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Abstract

We classify Aqcp/my power corrections to nonleptonic B — MM, decays, where Mo are
charmless non-isosinglet mesons. Using recent developments in soft-collinear effective theory, we
prove that the leading contributions to annihilation amplitudes of order a4(my)Aqcp/my are real.
The leading annihilation amplitudes depend on twist-2 and the twist-3 three parton distributions.
A complex nonperturbative parameter from annihilation first appears at O [ag(\/A—mb)AQCD / mb].
“Chirally enhanced” contributions are also factorizable and real at lowest order. Thus, incalculable
strong phases are suppressed in annihilation amplitudes, unless the as(y/Amy) expansion breaks
down. Modeling the distribution functions, we find that (11 +9)% and (15 + 11)% of the absolute
values of the measured B — K~7+ and B~ — K~ K penguin amplitudes come from annihilation.
This is consistent with the expected size of power corrections.



I. INTRODUCTION

Nonleptonic charmless B decays are important probes of the standard model. They
are sensitive to the C'P violating phase v (or «) via the interference of tree and penguin
contributions, and to possible new physics that could modify the penguin amplitudes. They
also provide a powerful laboratory to study strong interactions, the understanding of which
is crucial if one is to claim sensitivity to new physics in these decays.

The theory of nonleptonic B decays underwent important progress in the last few years.
Factorization theorems for B — M M’ decays have been proven to all orders in «y at leading
order in A/my, for decays when M is a light (charmless) meson and M’ is either charmed
or charmless [1, 2, 3, 4, 5|. Here A ~ Agcp ~ 500 MeV denotes a typical hadronic scale. An
important difference between the various approaches to making predictions for the charmless
B — M;M, decay rates [2, 5, 6, 7, 8, 9, 10, 11, 12, 13] is how certain O(A/m;) power
suppressed corrections are treated. In particular, it was observed that so-called annihilation
diagrams (as in Fig. 2) give rise to divergent convolution integrals if one attempts calculating
them using conventional factorization techniques [7]. In the KLS (or pQCD) approach [7],
these are rendered finite by &k, dependences, which effectively cut off the endpoints of the
meson distribution functions. KLS found large imaginary parts from the jet scale, v/myA,
from propagators via Im [zm} — k? + ie] ' = —wd(zmi — k3 ) [14]. They also found that
for the physical value of my; the power suppression of these terms relative to the leading
contributions was not very significant. In the BBNS (or QCDF) approach [2, 10, 11], the
divergent convolutions are interpreted as signs of infrared sensitive contributions, and are
modeled by complex parameters, X, = fol dy/y = (14 pae”?4)In(mp/A), with pa <1 and
an unrestricted strong phase ¢ 4. In Ref. [15] annihilation diagrams were investigated in the
soft-collinear effective theory (SCET) [16] and parameterized by a complex amplitude. When
annihilation is considered in SU(3) flavor analyses a complex parameter is also used [17]. In
the absence of a factorization theorem for annihilation contributions, a dimensional analysis
based parameterization with A /m;, magnitude and unrestricted strong phases is a reasonable
way of estimating the uncertainty. In order not to introduce model dependent correlations,
a new parameter could be used for each independent channel.

It was recently shown by Manohar and Stewart [18] that properly separating the physics
at different momentum scales removes the divergences, giving well defined results for convo-
lution integrals through a new type of factorization which separates modes in their invariant
mass and rapidity. The analysis involves a minimal subtraction with the zero-bin method
to avoid double counting rapidity regions, and with the regulation and subtraction of diver-
gences for large p™ and p~ momenta that behave like ultraviolet divergences. Additional
subtractions would correspond to scheme dependent terms, so the minimal subtraction is



1 In this paper we

the usual and simplest choice. We refer to this as MS factorization.
classify annihilation contributions to B — M M, decays and demonstrate how this rapidity
factorization works for the leading terms of order Ofas(my)A/my]. These leading order anni-
hilation contributions are real despite the presence of endpoint divergences. We also classify
which terms can involve a nonperturbative complex hadronic parameter, and show that they
first show up for annihilation at higher order in perturbation theory, O[a?(yv/myA) A/my).

Our analysis demonstrates that while certain annihilation contributions are only sensitive
to the hard short distance scale u? ~ m? (local annihilation), there exist other annihilation
contributions that start at the same order in ay and 1/m; and are sensitive to the inter-
mediate scale u? ~ myA (hard-collinear annihilation terms). The leading local annihilation
terms involve fp and a modified type of twist-2 distribution functions, while the leading
hard-collinear terms have twist-3 meson distributions. In this work we perform matching
calculations for the two-body distributions that require rapidity factorization. The calcu-
lation of the leading amplitude involving the three body functions is given in a separate
publication [19], however we review the numerical results here.

An interesting set of power corrections are those proportional to pp where p1, = m?2 /(m,,+
mgq) and prx = m%/(m, + m,) [20]. For kaons and pions up ~ 2GeV, so corrections
proportional to pp/m; can be sizable, and were labeled “chirally enhanced” in Ref. [2, 10]. In
the chiral limit p oc A, where A, is the chiral symmetry breaking scale, so the enhancement
is not parametric, and comes from the fact that A, > Aqcp. In the BBNS approach these
A?/m? annihilation power corrections are included along with the leading order terms, and
when they multiply divergent convolutions they are described by complex parameters. Below
we show that, much like the lowest order annihilation contributions, these terms are also
real and factorizable.

In section II we review the leading order factorization theorem, and classify power correc-
tions to B — M;Ms, with a focus on annihilation amplitudes. In section III a factorization
theorem is derived for local annihilation amplitudes at order A/my, for final states not in-
volving isosinglets (given in Eq. (23)). These amplitudes start at O(as(my)) and involve fp
and a modified type of twist-2 meson distributions. The extension to chirally enhanced local
annihilation terms is considered in section IV. In section V we study annihilation ampli-
tudes from time-ordered products, and classify complex contributions generated at the hard
scale my, the intermediate scale v/myA, and the nonperturbative scale A. Our results give
absolute predictions for the annihilation amplitudes in B — PP, PV, V'V channels, given
the meson distribution functions as inputs, which are studied in Section VI. This section
also discusses the implications of our results for models of annihilation used in the litera-
ture, and a numerical analysis of the annihilation amplitudes in B — K7 and B — KK.
Appendix A gives the derivation of a two-dimensional convolution formula with overlapping

L Over the objection of one of the authors.



zero-bin subtractions.

II. ANNIHILATION CONTRIBUTIONS IN SCET

We use M to denote a charmless pseudoscalar or vector meson (w, K, p, ...). The
relevant scales in B — M; M, decays are my, my, E ~ mpg/2, m., the jet scale VEA,
and the nonperturbative scale A. Here FE is the energy of the light mesons, which is much
greater than their masses, my;,, ~ A. To simplify notation, we denote by my hereafter
the expansion in all hard scales, {m;, £, m.}. The decays B — Mj M, are mediated by the
weak AB = 1 effective Hamiltonian, which has AS = 0 terms for b — dq;¢ transitions and
AS =1 terms for b — 5¢1G,. For AS =0 it reads

10,7~,8¢g

Z ViV (107 + 08+ 3 C0y), (1)

p u,c =3

where the operators are

Of = (ab)v-a (du)v-a, O3 = (Upba)v-a (datig)v-a
Of = (eb)v-a (dc)v-a, 05 = (€sba)v-a (dacp)v-a
O3 =3, (db)v-a (Tq)v-a, Os =3 (dsba)v-a (4ad5)v-a
O5 = Z (Jb)v A (@9 )va, Os = Zq/( 755 Jv-a (qa(Jﬁ)V-i-Aa
36 3eq
= >y (db)ven (T'q ) va, Os=>,—5" 5 L (dgba)v-a (Togls)va
! ! 3
Oy = ZqIT (db)V—A (74 )v-a, O = Z eq (dﬁb Jv-a (qa%)v A
e 7 UV g v a a
Or7, = — gz M do" F,,(14v5)b, Osy = ~ %2 mbda“ G T (1+73)b. (2)

Here O 5 and Of , are current-current operators, o and (3 are color indices, O3_¢ are penguin
operators and O;_y1y are electroweak penguin operators, with a sum over ¢’ = u,d,s,c,b
flavors, and electric charges ey. Results for AS = 1 transitions are obtained by replacing
d — s in Egs. (1) and (2), and likewise in the equations below. The coefficients in Eq. (1)
are known at NLL order [21] (we have O} < O% relative to [21]). In the NDR scheme, taking
as(myz) = 0.118 and m;, = 4.8 GeV,

Ci—10(mp) = {1.080, —0.177, 0.011, —0.033, 0.010, —0.040,
4.9x107*, 4.6x107*, —9.8x107%, 1.9x107°%}. (3)

To define what we mean by annihilation amplitudes we use the contraction amplitudes
Ay, Ay, Py, PE™ in the full electroweak theory from Ref. [22] (which thus includes pen-
guin annihilation). These amplitudes are scheme and scale independent and correspond
to Feynman diagrams with a Wick contraction between the spectator flavor in the initial
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state and a quark in the operators O;. Using SCET these annihilation amplitudes can be
proven to be suppressed by A/m,; to all orders in ay [5]. These contributions differ from
emission-annihilation amplitudes, FA; and FEA,, which involve at least one isosinglet meson.
As demonstrated in Refs. [11, 23], EA; 5 occur at leading order in the power expansion. We
focus on isodoublet and isotriplet final states, so ignore the EA; ; amplitudes hereafter.

To separate the mass scales occurring below m; we need to match Hy, onto operators in
SCET. The nonperturbative degrees of freedom are soft quarks and gluons for the B-meson,
n-collinear quarks and gluons for one light meson, and n-collinear fields for the other light
meson, as defined in [24]. Expanding in A/m,, gives

(M Mo Hy |B) = A© 4+ A+ AD + AD, +.

GFmeM fM fB
- LM B AO) 4 A+ AW 4 A 4 4
\/§A0 [ ann t ] ( )

In the second line we switched to dimensionless amplitudes A by pulling out a prefactor

with the correct A%/ Qm;/ 2 scaling. Here Ay = 500 MeV represents a B-meson scale that is
O(Aqep). Taking n = A/ my we have the leading order amplitude A© = O(n°), and the
subleading amplitude AO = AQ), + Ailest = O(n'), which we have split into the annihilation

amplitude A ann and the remainder AY  The amplitude A in Eq. (4), denotes contributions

rest*
from long-distance charm effects in all amplitudes, while perturbative charm loops contribute
in the amplitudes A® and AW 2

There are two formally large scales, m, > v/m,A > A, which we will refer to as the hard
scale 5, ~ my, and intermediate or hard-collinear scale p; ~ v/mpA. These scales can be
integrated out one-by-one [27] with effective theories SCET] and SCETy;. Integrating out
my requires matching the O; onto a series of operators in SCETy, Q) ~ M where the SCET]
power counting parameter A = n'/2 = \/A/my. To obtain contributions to B — M; M, we
require an odd number of ultrasoft (usoft) light quarks g,s, two or more n-collinear fields,
and two or more n-collinear fields, where n? = n? = 0.

We briefly review results from Refs. [4, 5] for the leading amplitude A©® for B — M, M.
Here we have weak operators Qld 6q ~ A9 Qld g ~ AT with no g,s’s, taken in time-ordered
products with an usoft-collinear quark Lagrangian, Egz) ~ M for j = 1,2, which has one qy,.
We denote other subleading Lagrangians by £U), and list the O(A7) and O(\®) time-ordered
products for A in Table I. Matching these time-ordered products onto SCET; gives the

leading O(n%) operators.®> When combined with the 7~7/2 from the states this yields a matrix

2 A, has the c-fields in Of 5 and O3z replaced by nonrelativistic fields [5], and is suppressed by at least
their relative velocity, v ~ 0.3 — 0.5. The possibility of large nonperturbative charm loop contributions

was first discussed in Refs. [12, 13], and the size of these terms remains controversial [25, 26].
3 Recall that to derive the %, we note that A¥ = %, and changing the scaling A — 7 for four collinear quark

fields in matching SCET; — SCET}; gives the extra 2. The A7 term gains an extra A from the change

in scaling to a collinear D .



element of order n°/2, in agreement with the prefactor in Eq. (4). Examples of the weak
operators in SCET; are

Qg(zl) - [ﬁn,uﬂ%Pva} [Jﬁ,wgﬂiPLuﬁ,wg} )
Qﬁz) = [ﬁn,w1i93iw4Pva} [Jﬁ,wzﬁpLuﬁ,wg} ) (5)

where other QES’” have different flavor structures. The “quark” fields with subscripts n and
n contain a collinear quark field and Wilson line with large momenta labels w;, such as

U = [EWW, S(w—n-PT)]. (6)

Here ¢, creates a n-collinear quark, or annihilates an antiquark, W, = W[n - 4,] is the
standard SCET collinear Wilson line built from the n component of n-collinear gluons,
n - P! is an operator that picks out the large @ - p label momentum of the fields it acts
n [16], and ig By = [1/PW[in-Deyp,iDl | JWnd(w — PT)]. The b, is an HQET b-quark
field.
The leading order factorization theorem from SCET] is [5]

GFm2BfM1

A0) —
V2

[/OdudzTU(u, 2)CPM2 (2) oM () + /OduTK(u)CBMZQSMl(u) +{M; < M}
(7)

Here T1; and Ti¢ contain contributions from the hard scales m;, and »™ is the nonpertur-
bative twist-2 light-cone distribution function. The terms ¢®M and ¢#(z) contain contri-
butions from both the intermediate scale j; ~ v/mpA and the scale A, and are defined by
SCET matrix elements between B and M states. In particular their scaling is

A \32

HE), B~ (o) o) o, )
my

explaining the oy (p;) entry in the A© rows of Table I. The ¢®M functions occur in both

semileptonic decays and nonleptonic decays (E ~ mp/2). Integrating out the scale /m;A

to all orders in ag by matching onto SCETyy gives [5, 18]

PG, ) = L2 fan i (e, B) 6 (0) 2(0°),

¢BM(E) = fBg;"B Z/d:cld:@/dk:*dk* w(Ti kL E) oM (@) 0P (), (9)

where the ¢} and ¢P’s are twist-2 and twist-3, two and three parton distributions and we
pulled out fgfy for convenience. The jet functions J, J, occur due to the time-ordered
product structure in SCET; and contain contributions from the scale /m,A. Using the
result for (PM at order a,(p;) this result agrees with Ref. [2] (where expressing (PM in
terms of the full theory form factor generates an additional (¥M term). The result for ¢ZM
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Order in Time-ordered products Perturbative order Dependence Properties
A/my, in SCET} Annihilation ~ Other in SCET

A0 10 Q) £§ Q(O £ em — as(us) | ¢PMeM | Real
Qe — as(u) | 956MeM | Real

A ngj/:o,l)ﬁglg) I1; £(k0) _ s (1) Complex
Q" s (1) — | fpéMe™ | Real
QL) as(pn) as(pi) | ¢B*MeM | Real

Q(O [ ] Q(O [ ] S () /m P (w)/m Sj(kfz,kg_)... Complex

Q" [P e gq, Q! [c“} o2(i)/m (i) /7 |S;(ki g ky). .| Complex

Q(2 [ ] — () Complex

Q7L £ ), £, QP LY o) o) /m o) Complex
A% Q;” as(1n) — | feumdpyd™ | Real

TABLE I: All contributions to B — MM, amplitudes at leading order (A®)) and at order A/my,
(AM), besides Aee. In the first AD line §” + j 4+ S°k; < 4. The terms with — are absent or
higher order when matched onto SCETy;. The dependence in SCET; column lists the known
dependence on nonperturbative parameters. The properties column shows whether at least one of
the nonperturbative parameters is complex. For A®) suppressed by A?/ m%, only the local chirally
enhanced annihilation operator is shown.

is from Ref. [18] and required the MS factorization with zero-bin subtractions. The set of
contributing functions (indices a,b) is determined by the complete set of SCET}; operators
derived in Ref. [28]. The power counting in «,(y;) for the SCET] functions (#* and (&M
agree with that derived in pQCD [29].

Next we classify the contributions to the power suppressed B — M; M, amplitudes AD).
In SCET; we need to study operators and time-ordered products with scaling up to O(A1?).
These have one or three light usoft quark fields. The relevant terms are listed in Table I,
where ng )~ A+ and our notation for the Lagrangians up to second order is taken from
Ref. [30]. All the listed terms have an odd number of soft light quark fields. A basis for
the Q§4) operators is constructed in section III, for the QZ@)ESZ) terms in Ref. [19], and for
the Q(5 terms in section IV. A basis is not yet known for the remaining Q @) operators,
for Q , and for the L ?;4 and £® Lagrangians, but they do not contribute at O(a;), and
only general properties of these operators are required for our analysis. Dashes in Table I
indicate terms that are absent to all orders in ay for reasons to be explained below. To
determine the perturbative order listed in the table we count the number of hard ag(pus)
factors from the matching onto SCET}, and the number of intermediate scale as(p;) factors
from matching onto SCETy;. The dependence in SCETY; column lists the nonperturbative

quantities that appear in the factorization theorem for the leading order result described



above, and from the factorization theorems we will derive in sections III and IV below. The
properties column lists whether the nonperturbative distribution functions are complex or
real as described in detail in section V, and has implications for strong phase information
in the power corrections. The results in Table I imply the following power counting (for
amplitudes not involving A.;),

Re [A(O)} ~ s (i) Im [A(O)} ~ as(pi) as(pn) 5
. A A A
Re[AD)] ~ [au(pn) + a2 ()] — Im [AG),] ~ a2 () —
. A A A
Re [Av(“?st} ~ Qg (NZ) E ) Im [Av(“?st} ~ Qg (NZ) Eb . (1())

To facilitate the discussion we divide the annihilation amplitudes into local annihilation

(1,2)

Lo from the operators Q§4’5) that are insensitive to the jet scale, and into

(1)

contributions, A

the remaining annihilation amplitudes, A which are from time-ordered products in

Tann’
SCET;. Thus,
At(ziz)n = A%{Znn + Ag}gnn . (11)

In the literature [7, 8, 10, 11, 31] only local annihilation amplitudes have been studied,
and their matrix elements were parameterized by complex amplitudes. In SCET, QZ@ is a
six-quark operator with one usoft quark, such as

(CZstbv) (ﬂﬁ,wz FT‘LQFL,Wg) ((jn,wl Fnun,w4) ) (12>

where other QEA‘) operators have different flavor structures. To derive the power counting
for this operator, start with Q©® ~ X% then note that switching a collinear quark to an
usoft quark costs A2, and adding a &, and & from a hard gluon also costs A2. This yields
QZ@) ~ O(as(up)A9). In matching onto SCETy we simply replace QZ@) — OEIL) ~ 7,
with the operator having an identical form. SCET; operators QZ@ that do not have the
form in Eq. (12) exist, but they must be taken in time-ordered products with a subleading
Lagrangian and so do not contribute to A1), For this reason all local operator contributions
(1)

rest- Oince the matching onto

to AM contribute in the annihilation terms and not in A
OEIL) is local, it appears as in Fig. Ila with an a(uy), but with no jet function. Thus
this contribution to A%, is of order s (pn) Jas(pi) A/my relative to A, In section III
we construct a complete basis of QZ@) operators and show that their matrix elements are
factorizable in SCET at any order in perturbation theory, and do not generate strong phases
at O(as(un)). We prove a similar theorem for chirally enhanced terms in the set QES) in
section IV.

The annihilation amplitudes and other A/m, suppressed amplitudes also occur through
time-ordered products. Two examples are shown by Figs. IIb and IIc. A subset of these terms
were considered in Ref. [15], including the diagram in Fig. Ilc, and the phenomenological

impact of these power corrections was studied. So far no attempt has been made to work
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FIG. 1: Three types of factorization contributions to annihilation amplitudes which are the same
order in n = Aqcp/mp. a) shows QZ(-4) which has > 1 hard gluon and factorizes at the scale
myp. The rapidity parameter, ( = p~/p™, controls the MS-factorization between soft momenta
(B), n-collinear momenta (Ms), and 7n-collinear momenta (M7). b) shows the time-ordered prod-
uct ng)ﬁé?, which involves factorization at my and /mpA. c¢) shows the time-ordered product

QZ(-l) [ﬁgy)]?) , which factorizes at the scale v/m;A and does not need a hard gluon. Graphs a) and b)
are of order a(pup), while ) is as ()2

out the strong phase properties and perturbative orders in a; of the time-ordered products,
a task we take up here. A complete classification of time-ordered products for the leading
power corrections to B — MM is listed in Table I. A subset of these terms contribute
to the annihilation amplitudes. To see which, we note that terms with a ng’l) and only
one Eg) do not contribute to annihilation at either leading or next-to-leading order; the
weak operator is not high enough order in A to contain an extra n—n pair, and there are
not enough L¢,’s to produce the pair through a soft quark exchange. To rule out these
terms it was important that we are not considering isosinglet final states, which receive
emission annihilation contributions already at leading order. The term QZ@) [ESI)P does not
contribute to annihilation because we find that all annihilation type contractions are further
power suppressed when matched onto SCETY;.

Time-ordered products with either a Q=2 or with three Lg,’s do contribute to annihi-
lation. Examples of these two types are shown in Figs. IIb and Ilc. Compared to the local
annihilation amplitude from Q§4)> only the time-ordered product Q@)ﬁg) contributes at the
same order in a,. To demonstrate this, note that for terms with three L¢,’s all graphs have
at least two contracted hard-collinear gluons and so are O(a?(y;)). Graphs with a Q33



start with one o, (uy,), and will also have an additional ag(pu;) from a hard collinear gluon,
unless it remains uncontracted in matching onto SCETy;. The uncontracted gluon costs an
additional A in the matching onto SCETyy, so only the time-ordered product Q(2)£§1) can
have a leading, O(as(my)), contribution. Fig. IIb gives an example of a diagram occurring
from this time-ordered product. The resulting amplitude involves the three-parton distribu-
tion, @3ps,. As shown in Ref. [19] it also involves the twist-2 distribution ¢}, and its leading
order convolution integrals converge.

The time-ordered products with three L¢,’s are suppressed by o?(u;)/as(ps) relative to
Q§4), and can be proven to involve a complex nonperturbative function, as labeled in Table I
(an example is shown in Fig. IIc). Thus, if perturbation theory converges rapidly at the
scale u;, then complex annihilation amplitudes are highly suppressed. If perturbation theory
at p; is poorly convergent then the time-ordered product contribution could be important
numerically; comparable or even larger than the leading local annihilation amplitude from
Q§4). Local annihilation contributions are discussed in detail in sections III and IV, while
strong phase properties of the amplitudes and the time-ordered product contributions are
taken up in section V.

III. LOCAL SIX-QUARK OPERATORS IN SCET1

In this section we construct a complete basis of OZQL) operators in SCETy; (the Q§4)
terms in SCET]) and derive a factorization theorem for their contributions to B — M M.
To find a complete basis we consider color, spin, and flavor structures that could appear
when matching at any order in «a,. Color is simple, the six-quark operator must have
Il ®I, =1®1®1. Although operators with a 7% in one or more bilinears are
allowed at this order, with the factorization properties of the leading Lagrangians and
(M, Mz|O|B,) = (0| ...|Bs){(Mzg|...|0)(M,]...]0), the terms with T4’s give vanishing ma-
trix element between the color singlet hadronic states [1].

For spin we start by looking at chirality which is preserved by the matching at m,;. Since
there is no jet function, the soft spectator quark that interpolates for the B-meson must come
from the original operator in Hy,, and we Fierz this ¢ field next to the b-quark field. To be
definite, we take the other ¢ field from Hyy to go in the i1 direction (in the SCET Hamiltonian
we sum over n <> 7). This implies that the pair-produced quark is in the n direction. For
O1-4.9.10 the allowed chiral structures induced in SCET by matching are (LH)(LL)(LL) and
(LH)(LR)(RL) where L and R correspond to the handedness for the light quarks in the
bilinears in the order shown in Eq. (12). We cannot assign a handedness to the heavy quark
denoted here by H. For O5_g we can have (LH)(RL)(LR), (LH)(RR)(RR), (RH)(LL)(LR),
and (RH)(LR)(RR). A complete basis of Dirac structures for the individual bilinears is:

Fs = f}/a ) FFL = {Vi? %75_} ) Fn = {ﬁ? %77_} . (1?))
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Structures with 75 are not needed because we have specified the handedness. Here v/
and 717 connect left and right-handed quarks, while 7 and # connect quarks of the same
handedness. From the basis in Eq. (13) we must construct an overall scalar using the
tensors v*, nt, i*, ¢, and €\ = ¢"*Pn,ng/2. We take "% = 1, and work in a frame
where v/ = 0 and n-v =7 -v = 1, which makes the set {n,7n,v} redundant. For reasons
that will become apparent we pick v* and (n* —n*) as our basis in this section. The definite
handedness allows us to turn any contraction involving i€/” into a contraction with ¢/, for
example ie!"ELAyEER = Ly ysel = ELjA ER. The (LH)(LR)(RL) and (LH)(RL)(LR)
structures can be ruled out since

1yl Pr @ fiy;, Pr = iy P, ® i, Pr = 0. (14)

Noting that $h, = h, this leaves four allowed spin structures

Lol @T, ={1@RhQf, (i—f) @t 7§ @I vy, 1§ Qifyy ). (15)

The last two structures have g;y{b, and vanish identically for B-meson decays (they would
contribute for B*’s). Furthermore, the local annihilation operators are not sensitive to the
k™ momentum of the soft spectator quark. Thus in taking the matrix element we can use

(0lgsys5ho| B) = —impfp,  (014sys(7h—1)ho| B) = 0. (16)

Here fp is the decay constant in the heavy quark limit. The fact that we can match onto
a basis of local SCET operators of the form in Eq. (12) demonstrates to all orders in g
that the local annihilation contributions are proportional to fz. Using Eq. (16) the second
Dirac structure in Eq. (15) is eliminated, so we do not list operators with (—#) in the soft
bilinears below.

Next we consider the allowed flavor structures. From the operators O;s we have

(ub)(dq)(qu), (db)(uq)(qu), from Oy_g 7,5, we have (db)(7'q)(qq’), (7'b)(dg)(gqq’), and O7_yg
give a combination of these. Here the ¢g are the pair produced n and 7 pair, while the ¢'¢’
appeared in the weak operators. Thus a basis for B-decay operators is

ol — mi 5, [dsPabo] [T ot Pr ] (G Pt
oL — mi 5, [ Prby] [draosthPr ] (G Pt
0L = o5 3 (0P ) [P ) [P ).
O = 23 5, [P [P ) 1P,
oL — mi 5, [4Prby] [0, Pr ] (G Pt

2 _
O((;ZL) = m_g Zq [ﬂsPva] [dﬁ,a@%PR q&,wg] [(jn,uq%PR un,w4] )
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9 _
O'?CLiL) = Hg Z(Lq’ [dSPRbU} [Q%,WQﬂiPR q/ﬁng] [(jn#l)l%PR q;’L,W4j| 9
9 _
OE(EZL) = m_g, Zq,q’ [(lePva] [dﬁ,w2¢PR q@w3] [gnwn%PR q;z,w4:| : (17)

Here we integrated out ¢ and b quarks in the sum over flavors, so the remaining sums are over

qg=u,d,s and ¢ = u,d,s. For the AS = 0 effective Hamiltonian with Wilson coefficients
(d)

a;’ (wj) we use the notation
Hy = 26F dw dwydwsd 4(w;) O 1
W= D [ ldwrdwydwsdw) Y ad(w;) O (w;) - (18)
nf i=1-8

To pull the CKM structures out of the SCET Wilson coefficients we write

d( ) )\gd) aiu(wj) + Agd) aiC(“j) [7' =1,2,3, 4] ’ ( )

al . = 19
AP + A a;(w;) [i=5,6,7,8],

where )\éd) = VpV,y- Identical definitions for a; are made by replacing AP = AP and

AD A For i = 5,6,7,8 only penguin operators contribute.
Next we take the B — MM, matrix element of Hy,. The factorization properties of
SCET yield

2 -
(Mi M| 01" 1B) = —5 37, (Mt Pr sy [0} Mol G # P10 |0) (O] Prbo] B)
b

+{M1 <—>.]\42}, (20)

with similar results for the other OZ%L) terms. Here the {M; < M,} indicates terms where
the flavor quantum numbers of the M, state match those of the n-collinear operator. The
matrix elements in Eq. (20) are zero for transversely polarized vector mesons in agreement

with the helicity counting in Ref. [31]. Equation (20) can be evaluated using Eq. (16) and

/ +i
<Pn1 (p)‘6j£;{l ﬁPL,R Q,(L{w)/‘m = % Cpygf! 5nn1 5(ﬁ'p_w+w/) (bP(y) )
_ / 1fymyn-e _
(Vi (p.€)|a) #PL.r 0] 210) = % eV S O(A-p—w ) y(y) . (21)

Here f, f' are flavor indices, ¢p(y) and ¢y, (y) are the twist-2 light-cone distribution functions
for pseudoscalars and vectors, y = w/n - p = w/my, and cpsp, cysp are Clebsch-Gordan
coefficients. For the M, mesons, P,, and V,,, we have the same equation with n < n,
and y — x. Since the Pp r only induce =+ signs in the pseudoscalar matrix element, it is
convenient to define

~ d d ~d _ d d ~d _ d d ~d _ d d
ajy = aj + kag , ay = ag + Kag , as = as + Kay , ay = ay + Kag , (22)
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M; M, H(z,y)
ot ot pmat, pm et —af(x,y) —ad(y, @) — af(x,y) — ag(y, x)
m=al, pmal 7% ) | Flas(ey) +ad(e,y) — gy, ) — ad(y, o))
w070, 7000, p0p" [3af(z,y) + a§(z,y) + 5af(z,y)] + [z < y]
K- 9+ —af(x,y) — a§(x,y) — ag(y, )
R0 ()0 as(z,y) + ag(y, «) + af(z,y)
K ()= K (x)0 ad(z,y) + ad(z,y)
T K0 p= ()0 a3(x,y) + aj(z, y)
TR~ O (= —5las(z,y) +aj(z,y)]
TOR ()0 50 ()0 % as(z,y)
rt K= ot K- —aj(z,y)

TABLE II: Hard functions for B® and B~ decays for the annihilation amplitude A(ngnn in Eq. (23).
For each pair of mesons in the table, the first is M7 and the second Ms.

M M, H(x,y)
T KWF pm KO+ —aj(y, =)
wOK(*)O, pOK(*)O % &ff(% )
Tt ot pTat, pTpt —ai(z,y) — a3(z,y) — az(y,x)
w0m0, 7000, p0p0 [335(z,y) + a3(z,y)] + [z < y]
KW= K&+ —ai(z,y) — a(y, ») — a5(x,y) — a3y, )
KOR ()0 as(x,y) + a3y, ©) + a;(y, )

TABLE III: Hard functions for B, decays for the annihilation amplitude Aggnn in Eq. (23).
with similar definitions for a]. Here k = 41 for PP, VV, and kK = —1 for PV channels.
Using these results, the O(A/my) local annihilation amplitudes are

1
AL, (B — M) = =D [y o) ot o). (23)
V2 0
Here H(x,y) are perturbatively calculable hard coefficients determined by the SCET Wilson
coefficients @;(w;). Results for different final states are listed in Table II for B® and B~
decays, and in Table III for B, decays. Our derivation of the local annihilation amplitude

in Eq. (23) is valid to all orders in «y, and provides a proof of factorization for this term.
Matching at tree level, involves computing the O(a4(my)) graphs in Fig. 2 and comparing
them with matrix elements of the SCET operators QZ(-4). Doing so we find that the Wilson

13



a) n b) ) d) X
ot 5 o<
. Sy
y
FIG. 2: Tree level annihilation graphs for B — M M> decays. Here soft, n, n denote quarks that

are soft, n-collinear, and n-collinear respectively.

coefficients a;(x,y) are

Crmos () 3 Crmaog(n) 3

A1y = Tg F(% y) <C1 + 5 C10> ) A1ec = Nc2 F(x,y) <§ ClO) )

_ Cprmag(pn) 3 _ Cprmag(pn) 3

A2y = Tg F(z,y) (Cz + 5 09) ) ¢ RE F(x,y) (5 C9) )
Crmras(un) 1 Crmag(pn) 1

a3y = Tg F(‘Tvy) <C4 - 5 C10> ) azec = NCQ F(x,y) (04 - 5 010) )
Crrag 1 Crmag 1

A4y = FTQ(Mh) F(l’7 y) <C3 - 5 CQ) ) A4c = I NQ(Mh) F(x7y) (03 - 5 Cg) )
C R /3

QSZ%WF(yvx)<§CS>> a6:07
Crmog o 1

&7=FT2<WL)F(?J’$)<CG—508>, ag =0, (24)

where pp ~my, T =1—x, y =1 — y, with quark momentum fractions = and y as defined
in Eq. (21) and shown in Fig. 2. The function F is

Flo) = | g~ oo |+ LT, (25)

@ Y

where the g-notation and term involving the Wilson coefficient d(p—) are discussed below.
The function F'(y, z) will involve d(j4). Note that the coefficients asy 3c.4u,4c,7,8 are polluted
in the sense of Ref. [5], meaning that O(a?) matching results proportional to the large
coefficients C'; » could compete numerically. The others are not polluted: ay,, 2, involve Cf o
at O(ay), while a1.2. 56 only get contributions from electroweak penguins. Our results for the
diagrams in Fig. 2 agree with Refs. [7, 10]. This includes the appearance of the combinations
of momentum fractions in the functions F(z,y) and F(y, Z), up to ¢-distribution and d-term.
For later convenience we define moment parameters which convolute the hard coefficients
with the meson distributions

1
ﬁi]wle - /0 dl' dy [aiu(x> y)+ﬁai+4($v y)] ¢M1 (y)¢M2 (ZIZ’) )

Bt = /0 dx dy [a;c(z, y) +Kaia(z, y)] 6™ (y)o™2 (). (26)
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In Eq. (25) the subscript ¢ denotes the fact that singular terms in convolution integrals
are finite in SCET due to the MS-factorization which involves convolution integrals such as

Z /dxr dr!. 5(1—x—1") Ol @', 1) , (27)

72
X
x, x'#0

where 20 and z) correspond to label and residual momenta [18]. Implementing = # 0 and
2’ # 0 in the MS-factorization scheme requires zero-bin subtractions and divergences in the
rapidity must also be regulated. The J-function sets ' = 1 — x, so ' # 0 enforces = # 1.
With the usual assumption that ¢,/(z) vanishes at its endpoints with a power-like fall-off
slower than quadratic, only integrals over 1/z2 in F(x,y) and 1/y* in F(y, ) require special

care,

72y = 1o 1), () = [y 2 oy
0 (#2)g 0 (¥*)o
The resulting moments (z72)" and (y~2)™ should be considered hadronic parameters, for
which we use the minimal subtraction scheme. Their value depends on p and p4 and are
scheme dependent beyond the usual MS scheme for ¢5;. This can be viewed as a modification
of the distribution function, ¢us(x, ) — éar(, 1, pi_), where the x=2 moment of ¢y (, p, p1_)
converges. In order to derive a result that makes it easy to find a model for these moments
we follow Ref. [18] and assume there is no interference between the rapidity renormalization

and invariant mass renormalization, which gives

__o\M ! ¢M($,M)+:f(b, (17/~L) / n-pm
<I 2> —/(;dl' 72 E _¢M(17:u) hl( 1 >>

= :/ody Sy, 1) ;2y¢/]\/[(07 W4 g (0. In ("'pM) : (29)

H+

Here ¢,(1) is generated by a zero-bin subtraction which avoids double counting the region
where © — 0. When z — 0 the corresponding outgoing quark becomes soft, and this
contribution is taken into account by a time-ordered product term in Table I. To obtain
the renormalized (z72) result in Eq. (29) requires 1/eyy counterterms which correspond to
operators with the n-collinear bilinears in Eq. (17), [t #7V5¢n.ws) €tc., which can be written
as [18]

o
Oct == a—%(gﬁw)w27i75(WT£ﬁ)w3 . (30>

w3z—0

The matrix element of these terms is taken prior to performing the partial derivative and
the limit wy — 0, and gives ¢,,(1, ). These terms do not have a ws # 0 restriction, and
consistency of the renormalization procedure used to obtain Eq. (29) demands that the
fields here are n-collinear. An analogous set of terms are required for ¢'y,(0, ). These terms
are real at any scale, which follows from the requirements discussed in section V for an
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SCETy; operator to be able to generate a physical strong phase. The dependences on p4 in
Eq. (29) are canceled by the leading dependences on these scales, d(pu_) = In(py,/p—) + K
and d(uy) = In(p}; /s ) + K, which appeared in Eq. (25). Here  can be fixed by a matching
computation. The d(py) correspond to the renormalized coefficients of the O, and must
be included for consistency at this order [32]. In the rough numerical analysis we do later
on, we will treat the contributions from these coefficients as part of the uncertainty.

Note that in deriving the result in Eq. (25) we have dropped ie factors from the propa-
gators. If these terms were kept, the second term in F'(x,y) would be

1

(y + i€) (xg — 1 +i€) (31)

The i€’s yield imaginary contributions with §(y) and §(zy — 1). They contribute for y = 0
or for x = y = 1, so these contributions occur in zero-bins, which are excluded from the
convolution integrals in the factorization theorem we have derived with SCET. The zero-bins
correspond to degrees of freedom that are soft, and including these regions would induce
a double counting, so the correct factorization theorem in QCD does not include them.
Factors analogous to x # 0 and 2’ # 0 in Eq. (27) ensure that there is no contribution
to the integral from any zero-bin momentum, and we find that the J-function terms give
zero. This remains true for more singular distributions yielding 6 (x), and so also applies
to the first term in F(z,y). Thus it is correct to drop the ie factors from the start. This
should be compared with the approach in KLS where the ie factors generate a strong phase
from the tree level diagrams from a k% dependent d-function. In our derivation any such k2
imaginary terms could only occur at higher orders in A/my,.

Thus at order ag(py,) the lowest order annihilation factorization theorem is determined

by the convolutions

/O dz dy F(z, )™ (y)6" (x) (32)
= (" (I — ([y(eg — DI 4 d(uo) o, (D) (M
/0 dr dy F (5, 7)™ (y)6" ()

= ()" E N = ([Eag - D)) = d(p)dh, (00 (3
Here we use Eq. (29), and

M = dyw, G = [ o [y fe.0) 6 ) 0" (o). (39

0

These results do not have a complex phase because the right-hand side of Eq. (32) is real.
We have shown that the convolution formula in Eq. (23) for the local contributions O(IL

yields a well-defined annihilation amplitude. At order ag(my) the result is real, so AL g

Lann
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real up to perturbative corrections. Order a?(m;) corrections to the a; will produce pertur-
bative strong phases in A(ngnn Further discussion on strong phases is given in section V,
while phenomenological implications are taken up in section VI.

IV. CHIRALLY ENHANCED LOCAL ANNIHILATION CONTRIBUTIONS

At order ag(pup)parA/m? there are contributions from chirally enhanced operators that
could compete with the ag(pup)A/mp terms [10]. In SCET we define these contributions
as the set of SCETy; operators analogous to OZQL) but with an extra P, between collinear
quarks fields. We start by constructing a complete basis for local operators at this order
with a Pf, calling them O§2L). These operators have the same color and flavor structures
as Eq. (17). The chiral structures induced from the operators O;_19 and the initial basis
of Dirac structures shown in Eq. (13) are also the same, and allow us to eliminate many
possibilities.

The complete set of Dirac structures from matching the operators O;_, 9 19 include

T, @Ts @T,P) = {y3 @ ® P2, 7 @yt @ i P?,
5 @S @ PVEPY, 15 @ hvg ® AP}, (34)

plus the analogous set Fs®FﬁPf®Fn. Our basis does not include operators with PL because
the mesons M; have zero 1-momenta, so we can integrate these terms by parts to put them
in the form in Eq. (34). The third term in Eq. (34) has chiral structure (LH)(LR)(RL) and
vanishes by Eq. (14). The terms in Eq. (34) all have g,7/b,, and so do not contribute for
B-decays. The same holds if we replace Pf by ing. Thus, at any order in perturbation
theory the only O(n®) local operator contributions from O;_49 10 are those with a D in the
soft bilinear.

For O5_g we have the structures in Eq. (34), and when the ¢’ flavor is a soft quark with
P, ® Pg Dirac structure from O; we also have

P, @l @0P = {10} i, 1Qy; Q#P},
I,@TPl @, = {1eiP] @fvf, 1@UPL @}, (35)

plus operators with 1 replaced by 7 — s, which vanish due to Eq. (16). The operators in
Eq. (35) contribute to B-decays. In particular, they yield both transverse and longitudinal
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polarization in B — VV. A complete basis for the local O(n®) operators with one Pf is

1 _

O%ZL) = EZL Zq,q’ I:q;PLbU} [dﬁ7w2'¢‘PL qﬁ,wg] [qn,m%PJ_PR q;z,w4:| ?
1 _

OéZL) = m_g Z%q/ [(j;Pva} [dﬁ,wgﬁpLPR Qﬁ,wg} [Qn,wlﬁPR Q;L,MJ )

1
O = 1 [P ot Pt 8P P

1 _
% Zq,q’ [q;
3eq

2 )

Oz(jiL) = Pva:| [Czﬁ,wz'ﬁPL Pf%,w?,] [q_n,un%fYé_PR q;,ml] )

2L) 2L)
Oéd 8d — Ogd 4d (36)

with sums over ¢, ¢’ = u,d, s. Note that the flavor structure of these operators is identical to
OE{“). For the the electroweak penguin operators O;g an additional four operators Of(fi)gd
are needed, which have the same spin-flavor structures as OﬁlL_{ld, but with an e, charge
factor, >,

A? /m operators, since our basis does not include three-body terms with an igB/

3ey /2. Again we caution that we have not considered the complete set of local
, hor terms
with an extra Dy soft covariant derivative. We have also not considered O(ps, par, A/m3)
terms. All these terms are real, and it would be interesting to calculate them in the future.

The weak Hamiltonian with Wilson coefficients for the operators OZ%L) is

1Gr (2D 4 A@) T / (dordwsdwsdor] S aX(w;) OCP (wy)

Hy =
V2 i=1-8

(37)

Since only the penguin operators Os_g contribute, we pulled out the common CKM factor.
Matching at tree level onto the operators OZ%L) by keeping terms linear in the 1-momenta

in Fig. 2, we find

ACrmay () | Cs Cs

X _ v v

CLl(LIZ',y)— Nc _<C6+NC>F1(x7y)+ N Fg(l’,y) Qa
ACETa () C C.

o) = S | (6 QYR + RG]
A4CrTay i C Cs

o) = S | (6 Yo - F Bien)] |
4Cpmos(fen) Cs Cs

X _ v _ <

@}(a.y) = = _(C6+ NC>F3(SC W)~ 5 Ba(5.7) R

a§—8($7 y) = a¥_4($’, y)

with 05 - C7, Cﬁ - Cg,

(38)
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where z and y are defined in Fig. 2 and

Fi(z,y) = %} () @) {ﬁ} (1)) {1 ;x] [ dl)d @00,
!
Fy(z,y) = _WL’

Pl = | ] + 0005 |5 + 00700 ] +udr @i 69)

Here d;_¢ play the same role as d in Eq. (25). The coefficients a]_g are polluted in the
sense of Ref. [5], meaning that O(a?) matching results proportional to the large coefficients
C12 could compete numerically. This makes the computation of these O(a?) corrections
important.

For decays involving a pseudoscalar in the final state, the operators Off) and OéflL)
generate so-called “chirally enhanced” terms, proportional to ;. Time-ordered products
of SCET} operators also generate jy; terms, but only at O(a?). It is not clear that the
chirally enhanced terms are larger numerically than other power corrections. In particular
three-body distributions from operators with &,(igB" )¢, are parametrically (and some-
times numerically as well) of similar importance [34]. The distributions are related by [33]

(20 — 1) W) GV
z(l —x) L } ’

fone|62"(2) + o) = ~ofur|

W) Gy <x>}

11—z

fotie | 05(0) = s 50| = | (10)

where ng) (x) and ng(x) are integrals over the three-parton distribution, ¢3p. These re-
lations allow certain chirally enhanced terms with ppfp to be traded for non-chirally en-
hanced terms with f3p. Thus it is clear that the chirally enhanced terms dominate over the
three-body operators only in the special case when the linear combinations in the square
brackets on the left-hand side of Eq. (40) are numerically suppressed. Solving with these
linear combinations set to zero determines the two-body distributions ¢Z and qbf in the
Wandzura-Wilczek (WW) approximation [35]. Thus in order to uniquely specify the up
dependent terms, the WW approximation was needed in Ref. [10].

In contrast, in SCET we are not forced to assume a numerical dominance of the pup
terms to uniquely identify them. We can instead define local chirally enhanced annihilation
terms to be the matrix elements of the operators OﬁlL) and Oé?f) for final states with a
pseudoscalar. With a minimal basis of operators, the matrix elements of these terms are
unique. The remaining terms involve other operators, and we postpone discussing them to
future work. We proceed to work out the factorization formula for Off) and Oé?f) with
steps analogous to Egs. (20) through (23). To take the matrix element we need Eq. (21)

and the result
_ ' v _
(P (0)| G, 1 PoPr () [0) = = g Gum 0(1p = w + &) fopp épy (). (41)
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Here cpysy are Clebsch-Gordan factors, y = w/n - p, and we have not written the w’ depen-
dence in the distribution due to the d-function. The distribution gbll;(y) is related to more
standard twist-3 two-parton and three-parton distributions by [18, 33]

) = 300 )+ o)+ 222 [ Wy — ) (12
P P 67 frup Yy’ ’
Note that in up ;f;, the ¢3p term does not have the chiral enhancement factor pp. There will

be additional terms proportional to ¢3p generated by three-body operators. We choose the
¢§p and ¢3p basis of twist-three distributions, keeping in mind the relations in Eq. (40). For
decays involving one or more pseudoscalars in the final state we find the chirally enhanced

local annihilation amplitudes

4 Grfefm s,

1
_ Gl @ 4 @ / d dy [as Hor (2. 9) 6 ()02
Lann 6\/§mb ( U c ) o y|::U’M1 Xl( y) (bpp (y>¢ ( )

+ 123.%p) Hx2 (SL’, y)¢M1 (y>¢£§2 (SL’) ’ (4?))

where p, = pg- = 0 and using isospin p, = m2/(my + mg), pux = mi/(ms +my,) =
m2 /(ms + mg). Terms with ¢3p or terms of the same order with a D# in their soft matrix
elements have not been included in our A

Lann>

tributions to A®®). Furthermore, we focused on the pseudoscalar matrix element in Eq. (41)

though they also give local annihilation con-

to derive the contribution in Eq. (43). The Oﬁl,LQ)d operators in Eq. (36) will contribute ad-
ditional terms for decays to longitudinal vector mesons involving distributions hﬁs) and hl(lt)

(our notation for these distributions follows Ref. [33]). The operators Ogﬁd will produce
decays to two transverse vectors with distributions from among ¢, F', V, A. It would be
straightforward to work out a factorization theorem from the operators Ogm in terms of
these distributions, though we will not do so here.

Results for the hard coefficients H,; and H,, in terms of the Wilson coefficients a) are
given in Table IV for B° and B~ decays and in Table V for B, decays. Note that there are

no chirally enhanced annihilation contributions for the B, — mm or By — pr channels, so
(1)

B, decays could potentially be used to separate annihilation contributions from A, — and
A(Lizm. For later convenience we define moment parameters
o _ L[] M M
g = 5 [dedyaiston ol o).
1 /1
ﬁi‘g}%? = /dx dy a§’6(a7, y)qSMl(y)qS%z (x). (44)
0

Neglecting ¢3p in the WW approximation yields ¢ (y) = 6y(1 —y). At order a,(us) our
results for B,; and (3,9, taken with the WW approximation, agree with the convolutions
derived in this limit in Refs. [10, 11]. Ignoring the g-distributions we would find that these
convolution integrals diverge. The zero-bin avoided double counting in our convolutions,
and yields a finite and real result for the chirally enhanced annihilation amplitude.
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A41A4é }¥X1($,y) 1¥X2(x,y)
wn=, p0nm 707 |5 af(ay) — Has(@y)| J5ad(@y) + g5 ag(e,y)
w0 0 | Ll (ay) + el ) | L ¥y - s a(a.y)
mhr=, atpm, pta | —af(z,y) + 2ad(z,y) aX(z,y) — 3ai(z,y)
770, pOr0 af(z,y) — 3 a¥(z,y) —a(z,y) + % af (z,y)
K-K®+ KO- g+ — —
KOK®O0 KEOKO | aX(z,y) — La¥(z,y) —a¥(z,y) + sa8(z,y)
K-KWO KO-k af(z,y) + a¥(z,y) —aX(z,y) — ag(z,y)
7K™ p= KO0 ay (z,y) + a¥(z,y) —aX(z,y) — aj (z,y)
) _ 1 1
WOK( ) >pOK _%(ff x??/) _%a%((xﬂ/) ﬁa%((x7y)+ﬁa>6<($ay)
rOKW0 KO | s af(x,y) — 55 05 (@y) [~ 5 a3 (2,9) + 505 a5 (x,y)
KM= pt K- —af(z,y) + 3a¥(z,y) axy(z,y) — 3as(z,y)

TABLE IV: Hard functions for the annihilation amplitude A® iy Eq. (43) for BY and B~ decays.

Lann
The result for B~ — 7%~ is obtained by adding the results using the entries from the first two

rows, and so vanishes in the isospin limit.

My My }fxl($ay) }{X2(x7y)
}(+7f_,1(*+7f_,}(+/f_ __a ( )<+ a5(x y) a%(m,y)<— %ag(may)
Ko7V K070 KOp0 % af(z,y) — F aX(z,y) —% axy(z,y) + 2%/5 a3 (z,y)
KYK™, K*TK~, KTK*~| —a{(z,y) + $a}(z,y) ax(z,y) — za8(x,y)
KOKO KK KOK*0 | af(z,y) — 2a¥(z,y) —ay(z,y) + 3a8 (,y)

TABLE V: Hard functions for the annihilation amplitude A(L%inn in Eq. (43) for By decays.

Let’s see how the convolutions work out at order a(uy,) following Ref. [18]. We need two

standard convolutions involving zero-bin subtractions,

i [S22] om0 (P ).

Y2y r?
[ty [ ] e = @ (G )" )

Here we model the y~2, y~! moments as in Eq. (29) and Eq. (33), and for the remaining

convolution we again assume there is no interference between the rapidity renormalization

and invariant mass renormalization to find

= _1>M1:/1 [é%il(y,u) ydp (0, p )} $117(0, 1) In (%) (46)

y*(1-y) y?
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The p4 dependence is canceled by tree level logarithmic dependence in the coefficients,

dya(p-) = In(py,/p-), dos(py) = n(piy /1), dse(pe) = n(py,/p-) In(py;/pey). The kernels
in Eq. (38) also involve two more complicated convolutions that are derived in Appendix A,

([(1 = ap)zy? ) " = / e dy {m] O W)™ (@)
ool - o [
(T +y— zy)Ty? T+ y)ry 0 -
(10— e = [ dray [ﬁ] M (a7)
/ / [wh v o) | oM ol >] ¢M2,<)/1dy¢%<y>1n<1+y>.

(T+y—TYy)T%y (T +y)zy y?

The
scheme dependence cancels order by order in a4, between the matrix element and perturbative

As promised, the minimal subtraction scheme yields a well defined result for A% P
corrections to the kernels obtained by matching. In any scheme the result at order a(pup)

is real.

V. GENERATING STRONG PHASES

In this section we derive results for the order at which strong phases occur in the power
suppressed amplitudes AM. It is convenient to classify complex contributions to the B —
M M, amplitudes according to the distance scale at which they are generated. We use
the terminology hard, jet, and nonperturbative to refer to imaginary contributions from
the scales my, v/mpA\, and A? respectively. We will not attempt to classify strong phases
generated by charm loops, since a complete understanding of factorization for these terms
order by order in a power counting expansion is not yet available.

For a matrix element to have a physical complex phase it must contain information about
both final state mesons. Generically, terms in the factorized power expansion of B — MM,
amplitudes involve only vacuum to meson matrix elements, so strong phase information can
be contained in the Wilson coefficients or the factorized operators, but not in the states. This
provides tight constraints on the source of strong phases. Nonperturbative strong phases will
occur if matrix elements of these factorized operators give complex distribution functions.
A sufficient condition to generate a nonperturbative phase, is to have a factorized operator
that is sensitive to the directions of two or more final state mesons [3], information that can
be carried by Wilson lines. Physically, this is a manifestation of soft rescattering of final
states. In processes like ours where soft-collinear and collinear(n)-collinear(n) factorization
are relevant, and there is only one hadron in any given light cone direction, this criterion
implies that all strong phases reside in the soft matrix elements, where the directional

information from collinear hadrons is retained in soft Wilson lines, S,, with direction r*.
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Since SIS, = 1 these Wilson lines often cancel, but for many of the power suppressed terms
listed in Table I the cancellation is not complete. This mechanism for generating a strong
phase was first observed for B® — D%z [3], where a nonperturbative soft matrix element
occurs through four-quark operators depending on n and v" (which are null and time-like
vectors for the final state light and charmed mesons, respectively).

For the B — MM, decays with two energetic light mesons, a nonperturbative strong
phase requires a soft matrix element depending on the S,, and S; Wilson lines in SCETY;.
The simplest way to obtain the Wilson lines for the soft operators is to match SCET; onto
SCETy; [27]. In SCET] one first uses the decoupling field redefinition on collinear fields [16],
& — Y6, & — Yaéa, A, — YnAnYnT and A; — YﬁAﬁij , which generates the Wilson lines
and factorizes usoft and collinear fields. The fields of a given type are then grouped together
by Fierz rearrangements. Matching the resulting operators or time-ordered products onto
SCETy gives Y, — S,, and we can read off which soft Wilson lines are present. Because
of the properties of the subleading SCET| operators, we will not have an S,, and S5 in the
final SCETy; operator unless we have a subleading SCET| Lagrangian with an n-collinear
field and usoft fields, and one with n-collinear fields and usoft fields. We used this property
to determine which entries are real or complex, and listed the results in the last column of
Table I. The complex entries with multiple Egl)’s [36] also have at least two hard-collinear
gluons, and so generate contributions that start at Ozs(,ui)2 when matched onto SCET};.

To determine the perturbative order of the complex contributions, we must also classify
which hard and jet coefficients give complex phases. In general any hard coefficient generated
by matching at > 1 loop will give imaginary contributions, since these loops involve fields for
both final state mesons, as pointed out for the general case in Ref. [2] and for charm loops in
Ref. [37]. Since all leading order contributions in Table I have at least one a,(u;), the hard
imaginary contributions for A©® are Ol (u;)as(ps)/7]. At order A/my all annihilation
contributions but Q§4) have at least one a,(u;), and for these terms the hard complex
contributions involve ag(p;)as(py) and thus are smaller than the nonperturbative terms
proportional to a(u;)?. For QEA‘) the amplitude is real at the leading perturbative order,
(), as demonstrated in section III, and so hard complex contributions start at a2(juy).
In contrast for the amplitude Aﬁle)st a complex amplitude is generated at order a(p;) A/my,
which is only suppressed by A/m, compared to A,

Finally, we should examine complex contributions from the jet scale. At leading order
there is a unique jet function J [5]. J also contributes to the heavy-to-light form factors and
only knows about the n-collinear direction. Thus A(®) does not get imaginary contributions
at any order in the a,(p;) expansion (which has been demonstrated explicitly to ?(p;) [38]).
At next-to-leading order in the power expansion, there is no known relation of the power
suppressed jet functions with analogous jet functions in the form factors. However, the
subleading jet functions also depend only on one collinear direction, and do not carry in-
formation about both final state mesons that could generate a physical strong phase. We
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FIG. 3: Graphs which generate a strong phase in lowest order matching of SCET operators onto
SCETy: a) has a QW) two Eéi)lq, and one Eé})

194

at O(a2(u;)); and b) has a QM one Eél) and one £

n1q7 §n25n2
amplitudes at O(as(u;)). Dashed quark lines are nj or ng collinear, and solid quark lines are soft.

and contributes to the annihilation amplitude

and contributes to non-annihilation

demonstrate this fact more explicitly by examining the calculation at O(as(p;)), which is
sufficient to see that the amplitudes are real up to the order where a nonperturbative phase
first occurs. At this order the jet functions are generated by matching tree level SCET]
diagrams onto SCETy. A typical example is

1
(x + t€) (kT + ie)

: (48)

where x is a momentum fraction that will be convolved with a collinear distribution function,
and the kT will be convolved with a soft distribution function. These jet functions are real
if and only if we can drop the ie factors. However, just as in section III, the ie terms
can be dropped because the zero-bin subtractions [18] ensure that this does not change the
convolution.? Thus factorization gives real O(a,(u;)) jet functions.

This demonstrates that complex contributions in the power suppressed annihilation am-
plitudes are suppressed,

flg%&@ Cys(lii) [\ 1\2

On general grounds one might have expected O(A/m;) suppressed strong phases, which we
1)

rest*

have demonstrated are absent in Aflln)n, though they do occur in A

We close this section by giving two examples of time-ordered products generating the
nonperturbative strong phases discussed above. We consider a time-ordered product with
three Eg) insertions contributing to annihilation. When matching onto SCET; we integrate
out the hard-collinear modes, leading to an eight-quark operator. Figure 3a shows the order
a?(p1;) contribution to this matching. The soft quark lines remain open as their contraction

4 A equivalent physical argument for dropping the ie factors was given in Ref. [3], where it was needed to

prove that certain long-distance contributions are absent in color suppressed decays.
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leads to an on-shell line which must be treated nonpertrubatively. The resulting SCETy;
operator has the generic form

O"' = J(ny-p,ny-lny-r,ng-q,ng - k) (50)
X ((jsSnl )nl-r F(l) (SILQ QS>n2-q (stSnz)nl-k F(2) (S;fll h’v) (in,lr(g)qnl,l’> (Qng,p’r(él) an,p>

where we use the shorthand subscript notation, (S} ¢s)n,.q = [6(ni-q — n;-P)S] g5]. We took
the jet directions to be n; and ng, rather than n and 7, to emphasize that the soft operator is
sensitive to the relative directions of the jets. The functions S; shown in Table I are defined
by the matrix element of this type of operator

Si(na-k,n1-r,m9-,) = (01(@sSny Jmr Ty (SH 05 nag (@5 )k T2 (ST h) | B(v)),  (51)

where ¢ runs over color, Dirac, and flavor structures. To count the factors of 7 in these
amplitudes, note that the hard-collinear contractions give g%, and that the matrix element
of the resulting four-quark operator, (0[(q...q)(q...b,)|B), is suppressed by 1/(4m)? rel-
ative to (0|(g...b,)|B). (The four-quark operator has an extra loop with no extra cou-
plings.) This demonstrates that nonperturbative complex contributions first occur at order
(s ()2 /7] (A/my), i.e., suppressed by [ (u;) /7] (A/my) compared to the leading amplitudes.
The phases arising from the type of matrix element shown in Eq. (51) play a crucial role
in explaining the observed strong phases which arise in color suppressed decays [3]. Their
resulting operators predict the equality of amplitudes and strong phases between decays
involving D and D* mesons and have been confirmed in the data [39]. This type of dia-
grams also have long-distance contributions of the same order, which arise from time-ordered
products in SCET; and can also be complex. To see this note that the hard-collinear quark
propagator in Fig. 3a could also be on-shell (i.e., have O(A?) virtuality), in which case it
would remain open until the matrix element is taken at the low scale. By opening that line
we see that this contribution corresponds to the time-ordered product of a four-quark op-
erator and a six-quark operator, both of which are generated when matching onto SCET};.
A long-distance part is the same order in a(p;) and does not change our conclusions about
these terms. In Fig. 3b we show a non-annihilation contribution to Af,le)st which is of order
s (p;)A/my. This term is generated by the time-ordered product of Q), an insertion of the
ny-collinear Eg), and an operator with ng-collinear quarks and usoft gluons,

VI. APPLICATIONS AND CONCLUSION

A. Phenomenological Implications

To understand the implications of the experimental data, it is crucial to know which
contributions to the B — MM, amplitudes can be complex. The best sensitivity to non-
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SM physics is via interference phenomena, where new interactions enter linearly (instead of
quadratically), such as CP-violating observables. The sensitivity to such effects depends
on how well we understand the dominant and subdominant SM amplitudes, including their
strong phases. The existence of strong phases in B decays is experimentally well established
(e.g., the B — D7 and B — 77 rates, the C'P asymmetry Ag+,-, the transversity analysis
in B — J/YK*, etc.).

One example of how strong phase information can be useful is the method for determining
v from B — mm proposed in Ref. [40]. The method uses isospin, the factorization prediction
that Im(C/T) ~ O(a,(my), A/my), and does not require data on the poorly measured direct
CP asymmetry Cror0.> The phases in A® at a,(my)a,(u;) are calculable and partially
known [2, 41]. The current B — 77 data is in mild conflict (at the ~ 20 level) with the SM
CKM fit [42]. More precise measurements are needed to understand how well the theoretical
expectations are satisfied, and to decipher whether there might be a hint for new physics.
Obviously further information about power corrections in Im(C'/T") could help to clarify the
situation.

In all factorization-based approaches to charmless B decays, several parameters are fit
from the data or are allowed to vary in certain ranges. The choice and ranges of these
parameters should be determined by the power counting. This motivated keeping the charm
penguin amplitudes, A. as free parameters in SCET [5], as was done earlier in Ref. [12].
In the BBNS approach these are argued to be factorizable [2]. A fit to the data using this
parameterization found large power suppressed effects [43] including annihilation amplitudes,
which might be interpreted as a breakdown of the A/m; expansion. In QCD sum rules, the
annihilation amplitude was found to be of the expected magnitude and to have a sizable
strong phase [44], but a distinction between the terms we identify as real local annihilation
and complex time-ordered product annihilation was not made.

Channels like B — Km and B — KK are sensitive to new physics, but by the same to-
ken are dominated by penguin amplitudes, which can have charm penguin, annihilation, and
other standard model contributions. Since there are possible large nonperturbative c-loop
contributions in A.: that have the same SU(3) flavor transformation properties as annihi-
lation terms, they cannot be easily distinguished by simple fits to the data. However, in a
systematic analysis based on SCET these correspond to different operators’ matrix elements,
so it is possible to disentangle the various contributions and determine their expected size.
The factorization theorems for annihilation amplitudes derived here only involve distribu-
tions that already occurred at leading order. This means that we can compare the size of
annihilation amplitudes to experimental data without further ambiguities from additional
hadronic parameters. We take up this comparison in section VIB below.

5 Here C and T are isospin amplitudes defined in the ¢-convention, where )\; is eliminated from the ampli-

tudes in favor of A, and \,.
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As an explicit example of how to assemble our results in sections III and IV, we derive
the local annihilation amplitude for B° — K~7*. From Table II we can read off the result
for this channel, H(z,y) = —aj(z,y) — ai(z,y), and from Table IV, H,; = —a}(z,y) +
1/2aX(x,y) and Hys = a¥(z,y) — 1/2ai(z,y). With the lowest order matching results in
Egs. (24) and (38) we can set ag = 0 and a4, = a4, which inserted into Eqs. (23) and (43)

gives

A (K 7) = %éﬁ( (AL +AL) / da dy ay, (v, y)6™ () 0" () (53)
_ Grfplfx

ST 00

G 7r ™
AR (1) = S (00 30) [ ay [22 {ad(0.9) = Gad(o.0) o5,0)0" )

s St )]

b
= Grlolefi (o ) [ [~ L) 5 (e L]

Thus, both the leadlng order annihilation amplitude AW Lann, and the chirally enhanced anni-
are determined by the 5’s defined in Egs. (26) and (44). Other K

channels have similar expressions with different Clebsch-Gordan coefficients. To the local

hilation amplitude A Py
annihilation contributions we must add the hard-collinear annihilation terms computed in

Ref. [19], All“™) since they are the same order in ay and 1/my as the AV terms.

hard—collin’ Lann

To see explicitly what the 3’s involve we insert the O(a) values of az,(z,y), af(z,y), and
ax(z,y) to give

_GFfB.fM1fM2 (s) s) 47TCY5(,Uh)
Sl 30 ¢ () )

(- L) [ oty = o~ 01+ ]
- e (G G 2D T AE T 067,
= ol )8 (0) ((72) (7)) = dy(14) 6 (1), (0)]

- 2t (G Co iy gy y 4 2 (G5 ) 0y

ALann(K_ﬂ-—l—) -

3my \ 3 6 PP 3my \ 3 6 PP
21 Cs C _ _ 1 9
-3—7752(06—;%——)[« T ) T~ )OS

o )5 () () + ™)) — da(1e) 6, (0)5 (1 >]} (54)

Here results for the convolutions denoted by brackets (---) can be found in Egs. (29),

(33), (46), and (47) in the minimal subtraction scheme. Results for other channels can

(1ann)

be assembled in a similar fashion. Corrections to Arenn + A} ard—collin

are suppressed by
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Ola?(p;)/(mas(my))], while we caution that additional o (pup)A/my terms without a p, or
px will be present in the last two lines of Eq. (54). In the next subsection we derive results
for all of these channels using a simple model for the distribution functions, and study
numerically the size of the annihilation amplitudes.

Annihilation contributions have been claimed to play important roles in several observ-
ables [7, 8, 10, 11, 31], in particular in generating large strong phases in B — K de-
cays [7, 8]. The B — 7mm and K7 data indicate that the latter decays are dominated by
penguin amplitudes, and the pattern of rates and C'P asymmetries is not in good agreement
with some predictions. In particular, it is not easy in the BBNS analysis to accommo-
date the measured C'P asymmetry, Ag+,— = —0.108 £ 0.017 [45], except in the S3 and
S4 models of Ref. [11]. In these models the annihilation contributions are included by us-
ing asymptotic distributions, and divergent integrals are parameterized as fol dr/x — X4
and fol delnz/x — —X3/2, with X4 = (1 + 04¢*4)In(mp/500MeV). Model S3 pos-
tulates o4 = 1, ¢4 = —45° for all final states, while in the S4 scenario p4 = 1 and
pa = —b5° —20°, —70° for the PP, PV, V P channels, respectively. Thus

S3: X, =40-17i, S4: X,={37-19i,46—08i,32—-22i}.  (55)

In addition, a,(p) and the Wilson coefficients are evaluated at the p; intermediate scale [11].

Our result for the factorization of annihilation contributions derived in Sec. I1I constrains
models of annihilation. Equation (23) gives a well defined and real amplitude at leading
order, which depends on twist-2 distributions, ¢,;. It does not involve model parameters o4
(1

Lann

find a correspondence

and 4. For A using Eq. (29) and the asymptotic form of the meson distributions, we

X7 =1+ /ldIM —In (@) . (56)
0 6 (2%)g Mt

Clearly, X 4 is real. The asymptotic distributions ~ 6z(1 — x) are more accurate for large
scales, and at the matching scale where . ~ m;, X4 is not enhanced by a large logarithm.
This matching scale p, should not be decreased below m; since pu, ~ m;y is already the
correct scale for collinear modes with p™ ~ my;,. We estimate | X 4| S 1. Thus, the modeling
of annihilation contributions with complex X4 in the BBNS approach (including the phe-
nomenologically favored S3 and S4 scenarios) are in conflict with the heavy quark limit, and
should be constrained to give smaller real X 4’s.

In the KLS [7] treatment of annihilation, complex amplitudes are generated from dy-
namics at the intermediate scale from the ie in propagators. The MS-factorization used in
the derivation of our annihilation amplitudes demonstrates that including the ie term in
collinear factorization would induce a double counting. Thus we expect such contributions
to physical strong phases to be realized by operators with soft exchange that occur at higher
order in A/my, and therefore to be small.
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Annihilation contributions were also argued to play an important role in explaining
the large transverse polarization fraction in B — ¢K* [31]. It was shown that fac-
torization implies Ry = O(1/m?), where Ry denotes the transverse polarization frac-
tion [31]. Subsequently, it was shown using SCET that Ry is power suppressed unless a
long-distance charm penguin amplitude A.: spoils this result [5, 23]. Experimentally, one
finds Rp(B — ¢K*) ~ 0.5 [45], while Rr(B — pp) is at the few percent level. It has been
argued that the large Rp(B — ¢K*) may provide a hint of new physics in the b — sss
channel. In Ref. [31] it was suggested that standard model annihilation contributions may
account for the observed large value of Rp(B — ¢K*). Our analysis in Sec. IV agrees
with [31] in that annihilation contributions to the transverse polarization amplitude at first
order in «ay are suppressed by not one, but two powers of A/m,. However, we do not find
a numerical enhancement of these terms (which in [31] is partly due to the large sensitivity
of the (2X4 — 3)(1 — X 4) function to p4 in the BBNS parameterization). The operators in
Eq. (36) give rise to transverse polarization, but since MS-factorization renders the naively
divergent convolutions finite, these power suppressed amplitudes do not receive sizable en-
hancements. Although we have not derived explicit results for the B — ¢ K™ annihilation
amplitudes (since ¢ is an isosinglet), our results make it unlikely that local annihilation can
explain the Rr(B — ¢K*) data. We have not explored whether the time-ordered products
at O(a?(pu;)A/my) could give rise to transverse polarization, and it would be interesting to
do so.

B. Annihilation amplitudes with simple models for ¢ (x) and qb ()

In this section we derive numerical results for the local annihilation amplitudes in various
channels using a simple model for the distributions. It is convenient to write the AS = 0
local annihilation amplitude as

GrfBfo o,
V2

+ (AD 4+ AD) [‘% haa (B — MyMy) + ‘% ha(B = MiM)| } . (57)

Apann(B — My M,) = — {Agjﬂhu(B — My My) + XDh(B — M, My)

For AS = 1 decays we replace )\Sﬁll — )\ffl The coefficients hy, h¢, hyi, and hys are equal
to linear combinations of B, Bic, By1, By2, Bys, and B¢ with Clebsch-Gordan coefficients
determined from Tables II, III, IV, V. The combinations are simply determined by the

replacements
hy = (H(z,y) with a0 (z,y) — BM2 0 al®(y,2) — BAPMY
h. = (H(z,y) with a al®(x,y) — fAM2 G5y 1) — gty
hy1 = (Hxl(%y) with CL>1<,5( y) — ﬁx17x5)
hya = (Hx2(1'>?/) with a3 6( y) — ﬁxlxﬁ) : (58)
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For the coefficients as, 3¢ 4u4c75 and the aX’s, the (9(04301,2) matching corrections could be
comparable numerically with the O(a;C3_19) corrections considered here. This should be
kept in mind when examining numbers quoted below for the corresponding 3’s.

Results for the coefficients 3y, Bi, and 3,;, can be found in Egs. (26) and (44). To derive
numerical results we need to model the meson distribution functions. We take the C; from
Eq. (3), use

Oés(ﬂh) =0.22 ) MW(Mh) =23 Gev7 MK(Nh) =27 Gev7
fic = 0.16 GeV, £ =0.13GeV, fr=022GeV,  (59)

where p, = my, = 4.7GeV, fp comes from a recent lattice determination [46]. For the ¢’s

we take simple models with parameters o and a%p which we consider specified at the high

scale pup,
oM (z) = 62(1 — 2)[1 + a}" (62 — 3) + 6a3’ (1 — 5z + 52?)]
¢b(z) = 62(1 — z)[1 + ap,, (6 — 3) + 6ay, (1 — 5z + 5z*)] . (60)

Based on recent lattice data for moments of the 7 and K distributions [47] we take a3 =

0.2 + 0.2, where the lattice error was doubled to give some estimate for higher moments.
For the 7 we set a] = af,, = 0, while for the K we use [47] af* = 0.05 £ 0.02. We also take
War g = —3E1, a’g];,f =040.4 and aﬁp = 0.04+0.2. Note that the range for our parameters
is similar to those used in the BBNS models [10, 11] and light-cone sum rules [48]. Since the
uncertainties in the model parameters are large and not significantly affected by variation of
the p4 scales we keep these fixed at m;, where the logs in the d;(p+) terms drop out and the
constant under the logs are neglected. A scan over models with parameters in these limits
gives predictions for the annihilation coefficients. For the B — K7 channels we find

TR =18+1.2, T = 3TF = —0.15 4 0.10, K —0.1440.09,

T —0.0940.33, Br5 =-0.29+0.09, 8% =-0.012+0.002, Br4 =0.00240.01,

T =0.0£65 G =00+58, G =0.0+£0.094, T =0.0£0.11.
(61)

Using these numbers we can compare the size of the local annihilation amplitudes to the
B — K7t data,

AN (Kt + AR (Kt

Ro(K— 7t Lann Lann =0.11 £0.09,
A( ) |AExpt.Penguin(K7r) |
B AY  (go-y 4 A®  (0r—

| AE:L‘pt.Penguin(Kﬂ-) |

For the numerator we did a Gaussian scan using the values from Eq. (61), and determined
the error by the standard deviation. For the denominator we used the experimental penguin
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amplitude determined by a fit to the B — K data in Ref. [6]. Numerical results for

annihilation amplitudes with three-body distribution functions were considered in Ref. [19].
(1)

Lann they cause only a ~ 10% change in the value of

Although they are similar in size to A
RA(K~7") in Eq. (62). The values of R4 indicate that a fairly small portion of the measured

penguin amplitude is from annihilation. We do not quote values for the ratio A(L%inn /A(ngnn,

since each of the numerator and denominator can vanish and the parametric uncertainties

are very large. For typical values of the parameters in the K7 channels we find that the
4 o)

Lann Lann

the annihilation amplitudes in Eq. (62) are consistent with our expectation for these power

is comparable or even larger than A in agreement with Ref. [10]. The size of

corrections. For B — KK we find

KK — _96+6.2, KK —174+1.1, KK — BEK — 0,63 +0.37,
KK — BEK — _0.144+0.09, BEF =-0.03+0.02, BEX =0.13+0.08,

KK — KK — .63 +0.37, KK = 0.0+6.5, KK =0.0+5.5

KK = 0.0 £ 0.095, KK = 0.0+0.11. (63)

Using these results to determine the AY annihilation contributions to B — KK and com-
paring this to the experimental penguin amplitude from Ref. [6] gives

(K-K° + A®) (K-KY)|

Lann

| AExpt.Penguin(KK) |

This is similar in size to the ratios Ry(K~7"), R4(K°7~) and so also consistent with a

A(l)
RA(K_KO) — | Lann

—0.1540.11. (64)

power correction.

C. Conclusions

In summary, we exhibited how a new factorization in SCET renders the annihilation and
“chirally enhanced” annihilation contributions finite in charmless nonleptonic B — MM,
decays to non-isosinglet mesons. We constructed a complete basis of SCET|; operators for
local annihilation contributions as well as factorization theorems valid to all orders in «.
By matching the full QCD diagrams onto SCETy; operators we showed that their matrix
elements are real at leading order in A/m;, and as(m;). The lowest order annihilation contri-
butions depend on fz and a modified type of twist-2 distributions ¢**2 with dependence on
rapidity cutoffs. Chirally enhanced local annihilation contributions depend in addition on
modified distributions gb%l'Q. The annihilation contributions can only have an unsuppressed
complex part at O(A/my) if perturbation theory at the intermediate scale, v/Amy, breaks
down.

In the previous literature models for the power suppressed annihilation corrections were
often found to give enhanced contributions with large strong phases, and such assumptions
have been important in some fits to the data. Considering all power suppressed amplitudes
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not involving charm loops, we proved that complex annihilation contributions only occur
suppressed by as(v/Amy) Aqep/my, compared to the leading amplitudes. From our factor-
ization theorem we found that annihilation contributes (11 4+9)% of the penguin amplitude
in B — K%, (12+£9)% in B~ — K%, and (15+11)% in B~ — K~ K°. We anticipate
that our results will guide future fits to the vast amount of data on charmless B decays, and
yield a better understanding of what this data means.
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APPENDIX A: ZERO-BIN SUBTRACTIONS FOR A TWO-DIMENSIONAL
DISTRIBUTION

In this appendix we derive a result for the action of the zero-bin subtractions on the
integrand obtained from the chirally enhanced annihilation computation, shown in Eq. (47).
Since the result involves a correlation in the z and y integrals it cannot be read off from the
results in Ref. [18]. It is convenient to write the momentum fraction factor coming from the
offshell b-quark propagator as (1 — zy) = (Z + y — Zy). Including the rapidity convergence
factors [18], the integral we need is

opp )" (z) o
I = /dxrd r 7pp S @x@ z(1l —x)|° 1— € T 7 Al
:vsﬁlzy:#o ’ (T +y — Ty)Ty? vl Il =)l <n'p1n'p2> (A1)

where ©, = 0(x)0(1 — x). To determine the subtraction terms we must look at the singular
behavior as we scale towards the z = 1 and y = 0 bins, which we do by taking z ~ n and
y ~ 1. In this limit the gluon and b-quark in Fig. 2 become soft, and this region would be
double counted without the zero-bin conditions. First consider the denominator,

1 1 Ty
_ = + —
T+y—2y (T+y) (T+y)?

(A2)
In the first term the x and y dependence does not decouple, so we must consider them

simultaneously. All terms beyond the first one produce finite integrals and are dropped in
the minimal subtraction scheme. For the numerator in Eq. (A1) we use ¢)71(0) = ¢**(1) = 0
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and expand

) 9(2) =~} (0) 76/ (1) — L (0) 26/ (1) + 900, (0) = (1) + ..
=, 3 g0 ) - L)1)+ (A3)

In the first term on the last line we have identified all terms which remain singular when
multiplied by 1/[Zy*(Z+y)]. This term is equal to y¢/ (0)¢(z). Taken together with the
expansion of ©,0, we therefore find that the required minimal subtraction is

Yo' (0)p™2 (x)
(T +y)zy?

O, H(y) . (A4)

Following Ref. [18] we use this to convert Eq. (A1) into an integral that includes the x = 1

and y = 0 regions,
1= fe [ S v

~ faw (a2 ey ey -y () (45)

(T 4+ y)Ty? n-p1n-ps

/0 ¢M; )/ody{(ﬂj +¢y—(56>y)y2 x]\i/y } / / (bM:,JrjAZj )yﬁ(y—l)e
- [a: ) /1dy[(_ o) oo >] o [ ¢M2i3i“§§; 5

T T+ry—ay)y?  (T+y)y

Here in simplifying the term carrying the y — oo limit, we noted that the integral is finite,
and so it does not induce 4+ dependence in our subtraction scheme. This result for [
was used in Eq. (47). For the asymptotic pion wave functions, ¢™(x) = 6x(1 — x) and

(1) = 6y(1 —y), we obtain I = 36 + 67* — 144In2 = —4.60. Note that the steps used
here to derive the subtraction also give the correct result for cases where the x and y integrals

factorize, such as an integrand ¢(z)o(y)/(x%y?).
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