b,c) B
ACH(E, u, ) = (E) PO (B, o, p) ACT (Byws ) 5 (54)

where we should use the superscript (a) for A77971()C]-B, the superscript (b) for AngB and the
superscript (c) for AIGCJB . For the subscript I', one should use I' =1 for j = 1,3 and " =||
for j = 2,4, which is the same as the convention of Eq. ([@0). Note that for the evolution
of AgCP, we have taken into account the fact that the term Fjg(u,3,m?2/mj) is dominant

due to the large Wilson coefficient Cs.
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It is then straightforward to get the following evolution equations

d(?lga) (E, u, i,

1 o~ ~
o / dy yVi(y, W)U (E, y, pn, 1) + w(@) O (B, w, pun, 1)
0

dnp
O (B, u, jy, 1) / (1= y)(u+ (1= u)s) ~y
= dy yVr(y, —Ur"(E,y, i,

() O (B, o) (55)

U (B, u, pun, ) /1dy Vil U)Ffé(y, s, my /mp)
dln o 0 (w8 m2 my)

wW) U (E, u, i, 1) -

ﬁI(‘C)(Ea Y, Hh, ,U)—l—

To get the numerical solutions of the above integro-differential equations, we will perform
the scale evolution in one hundred discrete steps. While from the scale p, to p,11, the
convolution integral is evaluated for three hundred different values and discrete s values of
88 = 0.01 in the interval § € [0.04,0.35]. The function Up(E, u, s, fins1) is obtained from
a fit to these values. Taking A% = 217 MeV, the numerical results of these evolution
functions are shown in Fig. 5. Note that the function ﬁlga)(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, pip, 1) defined in Eq. (5.23) by Neubert et al. [31]. The function (7|Tb) is not shown
in Fig. 5, since it does not enter into the decay amplitude at the one-loop level, due to
AgC8 = 0. While for the complex functions ﬁéc), only the absolute values of the functions

are plotted.

C. The dilepton invariant mass spectrum and the forward-backward asymmetry

Experimentally, the dilepton invariant mass spectrum and the forward-backward (FB)
asymmetry are the observables of principal interest. Their theoretical expressions in SCET

can be easily derived from Eq. ([#2):

2

dBT’ G%“%:Wb‘z Oem 2 3 q 2
Az P 1287 ( ir ) i Asc| (1 = m—%) : (56)
16 ., ¢> 4
{FetLct? + () + geele + e }
B
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FIG. 5: Numerical values of the functions (7§G7b7c)(E,u, Lhs i7), evolved from py, = 4.8 GeV down
to p; = 1.5 GeV, the relevant parameters are taken at their central values. For the upper-left plot,
the solid line denotes lNJia) while the dashed line denotes U, ﬁa). For the lower plots, since ﬁl@ are

complex functions, we only show their absolute values.

ddrp _ 1 /1alcosedziF — /OdCOSQL
dg>  dT/dg® \ J, dq?d cos 0 1 dqg?d cos 6

—6(¢*/mi;)( Re(Cy )Cig
4(g?/m)C (G52 + (Ci6)2) + GF(ICo 2 + (C1o)?)
With the input parameters listed in Table II, the decay spectrum and the FB asymmetry

(57)

are shown in Fig. 6 and Fig. 7, respectively. In our calculation we have dropped the small
isospin-breaking effects, which come from the annihilation diagrams, and take the spectator
quark as the down quark in Eqs. (22, 23]). To estimate the residual scale dependence, we
vary the QCD matching scale 1, by a factor v/2 around the default value p;, = ms. Note
that the soft form factors ¢ ly”(qQ) defined in SCET are actually scale dependent, which effect

25



08 F
07 B

09 F

107dBr /dq?

0.9 F
0.8 |
07 F

107dBr /dq*

FIG. 6: The differential branching ratio dB(B° — K*%¢*¢~)/d¢? in the range 1 GeV? < ¢? <
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 dArg(B — K*(t{7)/dg?
in the range 1 GeV? < ¢ < 8 GeV?2. Here the solid line denotes the theoretical prediction with
the input parameters taken at their central values, while the gray band between two dashed lines
reflects the uncertainties from input parameters and scale dependence. The dotted line represents

the LO predictions, obtained by dropping the O(«ay) corrections.

has been taken into account in our error analysis.

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

7 GeV?
/ i dBr(BT — K*T+()

dg?

= (2927330 ]¢, T038loxm T036) x 1077 (58)
1 GeV?

Here we have isolated the uncertainties from the soft form factor {; and the CKM factor

|ViiVip|. The last error reflects 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~". For B° decay, the branching ratio is about 7% lower due to the

lifetime difference:

7 GeV?
dBr(B® — K*90(7) _
| T e e ) <107 (6)
1 GeV?

To compare with the current experimental observations, it was proposed in Ref. [14] to
consider the integrated branching ratio over the range 4 GeV? < ¢® < 6 GeV?, for which we
get (0.927528) x 1077, This is smaller than the number (1.2 & 0.4) x 10~7 obtained in Ref.
[14], which is mainly due to the fact that the most recent LCSRs estimation [44] prefers the
form factor AP~ to be smaller. Experimentally one of the Belle observations 4] of our
interest is

SN UBMB — K-
/dq2 T( - )

dg?

= (4.871 5 |star. £ 0.3|syst. £ 0.3|modat) X 1077, (60)
4 GeV?

for which we predict (1.947545) x 1077. 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 consistent with the experimental data.
For instance, the BaBar collaboration measures the total branching ratio of B — K*{T{~
to be [3] (7.8719 &£ 1.2) x 1077, which is about twice smaller than the Belle observation
4] (16.5755 £ 0.9 + 0.4) x 10~7. This implies that, if finally the total branching ratio of
B — K*(*{~ 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
0.44

is consistent with our estimate (1.94%775) x 1077 within the stated errors. We look forward

to experimental analyses from BaBar and Belle based on their high statistic data.
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One of the most interesting observables in the decay B — K*(*¢~ is the location, ¢Z,
where the FB asymmetry 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 ¢2 is almost free of hadronic uncertainties at leading
order. From Eq. (B1), it is easy to see that the location of the vanishing FB asymmetry is
determined by Re(Ct) = 0. At the leading order, this leads to the equation Cy + C<// +
Re(Y(g?)) = 0. Including the order « corrections, our analysis estimates the zero-point of
the FB asymmetry to be

@5 = (4.071915) GeV? (61)
of which the scale-related uncertainty is A(g2)scale = 008 GeV? for the range my/2 < iy, <
2my, together with the jet function scale j; = /iy x 0.5 GeV, as used in the paper by Beneke
et al. [14]. Since no reliable estimates of the power corrections in 1/m,, are available, we
should compare our results with the one given in Eq. (74) of [14], also obtained in the absence
of 1/my corrections: ¢ = (4.39703%) GeV?. Of this the largest single uncertainty (about
+0.25 GeVQ) is attributed to the scale dependence. While our central value for g7 is similar
to theirs, with the differences reflecting the different input values, the scale dependence in
our analysis is significantly smaller than that of [14]. This improved theoretical precision on
g2 requires a detailed discussion to 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 definitions 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 existing literature [26, 31, 149].
However, its effect on the scale-dependence of ¢ has not been studied in sufficient detail.
With the SCET form factors ¢ (¢%, 1) and ¢(¢?, p) defined in Eq. (33) here, which are scale-
dependent quantities, and neglecting the resummation effects consistently in both the decays
B — K*(*(~ and B — K*7, the scale uncertainty is increased, with ¢ = 4.127037 GeV2.
We draw two inferences from this numerical study: (i) Incorporating the SCET logarithmic
resummation helps in the reduction of scale dependence in g2, (ii) A(g2)scatle = o or, obtained
by dropping the resummation effects is still significantly smaller (by a factor 2) compared
to the corresponding uncertainty A(g2)scale = =+ 0.25 GeV? calculated in Ref. [14]. This
deifference, 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 quantities employed
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by Beneke et al. [14] in the QCD factorization approach. The results in Ref. [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 ¢2, 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.

Concentrating on the transverse form factor, relevant for ¢2 of the FB asymmetry, in the
PFF scheme, the corresponding SCET; form factor ¢! (where we have now added a suffix
P for this scheme) is defined as

P_ mp
=5y 62
(f= "2 (62)

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 Eq. (B3]). These two defi-
nitions can be related to each other by (¥ = 53C 1, where the expression for the perturbative
QCD coefficient Cj is given below (53 is called C"(,AO)1 in [23]). Since the decay amplitude

should be independent on how one defines the soft form factors, one must have
el =ci¢ =i =ct /0, (63)

Since C3 = 1 + O(ay), by expanding C3-/Cs to order ay, one obtains

- G
1—(1—Cy)
2T A Nem, ~ 2 eff eff mpg fBQSf@f%*QSJR* ®\7J_®C1B
o~ 1-— = —
2 Cra m? 1-3
_elf oy 2ot P b .
= Cg' + §C’7 (1 + = {4111 2 4+ 3 In(1 s)]) + ..., (64)

which agrees with the expression for Cy-” in Eq.(40) of [14] (called Cy | (¢*) there). We recall
that to determine g2, we solve the equation Re Cy- = 0, where now the quantity Cy is defined

as follows

~ . 2 oy ~
Co = Ca(w)C5" + 077 2 G () + ... (65)

my
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with the QCD coefficients [16] (Cy is called C:(FAO)2 in [23])

Cy = 1— O‘ZCF {21n2 (i) ~ (4In(1—3) - 5)In (i)

™ my my

2 1
F22(1 - §) + 2Win(5) + 1= + (T _ 3) (1 - §) + 6} ,

12 S
Gy = 1— 297 Jom2 () _ (41— 5) - ) [ -
47 mp my
2
+21n2(1 — §) — 21n(1 — §) +2Li2(§)+%+6] . (66)

The ellipses above denote the terms which are the same for C3-"’ and Cg-. The functions
multiplying the effective Wilson coefficients C¢// and C$// appearing in C#F and Cj- in
Egs. (64) and (65), respectively, lead to different scale-dependence for ¢2.

Our result for g3 using the SCET form factors has been given above in Eq. (61) with
the scale-dependent uncertainty A(q2)scale :fgjgg GeV? . Note that we have considered in
a correlated way the scale-dependence of (| (i, ¢?) in our analysis. To illustrate this, we
use the experimental data on the branching ratio of B — K*vy and the central values of
the other input parameters given in Table II, which yields the following scale-dependence
of the relevant form factor: ¢, (0, u = 2m;) = 0.34 and ¢, (0, p = mp/2) = 0.30. In solving
the equation Re[Cy| = 0, relevant for the zero-point of the FB asymmetry in the decay
B — K*(T(~, we have factored in the scale-dependence of (,(u,q?). We do a similar
numerical analysis of g2 in the PFF-scheme, where the corresponding form factor ¢¥(¢?)
is scale-independent, and incorporate the effect of the logarithmic resummation in both
the B — K*vy and B — K*(*(~ decays. Solving now the equation Re[CyT] = 0, using
the central value of the soft form factor ({(0) obtained from the analysis of the B — K*y
branching ratio: ¢¥'(0) = 0.28, and with all the other parameters fixed at their central values
given in Table II, we find that in the PFF-scheme ¢ = 3.98 & 0.18 GeV?*. Had we dropped
the resummation effect, we would get ¢ = 4.03 £ 0.22 GeV?, where the scale uncertainty
A(@3)scale = +0.22 GeV?, derived here in the PFF-scheme, is consistent with the number
A(3)scale = 10.25 GeV? obtained in [14]. Therefore, we conclude that the difference in the
estimates of the scale dependence of 2 here and in Ref. [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 Eq. (B3) in this paper, we find that the scale-related
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uncertainty A(qg)scalc is reduced than in 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*(*¢~. Our comparative 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 g2 offers a precision test of
the SM, and by that token provides a window on the possible beyond-the-SM physics effects,
it is mandatory to undertake an O(a?) improvement of the current theory of B — K*{T(~
decay. As power corrections in 1/m; have not been considered here, although they are
probably comparable to the O(as) corrections 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 effect the numerical value of ¢?.

IVv. SUMMARY

In this paper, we have examined the rare B decay channel B — K*/*/¢~ in the framework
of SCET, where the factorization formula holds to all orders in a;; and leading order in 1/my,.
Making use of the existing literature, we work with the relevant effective operators in SCET
and the corresponding matching procedures are discussed in detail. The logarithms related
to the different scales u, = my and j; = /mpAy are resummed by solving numerically
the renormalization group equation in SCET. We then give explicit expressions for the
differential distributions in ¢ for the decay B — K*¢*¢~ including the O(ay) corrections.
In the phenomenological analysis, we first discuss the input parameters, especially how to
extract the soft form factors ¢ (¢®) from the full QCD form factors and also the constraints
on ¢4 (0) from the experimental data on the B — K*v decay. Using the ¢>-dependence of the
form factors from the LCSRs and the normalization ¢, (0) = 0.32+0.02 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? < ¢? < 7 GeV?, where the

perturbative method should be reliable, our analysis yields

7 GeV?2
dBr(BT — K*T(+(~ B
/ dq? ( i ) = (2927080 x 1077, (67)
1 GeV?

which can be compared with the B factory measurements in the near future. The largest

uncertainty in the branching ratio is due to the imprecise knowledge of C||(q2). We have
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illustrated this by using a 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*{*¢~
and B — ply, would greatly reduce the form-factor related uncertainties in the differential
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
@ = (4.07701%) GeV? The stability of this result against O(a?) and 1/my corrections

should be investigated in the future.
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