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ABSTRACT: We show that the QCD factorization approach for B-meson decays to charm-
less hadronic two-body final states can be extended to include electromagnetic corrections.
The presence of electrically charged final-state particles complicates the framework. Nev-
ertheless, the factorization formula takes the same form as in QCD alone, with appropriate
generalizations of the definitions of light-cone distribution amplitudes and form factors to
include QED effects. More precisely, we factorize QED effects above the strong interaction
scale Aqep for the non-radiative matrix elements (M; Ms|Q;|B) of the current-current op-
erators from the effective weak interactions. The rates of the branching fractions for the
infrared-finite observables B — M;My(y) with photons of maximal energy AE < Aqcp
is then obtained by multiplying with the soft-photon exponentiation factors. We provide
first estimates for the various electromagnetic corrections, and in particular quantify their
impact on the 7K ratios and sum rules that are often used as diagnostics of New Physics.
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Introduction

In this paper we generalize the QCD factorization formula [1, 2]

<M1M2\Qi|B> = Fpynn < T} % s, + T % dor, * b, * 65

(1.1)

for non-leptonic B decays into two light mesons to include QED. The formula is valid in

the heavy-quark limit and expresses the matrix elements of operators @; from the effective



weak interactions below the electroweak scale in terms of B — M transition form factors,
light-cone distribution amplitudes (LCDAs) of the B meson and final mesons M 2, and
their convolution with short-distance kernels. The latter can be computed in an expansion
in the strong coupling a,. The first term in the formula is usually referred to as the
“form-factor term”, the second one as the “hard spectator-scattering term”.

The QCD corrections to the short-distance kernels TiI’II are already known to O(a?)
(NNLO) [3-10]. Together with the expectation of high-precision measurements from LHCb
and from the BELLE IT experiment at KEK, this motivates the consideration of QED effects
despite the smallness of the electromagnetic coupling aen,. We shall present first estimates
for a number of observables in this work. However, its main purpose is to investigate
whether and how QED can be included in a factorization formula for non-leptonic B decays.
Quite generally, and perhaps contrary to intuition, the factorization of QED effects is more
complicated than that of QCD, because the mesons are always colour-neutral, but can
be electrically charged. Recent work on electromagnetic corrections to By — ptpu~ has
shown [11, 12] that they can manifest qualitatively new effects such as power-enhancement
in the heavy-quark limit relative to the leading pure-QCD amplitude. While no such power-
enhancement appears in the non-leptonic amplitudes discussed in this work, QED again
leads to a number of effects not present in QCD alone, all related to the non-decoupling of
soft photons from the electrically charged initial and final states. Although QED is weak,
the interaction of photons with soft quarks is non-perturbative, which leads to a much
more complicated structure of the hadronic matrix elements, required to account for QED
corrections. The main results of this paper demonstrate that factorization for non-leptonic
B decays can be extended to include QED, provide operator definitions for the hadronic
matrix elements, and give the short-distance QED kernels at O(aem).

To put our discussion into a more general perspective, let us emphasize that the branch-
ing fraction for the decay B — MMy is not infrared-finite once QED corrections are in-
cluded. Likewise the matrix elements (M M,|Q;|B) are infrared divergent. The observable
of interest is the branching fraction B — M;j Ms(7), where v represents any number of soft
photons with total energy less than AF in the B-meson rest frame, and we assume that
AFE < Aqcp, the scale of the strong interaction. QED effects above this “ultrasoft” scale
AFE are therefore purely virtual. What we compute for the first time in this paper are the
QED corrections to the so-called non-radiative amplitude, which corresponds to the purely
virtual contribution to the non-radiative process B — M;j My with virtual corrections below
the scale of a few times AFE removed.

A standard treatment of QED effects takes the pure-QCD amplitude and dresses it with
Bloch-Nordsieck factors that exponentiate the large collinear and soft logarithms In Z—E and
In 7%, respectively. This procedure is incomplete in several respects. The choice of the
B-meson mass mp in the logarithm implies that the mesons are assumed to be point-like
to distances of order 1/mp instead of the true size of hadrons, 1/Aqcp. It also neglects
electromagnetic effects above the scale mp. While the latter can be taken into account in
a conceptually straightforward way by including electromagnetic effects into the matching
and evolution of the Wilson coefficients of the effective weak interaction operators @);, below
the scale mp the situation becomes more complicated. As discussed in [12], between mp



and a scale a few times Aqcp, QED effects can be computed in the QED extension of the
soft-collinear effective theory (SCET) framework, more precisely by the two-step matching
to SCET; and SCETy;. At the scale Aqcp, SCETyy is strongly coupled but soft photons
can still resolve the structure of the mesons. Only at scales a few times AE < Aqcp,
perturbative computations are again possible, since the mesons can now be treated as
point-like particles in a multipole expansion, in which the leading interaction term is fixed
by gauge invariance. In the present paper, we accomplish the systematic factorization
and calculation of electromagnetic effects within SCET and therefore extend the rigorous
computation of QED effects from mp down to scales of a few times Aqcp. There remains
a gap in our ability to compute QED effects related to the intrinsically non-perturbative
effects at the scale Aqcp, which prevent a perturbative matching of SCET1y to the effective
theory of point-like hadrons.

The outline of the paper is as follows. In section 2 we introduce some basic defini-
tions and then immediately state the factorization formulas that include QED effects for
the so-called current-current operators ()12 in the effective weak interaction Lagrangian.
The factorization formula takes the same form as in QCD alone. In the SCET formalism
the short-distance information is contained in the hard-scattering kernels of SCET opera-
tors and the hard-collinear “jet” function from matching the spectator-scattering term to
SCETy;. We compute them at O(aem) in QED in sections 3 and 5, respectively. How-
ever, compared to QCD, the non-perturbative objects in (1.1) — the decay constants,
LCDAs and form factors — must be generalized to include QED effects. Their definition
and renormalization is discussed in section 4 and further in section 5, but more details on
their renormalization group equations are left to [13]. Section 6 presents a treatment of
the ultrasoft effects mentioned above at the leading logarithmic accuracy. We end with
first estimates of QED effects in the colour-allowed and colour-suppressed tree amplitudes
for 7K two-body final states in section 7, and evaluate ratios of branching fractions that
are often employed as diagnostics of New Physics. An appendix rederives the spectator-
scattering kernels in the “old-fashioned” projection formalism to clarify some subtleties in
the interpretation of endpoint-singular convolutions.

2 Factorization formulas

In this work we consider the decay of a B, (with ¢ = u,d, s) meson into two light pseudo-
scalar mesons M and My mediated by the current-current operators for b — u transitions,
given by the weak Hamiltonian

G
7; VapVub (C1Q1 + C2Q2) + h.c. (2.1)

with the CMM operator basis [14]
Q1 = [ay"T*(1 = 35)b][ Dy T*(1 — 75 )ul,
Q2 = [ay* (1 — 5)b][Dru(1 — v5)ul, (2.2)

and D =d or s. T denotes the SU(3) colour generator.

Heff =



VANV

“Qy P

Figure 1. “Right” and “wrong” insertions of the operator (o, respectively.

We have to consider two possible flavour flows depicted in figure 1 for Q2 (see e.g. [3]).
First, the “right” insertion, where the “emitted meson” Mj carries flavour (Du) and is
formed from the [Du] quark bilinear in ;2 with spinor indices contracted in the bracket.
This contributes to the colour-allowed tree-amplitude ozl(Mle).1 Second, the “wrong”
insertion, which contributes to the colour-suppressed tree-amplitude ag(M7Ms), in which
case My is made up of a (uu) pair from two different bilinears in Q1,2. A Fierz transforma-
tion would be required in order to factorize the spinor index contractions into a B — My
transition and a vacuum — My transition. Contributions to penguin amplitudes from
contractions of the v and « field in the same fermion loop are not considered in this paper.

Our main result is that the QCD factorization formula can be extended to include
QED corrections, and takes the same form as in pure QCD:

_ 1
<M1M2]Qi\B> im% {]—"BMl 0) / duﬂ{QQ(u)ﬁMQCDMQ(u) (2.3)
/ dw/ du dv T} & (U, v, W) F g, Py (v )ﬁMfI)MQ(u)ﬁB,@CI)B’@(w)}.

However, the short-distance kernels now depend on the electric charge Q2 of My or the
charges of both mesons. In this case we use the symbol ® = (Q1, Qg) In addition, all non-
perturbative objects, the heavy and light meson’s decay constants .# and LCDAs &, and
form factors F2M1(0) at ¢? = 0, are generalized to include virtual long- and short-distance
photon exchanges. In particular, the B-meson decay constants, LCDAs, and form factors
become process-dependent.

The QCDxQED factorization formula thus describes the four different cases ® =
(0,0), (—,0),(0,—), (4, —). In the first two cases, where the meson My emitted from the
B — M, transition is electrically neutral, only the “wrong” insertion of the operators (12
contributes. Since Ms is colour- and charge-neutral, soft gluons and photons decouple
completely from Ms in the heavy-mass limit m; — oo, and the situation closely resembles
that of pure QCD. Moreover, the SCET; B — M; form factor can be related to and
substituted by the full QCDxQED B — M transition form factor as is usually done in
pure QCD. The full QCDxQED B — M; form factor will be slightly different for a charged
and a neutral meson transition due to QED effects.

When the emitted meson My is charged, corresponding to ® = (0, —), (+, —) only the
“right” operator insertion contributes, but the situation is more involved. Soft photon
exchanges between My and the B — M transition do not cancel and require introducing a

!Notation as in [15].



process-dependent B — M transition “form factor” 52Ml (0) that knows about the electric

charge and direction of flight of My. This generalized SCET; B — M; form factor will
contain soft spectator-scattering contributions, which would otherwise result in endpoint-
singular convolution integrals. As in the case of neutral My, the SCET] form factor could
be replaced by a QCDxQED transition form factor. The relevant amplitude is the non-
radiative semi-leptonic B — M;¢~ 7, amplitude in the kinematic limit where the neutrino
becomes soft, ¢> = 0 and E; = mp/2. We then replace?

FERGE=0) g X AR (6 = 0, = mp/2). (2.4)
together with an appropriate redefinition of the hard scattering kernel Til, which follows
from the QED factorization formula for the semi-leptonic transition, analogous to (2.3).
Here Z; is a lepton-vacuum matrix element of a local SCET operator [12], which appears
as a remnant of collinear factorization after introducing the semi-leptonic amplitude (more
details in section 4.2).

We derive the factorization formulas within the framework of SCET [16-19] in the
following sections. This can be done in a two-step matching procedure QCDxQED —
SCET; — SCETy; (see [20] for a review of this approach for QCD factorization of non-
leptonic decays). Along with this we give the operator definitions of all non-perturbative
objects in QCDxQED. Further, we compute the O(aem) contributions to the scattering
kernels TiI’H.

3 Matching onto SCET], renormalization and hard-scattering kernels

In the first matching step the current-current operators @); are matched onto operators
in SCET] by integrating out hard fluctuations at the scale my. As the effective theory
description is akin to the pure QCD case we mainly follow the conventions of [3], where the
meson M moves in the direction of the light-like reference vector n* and M; moves into
the opposite direction n’fr, with n%r =n? =0and nyn_ = 2. It is convenient to work in
the B rest frame in which the four-velocity of the B meson is v* = %(ni +n*) =(1,0,0,0).

3.1 SCET; operators

In pure QCD, the SCET] operators consist of an A0- and Bl-type heavy-to-light current
for the B — M transition [18, 21] multiplied with the unique anti-collinear structure
[)Z@(tn_)%(l — 7v5)X(0)] related to the leading-twist LCDA ¢y, of the emitted meson.
In QCDxQED however, the flavours © and D are distinguishable due to their different
electromagnetic coupling. We thus introduce two copies of the effective operators depending
on the charges of the final state quarks. Generalizing from the pure QCD case [3], the
matching equation then takes the form

Qi(0) = / di H} o, (HOh, () + / dids [}, (1,800 (t,s) + HLS, (E8)080(E5)] , (3.1)

2A precise formulation of this schematic replacement is given in (4.19).



with £ =n_qt = mpt, § = n,p's = mps, and p'(¢) the momentum of the M;(Ms) meson.
The charge-dependent SCET7 operators are

(1= )X ()] X7 (0)gh (1 — 75) hu(0)

O (1) = X2 (1) = (1 = 35 (0)) 4 O (1 = 25) o (0).

OR(1:5) = 6 ) (= o O (0 5 A (m)(1 -+ (0,
0 t,5) = (5l (1) = (1= @O 0) B Ay (sn )1+ 390 haf0). (32)

and 032 can be obtained by replacing A — G. Here x (A", G*) are the collinear gauge-
invariant building blocks in SCET for the collinear quark (photon, gluon) fields. Capital
“C” denotes SCET] collinear fields, which can have hard-collinear or collinear virtuality,
while “c” refers exclusively to collinear virtualities (similarly, for the anti-collinear fields).
Gauge-invariance is achieved by dressing fields with the SU(3), x U(1)em collinear Wil-

son lines
xé = w1, & = W), (3.3)
where
@ 0 0
WP =exp {+que/ dsnyAc(x + Sn+)} P exp {igs / ds'niGo(z + s'n+)} .
(3.4)

Q4 denotes the electric quark charge in units of e = \/4mem. The SCET building blocks
for the (electrically neutral) photon and gluon fields are
Zaﬁn+AC‘|

0 . ,(0 0
ins0 9o, = o {ZDé’,(J_)W((j)] : (3.5)

'Alé’,J_ =€ [Aé,i -
where Wéo) denotes the QCD-only part of the Wilson line, and similarly for the covariant
derivative, iDg, | =i +eAg | +95Gf; | - For the anti-collinear fields analogous definitions
and conventions apply with the replacements C' — C, ny — ne.

At this point, the main difference in the anti-collinear sector of the My meson with
respect to pure QCD is that in the product X(@D) [...] gf) the QCD Wilson lines combine to
a finite-length Wilson line, but the QED Wilson lines do not for charged mesons due to the
different quark electric charges. We note that — as in pure QCD — the operators O are
suppressed by one power of Aqcp/my with respect to the O'. However, as is well-known,
the form-factor and hard spectator-scattering terms contribute to the decay amplitude at
the same order in the heavy-quark expansion. Hence, both operators are relevant after
integrating out the hard-collinear scale and matching onto SCETY;.

At leading power the C' and C fields can only interact with soft modes via the ex-
change of eikonal gluons or photons. These interactions can be removed from the SCET;
Lagrangian by redefining the collinear and anti-collinear fields with soft Wilson lines

Sflqzz (x) = exp {—que/ dsniAg(x + sni)} Pexp {—igs/ dsniGg(x + sni)} )
0 0
(3.6)
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Figure 2. O(em) vertex corrections to H'.
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Figure 3. O(aen) spectator-scattering corrections to H'L.
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If Xg{) creates an outgoing antiquark with electric charge @)y, the redefinition reads

X9 (@) = 5@ (21 )xD (@), (3.7)

while ST must be used for an outgoing quark. As a consequence the anti-collinear meson
M>s decouples from the B — M; transition already at the hard scale my. As we only
consider colour-singlet operators, the QCD part of the soft Wilson lines from the anti-
collinear sector cancels. However, the QED Wilson lines combine to a soft Wilson line

SliQMQ)(xQ that carries the total electric charge of the emitted M2 meson.

3.2 Matching equation and renormalization

We compute the matching coefficients HiI’Q,Z (u) and HZHCgQ (u,v) in (3.1) to O(aema?) by
computing suitable quark-gluon matrix elements. More precisely, we compute the corre-
sponding momentum-space coefficients.® At this order, this implies one-loop QED match-
ing of the O! operators, and tree-level matching of OV, The diagrams are shown in
figures 2 and 3. The matching coefficients HZ-I,ISQ start at O(as) and correspond to the
pure-QCD coefficients at this order.

In analogy to QCD, the ultraviolet (UV) renormalized matrix elements of the Q); can

be written as
Qi) = {AEO) + O:f%: (A + 2 A0 + 2 AP + O(agm)} @ (3.8)

where the superscript indicates the expansion coefficients in powers of aem(t)/(47). Here

AEO)(AEI)) are the bare tree-level (one-loop) on-shell matrix elements of operators ;. The

3As indicated by the omission of the tilde symbol. The relation reads H'(u) = fdfei"{fll(f) and
HY(u,v) = fdfd§ etut(=v)s) il gy,



factor

o _ Lol |1 .
z{0) = 2Qd<3[6+ln<m23> +4>, (3.9)

accounts for the one-loop on-shell renormalization of the b-quark field. The sum over j
includes not only the operators Q)1 2, but also the two evanescent operators (non-vanishing
only in d # 4 space-time dimensions) [7]

EM = iy T (1 = 45)b Dy, T = 7s)u — 16Q1
Eél) = uyH*y"yP(1 — v5)b D’y,ﬂ,,’yp(l —v5)u — 16Q2 (3.10)

to close the operator basis under renormalization at the one-loop order. The factor Z;;
denotes the one-loop QED operator renormalization constants

L0 _1(6QuQa 0 QL+ Q7+ 2QuQu) 0
i e e . (3.11)
0 GQqu 0 Z(Qu + Qd + 2Qqu)

ij €

where the column index j refers to (Q1, Qo, E%l), Eél)). The evanescent operators contribute
finite terms from Zi(jl)Agp) to (Q;) through the O(e) terms of Ag»o). Eq. (3.8) applies to the
matching onto both SCET; operator types, O and O, but for the second the equation is
trivial, since we need to consider only tree-level matching.

To obtain the UV finite hard-scattering kernels, we also need the renormalized matrix
elements of the SCET operators. Since the on-shell matrix elements are scaleless and
vanish, only the ultraviolet renormalization kernel Y(!) of the SCET] operator has to be
included. We then find for the hard-scattering kernels

HO — 4O
B = A Y A (20 0) A 512

where we have omitted the charge (Q2) and SCET operator (I/II) indices for simplicity. For
the wrong insertion, the operators @Q; match onto the Fierz-transformed operator O (see [7])
which is equivalent to O in d = 4 dimensions. In this case an additional term appears on
the right-hand side of (3.12) from the requirement that the renormalized matrix element
of the evanescent operator @ — O vanishes when infrared (IR) divergences are regulated
with a non-dimensional regulator. At the one-loop order only the difference between the
SCET renormalization kernels Y1) — Y1) enters. However, this can be shown to be O(e),
hence (3.12) applies to both the right and wrong insertion.

Since the anti-collinear fields are decoupled from the collinear and soft ones, we can
write the SCET renormalization kernel as the sum of two pieces

YO (u,0) = Z86(u —v) + 28 (u,0), (3.13)

where Z5 is the anti-collinear kernel and Z; the SCET heavy-to-light current renormaliza-
tion constant. These correspond, respectively, to the pole parts of anti-collinear loops and
soft plus collinear loops. In pure QCD, this expresses the factorization of the My meson
from the B — M transition, and the above SCET renormalization kernel indeed factorizes
into two separately well-defined pieces. In QED, the situation is more involved, since soft
photons connect My and the B — M transition, when Ms carries electric charge.



q1 q1 q1

Figure 4. Diagrams at O(aen ) that contribute to the anomalous dimensions of the operator (3.14).

3.2.1 Anti-collinear kernel

We first consider the QED renormalization of the anti-collinear operator

@) =1 - 0) (3.14)

To this end we compute the diagrams in figure 4 by calculating its matrix element with
external quark states with a small off-shellness (k:g1 for the ¢1-quark and k2 for the u-quark)
to ensure that all poles arise from UV divergences. Including MS external quark-field
renormalization, we find

Oem ! tree
(Obare) 7P (u) = 475“) % /O dv V (u, v) (Opare) ™ (v) + O(°) (3.15)

with

2 2
V(u,v) =0(u —v) <(Qq1 — Qu)’ (1 + i) + (Qq — Qu) <Qq1 In _”7 — Quln _”kz>>

1 U 1 1—u
1 — — 1 — . 1
+Qu (14525 ) S —w+ (14 .2 ) o b—n)] . @16)
The one-loop Z-factor is then given by
2
Z8 (u,v) = =2 V(u,v) . (3.17)
€

The plus-distribution (in the variable u) is defined as

/Oldu[...hf(u)E/Oldu[,_.](f(u)—f(u)). (3.18)

For an electrically neutral meson (¢; = u) the first line in (3.16) vanishes and we recover the
QCD ERBL evolution kernel [22-24] for the LCDA of pseudoscalar mesons upon replacing
@em@? — a,Cp. However, for unequal quark charges, as applicable to an electrically
charged meson, the Z-factor and corresponding anomalous dimension / kernel depend on
the off-shellness of the quarks, that is, the IR regularization. We shall see next that this
dependence is cancelled in the renormalization of the full SCET| operator, but take note
that the above result implies that the anti-collinear operator (3.14) alone is ill-defined for
unequal quark electric charges. We further note that the 1/e pole in V(u,v) implies that
Z (—1)(u,v) contains a double-pole, contrary to the corresponding QCD LCDA kernel, and

C
hence the anomalous dimension has a cusp logarithm.



Figure 5. Diagrams at O(en) that contribute to the renormalization of the operator (3.19).
The black dot denotes the Wilson line operator S:L(JrQMz). Field-renormalization diagrams are not
displayed.

3.2.2 Generalized heavy-to-light current

The remaining soft and collinear fields of the O' operators define the generalized heavy-to-
light current

K0y, (1 = 15)SE"2 h, (0 . (3.19)

The soft Wilson line S, arises from the soft decoupling of the anti-collinear fields com-
posing (3.14). We emphasize that no soft decoupling field redefinition has been performed
in the collinear sector.*

To calculate the renormalization factor Z; at the one-loop order, we regularize the IR
divergences non-dimensionally by introducing an off-shellness k:gQ for the light quark ¢2. In
addition, we have to modify the integer-charge soft Wilson line propagators as discussed
in appendix A in [12] to be consistent with the off-shell IR regulator used in the anti-
collinear sector. For incoming photon momentum k, the soft Wilson-line propagator must
be modified as

1/[nyk —i0"]) — 1/[nyk — 6z —i0™], (3.20)

where
0z = ky [ (n_kq,) = k2 /(n_ka) . (3.21)
The last equality imposes a relation between the a priori independent off-shellnesses kgl, k2
and momentum fractions of the quark and anti-quark of the anti-collinear meson Ms, which
appear in (3.16). This relation is necessary to maintain the identity SJL(J?)SSi) = SIL(SMQ)
for the regularized Wilson lines, which was used to obtain (3.19) from the soft decoupling
in the anti-collinear sector.
The computation of the one-loop diagrams in figure 5 gives the MS renormalization
factor

1 1 5 1 1 3 .
ZSI) = —Qﬁ{eQ—I—E [L+2H+2QM2Q‘1{62+6 {L+2+W]}

- Qﬁ@% [L + % +21In (‘j) + m} , (3.22)

4Soft Wilson lines without position argument are understood to refer to z = 0.

~10 -



where we defined

2
L=In <“2) . (3.23)

mp

For neutral mesons My, that is for Qa, = 0, this reduces to the QCD result (see e.g. [7])
after replacing the charge factor szi — CFp.

3.2.3 SCET] renormalization constants

Combining (3.22) with Zg) from (3.17) gives for the renormalization constant (3.13) of the
SCET] operators O

YO (u,v) =6(u — v) (— Qfl{; —i—% [L-l- 2]}+2QM2Qu{€12 +% [L+i77+ ﬂ}
+2Qun[Qulnu— Quln(1-w) ) (3.24)
20 @ur Que) (1457 ) B+ (14 ) e |

As required, the full renormalization kernel does not depend on the IR regularization.
However, as mentioned before, in QED the kernel does not factorize into an anti-collinear
part and a soft plus collinear part, which could be employed to renormalize consistently
the corresponding operators, since the separate anomalous dimensions would not be IR
finite. This was already discussed previously [12] for B, — u"u~ decays. Factorization
can be restored by performing a rearrangement of soft-overlap terms, as will be discussed
in section 4.

The renormalization constant Y1) of the SCET; operators O follow without further
computation. The anti-collinear part is identical to (3.14) above, while the remaining soft
and collinear fields are

1 _ i HQ
X (0) T Ac (1) (1L 95)S0 7 u(0). (3.25)

At the one-loop order, the renormalization constant of this operator coincides with (3.22)
for the simpler operator (3.19), since the photon has no self-interactions and the renor-

malization of the )2812)(0) 7 +I’SJL(+QMQ)hv(O) operator is independent of the Dirac matrix I'.
However, as we compute the matching coefficient of the O™ operators only at tree level,
we will not need this result.

3.3 Hard-scattering kernels H Z-I’Q2
Matching Q1 2 to the SCET operators (’)IQ2 (t) at tree-level gives the kernels Hggl

_Cr

I(0 I

O w) =0, HY (W)= (3.26)
1(0 100 1

() =1, Hyg) (w) = 5 - (3.27)
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We recall that the right (wrong) insertion corresponds to the charge Qas, = —1 (Qa, = 0)
of Ms. The tree-level kernels coincide with those of pure QCD. As in QCD the right inser-
tion of the colour-octet operator )1 cannot match onto the colour-singlet SCET operator
Oéh (t) at tree-level. This remains true in QED to all orders in aen (but leading order in
ai), as does the relative colour factor between Hio(u) and Hio(u), that is

Hi_(u)=0,  Hig(u)=CrHjm(u) (3.28)

to all orders in pure QED.

The hard-scattering kernels at the one-loop order can be extracted from the diagrams
shown in figure 2. We compute the on-shell matrix elements Al(l) and use the previously
given renormalization factors to obtain H. ZI(Q1)2 using (3.12). In complete generality, we find
for the right-insertion of the operator

[@27" (1 = 75)b][@17u (1 — 75)u] (3.29)
the hard-scattering function

2
HYY (1) = Qqy Qo <L2 — 4L, +L(4+2m - 21nu> +1In2u— 2irlnu — 7% + 1)

2
— QuQq (LQLZ,JrL (4+2ir—2In) — In @ (3+2ir—In @) 776T+3m+6)

1 2 2
+ Qqu(2L2—4LV—2L (—1+In@)+2In2 - = Ina-+2Lis (u)+7;2—3>
Uu

Lo 2 Inu I

— QdQq §L —L,+L(2—2Inu)+21n u—31nu+f+2L12(u)+ﬁ+2
u

_S(ch +Qu) (Q%"’Qd)

1, 72 5 (1 1,
—QpQu 51" — Ly +2L+ 5 +4) - Qg 5Ly + L +2 f§Qq2(L,,—L)

Lo 2

_5( q1+Qu_2QuQCI1> (Ly— L), (3.30)

where )y represents the bottom-quark charge. We use the bar-notation « = 1 — u and

introduced
2
L,=1n <2> , (3.31)
mp

where v refers to the scale of the Wilson coefficients, C;(v), which we distinguish from the
scale p in L. The explicit logarithms of v cancel the electromagnetic scale dependence of
the Wilson coefficients, whereas the p dependence cancels with the scale dependence of the
non-perturbative objects on the right-hand side of the factorization formula (2.3) for the
operator matrix elements such that the matrix elements are only v dependent.

The first four lines of (3.30) correspond to the first four diagrams in figure 2 and
together with the evanescent-operator contribution in the fifth line reproduce the QCD
result, [7] for T} (u) up to the colour factor Cr/(2N,.) when putting all quark electric charges
equal to 1. The second-to-last line accounts for the last diagram in the second row of
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figure 2 and Zeyt, and — with the same replacement of charge factors — equals the quantity
Crr/Cr in QCD as defined in [7].

The wrong insertion of the generalized four-quark operator (3.29) can be obtained from
the right insertion via

1

1
1) () = 3 Ho (1) = 3 (Qa = Qu) (Qu = Q). (3.32)

For general quark charges the operator (3.29) is not gauge-invariant, hence the coefficients
of the different quark charge factors in (3.30) are gauge-dependent. The above result is
given in Feynman gauge. The gauge dependence of course cancels when we specialize to
the physical quark charge assignments as done next. We further note that above and in
the remainder of this paper, we do not distinguish between the pole b-quark mass my and
the B-meson mass mp, which hence appears in the argument of L.

For the physical case when the meson My is charged (¢1 = d and g2 = u), we replace
Qq = Qq=—1/3 and Qg, = Q, = 2/3 in (3.30) and obtain

13L* 4 41 dir 4 2
H;(l)(u):— 3 +LV_L(+m—ln(1—u)—3ln1L>

)~ 18 3 8 3 3
2f(u) +4f(1—w) (2—wu)ln(u)  837% 4ix 19
B 9  3(1—u) M T

Likewise for neutral M> (¢1 = v and ¢2 = d), we replace Q4 = Q, =2/3 and Q4 = Qq =
—1/3 in (3.32), in which case

0y = _Lp2 4y 5, 2 v ™ 29

Hyy' (u) = 54L +9Ly 54L 27g(u) 201 T (3.34)
We defined

. 9 . Inu

f(u) =Lisg(1 —u) +2In“u — (3+ 2im) Inu — T a (3.35)

and
1-2
g(u):3<1_5lnu—i7r>
21
+[2Lig(u)—ln2u+ 111“ CB+2mnu— (u—1-w|.  (3.36)

The kernels H{(P (u), H{%)(u) of the octet operator Q1 follow from the all-order identi-
ties (3.28).

3.4 Hard-scattering kernels HiI,IC}Y2
The logic of the matching calculation for the spectator-scattering contribution follows [4].
Here the full two-step matching QCDxQED — SCET; — SCETj; needs to be performed to
factorize the kernel into its hard and hard-collinear components. The matching coefficients
H ZHCBQ (u,v) in momentum space, which account for the hard contribution can be extracted
from the on-shell five-point b — [g1u] g2y amplitude

(q1(q1)u(g2)q2(p)) 7 (P)|Qilb(p)) (3.37)
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and the corresponding SCETy matrix elements of the right-hand side of (3.1). For the
right insertion, ¢ = d,q2 = u (vice versa for the wrong insertion). It is convenient to
choose the polarization of the external collinear photon state to be transverse to n.. With
one exception, we can set the small transverse components of the external momenta to
0, since the operator Og;’ does not contain transverse derivatives for the photon with
transverse polarization. The momenta in the anti-collinear direction are then ¢ = um 3"7*,
Q2 = um B%, those of the collinear quark and photon are pj = vm B%, ph =1vm B%, and
for the heavy quark momentum p* = mpv*. For such external momenta the SCET and
HQET spinors coincide with the QCD ones.

The leading O(cem ) contributions to the H, HV , (u, v) kernels require only the calculation
of the tree-level diagrams in figure 3. Denoting by the angle bracket the matrix element in
the external state specified above, the matching relation (3.1) for Q2 amounts to

(Qa) = 24) Hy)"*) @ (0p,) ") + Hyg ™™ @ (0g) ™), (3.38)
where ® denotes the convolution in momentum fractions, and S; the contribution from
the four diagrams in figure 3 ordered as shown. The exception to setting the transverse
momentum components to 0 applies to diagram 4, since the gs-quark propagator with
momentum p’ = p} + p,, becomes singular. These non-local, long-distance contributions
exactly cancel in the matching relation against time-ordered products of 0222 and the SCET
interaction Lagrangian [25]. The local, short-distance contribution Sy|sp to the matching
coefficient can be extracted via the substitution [4]

Zp ity (3.39)

P 2

We then find, for the right insertion of Qs,

S1=0,
2eQy 7”— =(u
2 = uny, <7>C£é)7i(1 + %) hoey,
2eQq Vi— u *
S3=- e EVAH (1 +75) hut,
Sylsp =0, (3.40)

with abbreviation

<7i2_>c

e - ). (3.41)

External spinors are denoted by their corresponding fields. The advantage of choosing
a transversely polarized external photon is that with n4 - € = 0, the tree-level SCET
matrix element <O£22> becomes simple. Since the collinear photon is decoupled from the
anti-collinear and heavy-quark fields, the external photon can attach only to Wilson lines,
which gives zero due to n_-e = 0, or to the outgoing collinear quark ¢». However, the SCET
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diagram corresponding to the fourth diagram S4 in figure 3 reproduces the long-distance
contribution to S, that was already removed when the substitution (3.39) was made.

Hence we set the first term on the right-hand side of (3.38) to zero. Noticing further
that the field products in (3.40), (3.41) match the structure of ng, we find for the hard-
scattering kernels

2
ng (u,v) = Ne Hgg(% v) = &Qu +2Qq , (3.42)

which correspond to the “right” and “wrong” insertion of operator Q2. The scattering
kernels for ()1 relate to those of Q5 in the same way as for H%’Q2:

Hy'§(u,v) = CrHyg,  H{”(u,0)=0. (3.43)

We do not compute QED corrections to the coefficients H'9 of the gluon operators, which
contribute first at O(aemas)-

We conclude this section with an important remark. In QCD, only the non-factorizable
diagrams S; + Sy contribute to the scattering kernels 7', In this sum, the longitudinally
polarized gluons cancel and hence it is not necessary to assume the transverse polarization
for the matching. This is different in QED. When computing these diagrams naively by
projecting them on the LCDAs of the mesons one encounters endpoint divergences that
would indicate a breakdown of factorization. These arise only from longitudinally polarized
photons. Consistency of the SCET analysis above requires that these terms are contained in
the matrix element <O£22> of the first operator in the factorization formula, and hence they
are actually part of the generalized heavy-to-light SCET form factor, which we define
below. We demonstrate this explicitly in appendix A by repeating the calculation for
general photon polarization.

4 SCET; factorization

In (3.2) of the previous section we identified the SCET operators relevant to the non-
radiative amplitude at leading power, discussed their renormalization, and derived finite
matching coefficients (scattering kernels) at O(aem). The decoupling of soft photons from
the anti-collinear sector, which describes the My meson, suggests that the anti-collinear
part (3.14) of these operators and the collinear plus soft part (3.19) (and the corresponding
operators with an additional hard-collinear photon, see (3.2)), should be treated as separate
entities that renormalize independently. However, as already mentioned at the end of
section 3.2.1, for the case of an electrically charged meson M, this soft decoupling from
M5 does not happen, leaving an IR divergent anomalous dimension in conflict with the naive
SCET factorization. Following [12], we will now see that factorization can be restored by a
“soft rearrangement” that moves a soft overlap contribution between the soft to the (anti-)
collinear sector.

4.1 Soft rearrangement

For charged M, the UV poles (3.16), (3.17) of the purely anti-collinear operator (3.14)
depend on the IR regulator, in our case the small off-shellness of the external partonic
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momenta. The critical terms originate from the soft limit of the anti-collinear propaga-
tors in the diagrams in figure 4. To deal with this soft overlap contribution and make
the anti-collinear part of the full SCET] operator well-defined on its own, we define the
rearrangement factors R, and Rz through

OI[sE 52 0)10) = ROV R (4.1)

in close analogy to [12]. Taking the absolute value ensures that we do not introduce soft
rescattering phases into the collinear sector. We emphasize that the dimensionally regulated
on-shell vacuum matrix element equals unity to all orders in e, since the soft Wilson
lines give rise only to scaleless integrals. However, to consistently define the renormalized
anti-collinear matrix element, we must compute (4.1) with the same dimensional UV and
off-shell IR regularization that was used to obtain (3.16), (3.17). We define the split of
the vacuum matrix element (4.1) into the two factors on the right in such a way that the

divergent part of RéQMQ) depends only on the off-shell regulator dz in the anti-collinear

sector defined in (3.20), while R((;QMQ) depends only on an accordingly defined §, with

n_ <> ny. Also the finite terms of these factors, which are of no concern in the following,
(Qny) (@Qnry)

are defined such that R; follows from R, through the interchange n_ < n,.> We
then find
(Ql\l ) . Qlem 2 1 2 /_,L 0
RE 2 =1 471'QM2 §+Eln—65+0(6) 5 (42)
at O(em). A corresponding expression for RgQMQ) holds by replacing dz — J.. We assume

dz < 0 to not introduce spurious imaginary parts from the definition of the IR regulator.
The rearrangement affects the definition of the QED-generalized LCDA for charged
light mesons as well as the generalized SCET7 form factors. We redefine the anti-collinear

éQM?), and the QED-generalized LCDA and decay

operator (3.14) by multiplication with R
constant of the light meson Ms by

(M) E) X9 1) B (1 = 25 0)0) =

s /0 LD B By (0), (4.3)
with ¢ = w or d and Qpr, = Q4 — Qu. One can check using (3.16), (3.21) that (4.2) removes
the dependence on the IR regulator, which allows to renormalize (4.3) consistently. The
renormalization group evolution of this LCDA will not be needed in the following, and we
defer a detailed discussion to [13]. When the light meson Ms is neutral, the above definition
coincides with the standard definition in QCD, since Réo) = 1 trivially by definition.

Since the full SCET] operator (9%22 (t) should not be modified, multiplying its anti-
(QMQ)

collinear part with R; requires that we divide the soft and collinear part by this

5The notation differs from [12], where the n* direction is defined as the direction of flight of the negatively
charged ¢~. In addition, in [12] the full vacuum matrix element instead of its absolute value was employed
in the definition, and the split into the two factors was made such that both had the same dependence on
dc and Oz
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factor, which defines the generalized SCET; B — M; form factors as follows:

1 . 1(Qary) 5
(M, (p/)’R(QWX(cg)(O)VLJr(l —¥5) Sy ¥ hy(0)|B)

=4Ep;, ngj\/ll (EMI) ) (4'4)
11 (gl HQ 5
A0 gy 7 X O A (m4) (142505 1 0)]B)
1 ) ,
= —2FE), /0 drei™(n+p)s Tgi\/ll(EMl,T), (4.5)

where Ey, = nyp'/2 = (m% — ¢%)/(2mp) is the energy of meson M in the B-meson
rest frame for vanishing light-meson mass mj;, = 0. For the matrix element of the gluonic
operator (’)gg we replace 4 — G and Tgéwl (Ery,T) — Zg;ul (Ear,, 7). Since the full SCET
operator and the anti-collinear operator after the soft rearrangement are well-defined, so
are the generalized form factors. Note that they carry information about the meson Ms,

but only of its charge Qas, and direction of flight n/; through the additional Wilson line

SJL(FMQ) and soft rearrangement, as expected from the universality of soft interactions.

The definitions above are such that in the pure-QCD limit aem — 0 the form factors (¢, X)
reduce to (£, E) in the notation of [3], and T — 0.

With these preparations, taking matrix elements of (3.1), the SCET; factorization
formula reads

_ 1
(M, M5|Q;|B) = imZB{ngﬂ/ll/o duH}7Q2(u)ﬂ‘M2q>M2(u)
_1 1d d |:HH'7 ( )TBMI(I— )
2 Jo Waz| 1 9,\U %) 19, z
+H S (u,2) SEM (1 - z)]%%@ M, () } . (4.6)

where we have dropped the energy argument of the form factors, which is Ej;, =
mp/2 here.

4.2 The soft form factor and the semi-leptonic amplitude

In the first line of (4.6) we recognize the first line of the previously stated QED factorization
formula (2.3), if we identify

Fol (¢ = 0) = () (Eay =mp/2),  Tio,(u) = Hig,(u). (4.7)

In pure QCD, at this point one replaces the cooresponding SCET] form factor ¢8Mi(E)
by the full QCD form factor, using a similar factorization formula for the form factor [26],
since it is the full QCD form factors which are calculated with light-cone QCD sum rules
or lattice QCD. The factorization formula (4.6) including QED effects contains the QED-
generalized light-meson LCDA and the generalized SCET; form factor CSQMI (E). If My is
neutral, the latter can again be replaced by the full QCDxQED theory matrix element
of the local heavy-to-light current operator, which corresponds to the usual form factor,
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but including QED effects. However, for charged Ms, the generalized form factor < B Ml( )

contains a Wilson line that knows about Ms, which cannot be written as the matrix element
of a local operator. The physical quantity in the full theory with the same IR physics is
now the non-radiative amplitude of the semileptonic decay B — M;¢~ 1, in the kinematic
point ¢> = 0 and E;, = mp/2. We therefore consider eliminating CB Ml(E) in favour of
this semi-leptonic amplitude by making use of the QED generahzatlon of the factorization
theorem for heavy-to-light form factors, discussed in generality in [27].

4.2.1 Semi-leptonic QED factorization
The Hamiltonian for the b — uf~ 1, transition is

Gr

HS—
NG

Vb Ca Qs (4.8)

with
Qs = uy"(1 = v5)b Ly, (1 —5)v . (4.9)

Unlike in pure QCD, where Cg = 1 to all orders in the strong coupling, the semi-leptonic
b — wl~ v, transition receives short-distance QED and electroweak corrections from the
scale O(myy). The Wilson coefficient Cy = Cg(v) evolves under the renormalization group
from myy to the scale v ~ O(my,), which sums large logarithms o2, In™ (my/my) (m < n).5
The product Cy Qg is independent of the scale v. In essence, as far as electroweak and
QED effects are concerned, () is not very different from the four-quark operators. The
one-loop expression for the Wilson coefficient is known from [28], see also (7.11) below.
The non-radiative semi-leptonic amplitude is given by

s G
Anl(’)i\l/{llrad = \/gVUbel <‘7\41Z VK’Q51|B

Vb 4B, | u(pe) i (1= ~5) vy, (pu) | AT (4.10)

The second line defines the v-independent reduced amplitude Ared which is the analogue
of the standard form factor for the case of the electrically neutral Ms.
A completely analogous analysis of QCDxQED — SCET; matching for the semi-

leptonic operator Qg instead of the hadronic operators ()12 results in

(My0 ] Qu|B) = 4B, [uw)?@—(l ~ ) p) | 20 {HY(E) <P (Ex)
1

— 5 [ e[ X (B 2)
FHYI (B, 2) 2P By, 1 - 2)] } (4.11)
which can be compared to (4.6) for Q2 = —, where the same generalized form factors

appear. That the lepton £~ is point-like entails some simplifications. Instead of the LCDA

5The Fermi constant Gr, defined as the short-distance p~ — e~ vuve decay amplitude (that is, excepting
low-energy QED corrections), is not renormalized.
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of My defined through the matrix element of (3.14), we need the matrix element of the anti-
collinear point-like lepton field X(C) [W(E ]Tﬁg [12], which defines the factor Z; in (4.11),
and there is no integral over u.

The UV renormalization of Z, follows the same line of reasoning as for the light-meson
LCDA, but is technically simpler. The dimensionally UV and off-shell IR regulated matrix

element of the dressed lepton field operator is

) 2
+ —log 'u—z + 0(60):| } . (4.12)
€ -

(€ (po) % (0)]0) = alpe) ﬁ_f* {1 + Q7 Li + o

The UV pole depends on the IR regulator pl?, as was to be expected, since we must multiply
with the soft rearrangement factor

(Qe) Qem o [ 1
(@e) _ 9 _
Rz 47 @ [

L0 = R (113)
which was divided out in defining the generalized form factors appearing in (4.11). Con-
sistency requires that the same 0z appears here, so that the second equality holds, that
is, pz must be chosen such that pj 2/n_py = 6z with n_p, = 2FE,. Similar to (4.3) for the
soft-rearranged LCDA for the light meson, we now define Z, for the point-like lepton via

(£~ (pe)| R XC 0)|0) = Zzu(pz)¢_4¢+ ,

(4.14)

and obtain

1 3 2 1
Zbere — 1 O‘em 24 cnm ( ) o 0}. 4.15
g[S+ 2w () o) (4.15)

The given pole part determines the UV renormalization constant, which is the analogue
of (3.17), but for the case of a point-like charged particle. The quan‘mty Zg that en-
ters (4.11) above is the UV renormalized on-shell matrix element (¢~ (pg)|Rg @y (0)]0),
see (5.8) below.

The matching coefficients HY(E;) and HY(Ey, z) in (4.11) can be obtained from the
general expression (3.30) for H(u) and (3.42) for H' by replacing Q,, — Q¢, Q, — 0 and
u — 2Ey/mp. Setting now Ey = mp/2 (for this value we drop the lepton-energy argument
of the matching coefficients), we find HSII(O) =1 and

2
7Y = Q,Q. <L2 — 3L, + (34 2im) L — 7% - 2)

5 2
—Qfl( L* + L+12+6> (4.16)
HID(2) = 2Qq. (4.17)

1,M
4.2.2 Introducing A ;"

For charged Ms, we now use the factorization formula for the reduced semi-leptonic am-
plitude Ai’(]y ! implied by (4.11) to eliminate the SCET; form factor ¢BMi - For neutral
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My, we follow the standard QCD procedure [29] and replace Cég My by the full QCDxQED
B — M transition form factor. This gives the factorization formula

_ 1
<M1M2\QZ-]B> im% {FBMl 0) / du TZIQQ(U) Fa, P, (u)
- 7/ du dz H'Y 0 (s z)TBMl(l —2)

+HS (u, 2) 85N (1 - z)]ﬁM@MQ(u)}, (4.18)

where now
ASI M1

Y'red
4.19
CaZy (4.19)

in the form-factor term in the first line is expressed in terms of the reduced semi-leptonic
amplitude at ¢*> = 0, while F*M1(0) are the full QCDxQED B — M; transition form
factors as in pure QCD. The hard-scattering kernels also change and are now given by

FBMi() =

H; _(u) Hjo(u)
T;I—(u;Ef) = L ) T;'I ( ) = 2777 (420)
7 H\(Ey) 0 H]Ic
and
A (u, 2 By) = HIY (u,2) — TS (u; B HY(2) = ,Qu, (4.21)
A1l 1T 1 1T 2CF
Hl,g(ua z) = CFH 7( z) = H1,3(U72) - TII,O(U)HfV(Z) = ﬁ@ua (4.22)

while H 7 (u, z) remains zero. Hy 1) in (4.20) and H II7( ) are the matching coefficients in
the SCETI factorization formula of the full QCDxQED transition form factor.” They can

be obtained from the semi-leptonic coefficients (4.16) (4.17) by putting Qp = 0:

2

7Y = -3 L2 + L + ﬁ +6, (4.23)

HO(2) = 2Qq. (4.24)

We remark that the normalization to the semi-leptonic amplitude requires only ¢ = 0,
but any value of the lepton energy E, can be used as long as it is O(mp/2). Then, the
scattering kernels T{_(u; Ey) and f[gz (u, z; Ey) acquire a dependence on Ey as indicated
by their additional argument. We dropped this argument in (4.18). For simplicity, we give
here the results for the kernels for Ey = mp/2, as the general result can be easily obtained
from the above results. We find

71 (w) =0,

TQIE)(U) = —;LV + gL (2In(1 — u) + Inu)

3
_2f(u) +4f(1 —u) B (2 —u)In(u) i 25
9 301 — u) 3 9
16 8 140
Tig'(w) = CrT3 (W) = 2Ly — gro(uw) + < (4.25)

"This definition differs from the factorization formula in [29] by a factor of —1 for the spectator-scattering
terms, therefore, in the QCD case (Qq — 1) our coefficient H}IV — 72C}fl>, where the latter is the QCD
coefficient defined in [29].
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with f(u), g(u) defined in (3.35), (3.36), respectively. At tree level, there is no change, and
T}gi (u) = Hzlcg)2 (u). We note that the double-logarithmic L? terms present in H ZI%)Z have
disappeared after introducing the semi-leptonic amplitude or full-theory form factors. The
L, terms are related to the renormalization of the operators @Q);, (s, and the dependence on
the scale v cancels with the v dependence of C;(v) and Cy(v). The left-over single logarithm
of LinT: QI(P (u) appears, because unlike the light-meson decay constant in QCD, the QED-
generalized decay constant %)y, of a charged meson is scale-dependent. The p dependence
of the one-loop kernel is related to the UV divergence of the one-loop bare hadronic matrix
element convoluted with the tree-level kernels. From (3.16), (4.2) and (4.15) (which enters
through (4.19)), we obtain

R@w)M) 2 / vV (u,0)|Q, ~q — 2" QM2 [Qalnu — Q,In(1—u)], (4.26)
in agreement with the coefficient of L in (4.25). In general, the p-scale dependence of

TQIS) (u) cancels against Fpz, Py, (u)/Zp under the convolution in (4.18).

5 SCETy factorization

In the case of pure QCD, the SCET7 operators of the (’)Hg type are further matched to
four-fermion operators in SCETY, and the corresponding generalized B — M form factor
Egi\/[l (B, 1 — 2) is expressed in terms of the convolution of a hard-collinear matching
coefficient with the B-meson and light-meson LCDAs. This results in the standard form of
the spectator-scattering term in the QCD factorization formula for non-leptonic B decays.
This can be done, because it can be shown [21] that these convolutions are convergent to
all orders in perturbation theory, which has been confirmed explicitly by one-loop calcula-
tions [3, 29].

5.1 Generalized B-meson LCDA

The same matching applies to ng and (’)g‘;’ with QED included, but the LCDAs have to
be appropriately generalized. The definition of the LCDA of M; is analogous to that of
My in (4.3) with obvious replacements of anti-collinear and collinear, and n_ by n4, as
well as Rz — R, to rearrange the soft overlap between the collinear and the soft sector.
As concerns the B-meson LCDA; in QCDxQED we must distinguish between the charged
B, = B~ and neutral Bd, B0 mesons. Since the B-meson LCDA is the soft function of
the process, which inherits the soft Wilson lines from the decoupling of the anti-collinear
and collinear sector,® the electric charges of the emitted mesons M; and My also matter,
leading to a total of four different B LCDAs, defined as

w .
imB/ dw e_Mtﬁ’B@(I)B,@(w)

a 1
i) (q) T(Qnry) ot (Qary)
- (QMl)REQMz)<O|qS (tn_)[tn_,01'Y %h_~5h,(0)Sp," 2 S 1 |B> (5.1)

8While in the first factorization step, we performed the decoupling only from the anti-collinear sector,
in the present matching to SCET|, we must finally also perform the soft-decoupling field redefinition of
the collinear fields.
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The matrix element is divided by the R., Rz factors to compensate their multiplication
of the M;, My LCDA, and hence depend on the meson charges Qur, Qnr,. While the
definition looks familiar to pure QCD definition with respect to the finite-distance Wilson
line [tn_,0](9), the addition of the Wilson line SJL(JFQMQ) in the anti-collinear direction leads to
fundamentally different properties. For example, this B-meson LCDA includes the physics
of soft rescattering, including phases. It might be more useful to think of it as the soft
function for the B — Mj My process rather than a LCDA. A technical manifestation of
this difference is that, for charged My, the “LCDA” %p o®p g(w) has support not only
for w > 0 but also for negative w as indicated by the lower limit of the integral. We discuss

this and the renormalization of these new objects in [13].

5.2 Spectator scattering and complete factorization

The matching equation from SCET; — SCETy; is [3, 29]
BM; 1 > ! a a
TEM (1-2) = 4 /_Oo dw/o v Jo(1 — 20,0) Fp.0®p0@) Fan®an (v),  (5.2)

which defines the hard-collinear matching coefficient (“jet” function) Jg(z;v,w).
Tree-level matching gives

47704emc>2sp 1
N, MBWU

Jo(Z:0,w) = 5(z — ), (5.3)

with Qsp = Qa — Qnr, — @, the charge of the spectator-quark ¢ in the Bq meson. Insert-
ing (5.2) into (4.18) gives’

_ 1
<M1M2|Qi\B> = im% {}“B2Ml(0) /0 duT;} g, (u) Fa, ®ar, (u) (5.4)
e’} 1
—i—/_oodw/o du dv E{g(u,v,w)ﬁ\Ml@Ml (v)Z P, (u)ﬁ37®¢>37®(w)},

which is (2.3). In the spectator-scattering term in the second line, the SCET hard-
scattering kernel H ZI 132 is convoluted with the jet function Jg, defining

| RN
Tl 0) = g [ d2 Al (u,2)Jo(1 = 20, (55)

Combining (4.21), (4.22) with (5.3) gives

N, T lem Qsp @ 1
11 — 1T _ Vel _ em&splduy
Ty g, —)(w,u,v) = N 9, ) = FFTMQN) = S A—— (5.6)
and Tlﬂ(Q1 7)(w, u,v) = 0 at O(aem). This completes the factorization of QED effects for

the matrix elements <M1M2]Q1|B>
At this point it is worth recalling that the factorization discussed so far refers to the
non-radiative amplitude, i.e. the purely virtual corrections. Such non-radiative amplitudes

9Since we focus on QED effects, we omit the spectator-scattering contribution Egi\h(l — z) from the

gluonic operator Ogg. QED corrections to this term are O(aemas), beyond the accuracy of the present work.
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are IR divergent for all decays that involve charged mesons. Real emission of soft photons
must be added to obtain an observable, as will be done in the following section. The
theoretical approach developed here applies when the energy of the real photons is much
smaller than Aqcp, such that the hard and hard-collinear propagators are not affected and
the corresponding coefficient functions are from virtual corrections only.

After integrating out the hard and hard-collinear scales, the IR singularities of the
non-radiative amplitude are hidden in the hadronic matrix elements (soft form factors,
heavy and light meson LCDAs) of SCET operators, which are all defined as non-radiative
quantities. The concept of non-perturbative but IR divergent LCDAs appears counter-
intuitive. However, the hadronic scale Aqcp does not necessarily act as a regulator for soft
IR singularities in QED. These hadronic matrix elements should themselves be considered
as short-distance matching coefficients, when SCET7; is matched to a very low-energy the-
ory of point-like mesons coupled to photons with energy below Aqcp. In this matching the
IR divergence of the hadronic matrix elements is removed, but leaves a dependence on the
IR factorization scale uir, where this matching is performed. This must be distinguished
from their UV renormalization scale (u) dependence, which was computed above, that
follows from the UV poles in dimensional regularization, when the corresponding partonic
matrix elements are computed with an off-shell IR, regulator. While the 1 dependence can
be calculated perturbatively, the IR matching of SCET; to the theory of point-like mesons
must be done non-perturbatively at a scale a few times smaller than Aqcp.

We illustrate these points with the help of the UV renormalized leptonic collinear
matrix element defined in (4.14), which can reliably be computed in perturbation theory,
since QCD does not enter (modulo photon vacuum polarization etc. in higher orders).
In fact, Z, is the weakly-interacting point-particle analogue of the LCDA for a strongly
interacting composite hadron. At O(aem) we compute the single contributing on-shell
one-loop diagram, add the on-shell renormalization factor (3.9) (replacing mp — my, and
Q4 — Q) and the UV counterterm given by minus the divergent part of (4.15), and obtain
for the UV renormalized on-shell matrix element

1 2
zV = (1 +1n ) 71 +5? Ly e 52 T (5.7)
EIR mB (Z 2 12
1 m? 1 2
- - +1n“IR 1+1n 71 “UV+f12“UV—712m +24
€IR, mZ mB mg 2 mB 2 mB 12

Here my is the lepton mass, which must be kept at the collinear scale, and provides a
physical cut-off of the collinear singularities. Since we subtracted the UV poles, the 1/e
pole must be an IR singularity. It is cancelled after matching onto the theory of point-
like objects (here the lepton itself), where the large logarithm in the ratio my/mp arises
from the large relative boost between the rest frames of the external particles. In the
second line we use pyy = ur = i to separate the UV and the IR scale dependence. The
UV scale dependence is dictated by the UV poles of (4.15), and is cancelled against the
scale dependence of the hard-scattering kernel and the light-meson LCDA, see discussion
around (4.26). On the other hand, the pr dependence is associated with the ultrasoft
function as will be seen in the next section.
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6 Ultrasoft photons and decay rates

So far we studied the non-radiative amplitude for the purely exclusive process B — M Ms.
Any IR finite observable must account for final states with photons of arbitrarily small
energy, once MM, contains electrically charged mesons.'® A physically meaningful ob-
servable is the soft-photon-inclusive decay rate

['[B — M1 M)(AE) =T[B — M; M, + X, (6.1)

”ExsgAE ’

where the final state X, consists of photons and possibly also electron-positron pairs with
total energy less than AFE in the B-meson rest frame. In the following we assume that
AE < my, ~ Agep and refer to the scale AE as “ultrasoft” to distinguish it from the
soft scale Aqcp relevant to the generalized B-meson LCDA.

The B — MiMs + X amplitude factorizes into the non-radiative amplitude discussed
before and an ultrasoft matrix element. Up to corrections of O(AE/Aqcp),

A(B — MiMs + Xs) = A(B — My M) (X,|(5(@8) 51@) g1l@2)y gy 10y (6.2)

where the Sz()?M’i) are outgoing time-like Wilson lines, defined in analogy to (3.6), but with
velocity labels v; of meson M;, satisfying v? = 1. Following the conventions in [12],

S{98) () = exp {H’BQB /O dsv - Aus(z + SU)} (6.3)

denotes the time-like Wilson line for the incoming B meson with four-velocity v* and
charge Q. Charge conservation implies Qp = Qs + Qar, in (6.2), required to ensure the
gauge invariance of the Wilson line product. The notation is general: for neutral mesons
the corresponding Wilson line is simply unity.

This factorization can be shown by matching SCET; non-perturbatively at the scale
Aqcp to an effective theory of point-like mesons, which is, however, not the focus of this
work. Nevertheless, the scale dependence of the non-radiative amplitude must match the
scale dependence of the perturbative ultrasoft function. The logarithmic dependence on
the radiated energy AFE can be resummed rigorously in the limit AF — 0. Matching
corrections at the scale of order Aqcp, however, cannot be determined with perturba-
tive methods.

The soft-photon-inclusive decay width is then given by

I'[B — M, M;)(AE) = |A(B — M M;)|? Sg({v;}, AE). (6.4)
The ultrasoft function

So({v:}, AB) = S|(X,|(S@m g @) g1y 0y o) 20(AE - Bx,) (6.5
Xs

0The non-radiative amplitude was computed setting the light-meson masses to zero, which is justified
for the computation of the hard and hard-collinear matching coefficents, which involve scales far above the
meson masses. In the ultrasoft theory discussed in this section the light-meson masses must be kept, hence
there are no collinear singularities.
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accounts for the emission of an arbitrary number of ultrasoft photons (and electron-positron
pairs) from the charged mesons with total energy Ex, < AE. At O(aem), and expanded
to leading power in my;, < mp, we find

1 1 2 2 2 9
sgp,_):s(ﬂnmﬂgl)m L _<2+1nmf;fl>mmﬂgl_ﬂz

2 2 mp 2AF mp mp 3
+ (mar, — ma,) (6.6)
2 2 2
o _ 1. myy B My, My, 2,
S(_’O)—8<1+21n mQB>ln2AE <2—|—1n mQB)ln e +4- g, (6.7)

(1)

and similarly for 8(37_) with mp, — mas,. Obviously, S((é,)o) = 0. The expression for S 1)

(+7_)
is also given, e.g., in [30].

Although in this paper we provided the anomalous dimensions of the SCET operators,
we leave the resummation of structure-dependent QED logarithms between the scales mp
and Aqcp for future work. Since the scale ratio Agcp/mp is not extremely small, we
do not expect the resummation of (cem In®my/Aqep)™ terms to be important, and the
fixed-order O(aem) expression should provide a very good approximation. An exception
are the logarithms in the ratio of the radiation energy cut AE < my, and mp, which
can modify the rate at the level of a few percent. These logarithms are universal in the
sense that they can be extracted from the ultrasoft EFT with point-like mesons, or al-
ternatively [31] from scalar QED for point-like scalar mesons. When factorizing ultrasoft
effects, the logarithms of x/AFE, which appear in (6.6), must be related to IR (uR) scale
dependence of the IR subtracted non-radiative amplitude (alternatively, the IR singulari-
ties of the unsubtracted on-shell amplitude). This dependence is contained in the (anti-)
collinear and soft matrix elements, which define the QED-generalized LCDAs and form
factors. Renormalization-group evolution from the hard scale u; to the collinear scale p,
gives the universal Sudakov factors

¢S (Botie) — oy {_O;e: Q2 In? ZZ} (6.8)
and a remainder, which defines the split of the leading double logarithms into this and

the structure-dependent piece [12]. This separation is useful, because as shown below the
above factor converts the scale p in the exponentiated version of (6.6) into mp, while the
structure-dependent logarithms, which can depend on the charges of the constituents of
the mesons rather than the mesons themselves, turn out to be small, at least for the case
of By — ptu~ considered in [12]. Here and below we work in the double-logarithmic
approximation, except for logarithms in AE. For the latter we include the full dependence
as given in (6.6). At the level of the decay rate, the u. dependence of the factorized virtual
B — MM, amplitude cancels after taking into account ultrasoft emissions below AL.

Indeed, combining (6.8) with the exponentiated ultrasoft function evaluated at pu = .,
we find

2
2 (1) o m
‘eS]Wl (lu‘bnuC)JrSIMQ (HbvNC) €S® — exp { em (QQB _|_ Q?Ml 1 + ln ]\241‘|
™ m
B

+ Qi

LT ) (6.9)
m% 2AFE '

— 95—



to the above mentioned accuracy. These results allow us to write the soft-photon-inclusive
width with the large logarithmic dependence on the energy cut AFE resummed to all orders
in the standard form

[[B — M M)(AE) = TO[B — M M,] U(M;Ms,), (6.10)

where

m2

2
Qem My 2 " Moy

AAEN\ "« <Q?3+Q?\/I I —5 = 1 +Qy, | 1+In —5 )
- (228 (oo )

mp

(6.11)

Here T'©) is the square of the factorized virtual B — MMy amplitude discussed in earlier
sections of this paper, with the universal Sudakov factors (6.8) divided out. There is an
ambiguity in what one calls the “non-radiative” amplitude or decay width, but it is this ex-
pression that most naturally deserves this name, given the universality and factorization-
scale independence of the AF dependent radiation factors (6.11). By definition, all large
logarithms between the scale mp and my;, ~ Aqcp still contained in ' are structure-
dependent logarithms whose resummation is not considered here.

We close this section with a comparison of the treatment of soft-photon radiation in
this section to the approach of [31]. The authors express the soft-photon-inclusive decay
width as the product of the non-radiative width and an energy-dependent correction factor
G12(E), similar to (6.4). The precise definition of the non-radiative width is not specified,
and G12(FE) is computed from the virtual and real corrections in an effective theory that
treats the B meson and light mesons as point particles. Eq. (5) in [31] for G12(F) agrees
with (6.6), if we put 4 = mp in (6.6) and drop the virtual contributions His and Ni2(u) to
G12(E) in [31], as well as power-suppressed terms in mys, /mp. Also, (6.11) is in agreement
with [31] in the appropriate limit my;, < mp.

There is nevertheless an important conceptual difference. Setting 1 = mp in (6.6)
cannot be justified from the EFT of point-like mesons, since its UV scale of validity is
at most Aqcp. The treatment within SCET provided earlier in this paper is necessary
to justify the neglect of structure-dependent logarithms such that one obtains (6.11) with
the approximation (6.8). Conceptually, the main difference between the ultrasoft correc-
tion (6.6) and the function G12(FE) in [31] is, however, that the latter is defined in a theory
with point-like light mesons, which are still dynamical degrees of freedom, whereas in our
set-up, for photon energies much below Aqcp, the light mesons are static and have only
ultrasoft fluctuations, similar to heavy quarks in heavy-quark effective theory. The loga-
rithms of m%wl / mQB in the ultrasoft theory arise from the large boost of the rest frame of
the light mesons relative to the B-meson rest frame. The ultrasoft function defined above
receives no virtual correction in the one-loop approximation, because the integrals are scale-
less, whereas the virtual corrections Hyo and Nyo(p) that enter Gio(E) in the theory with
dynamical point-like meson are non-zero, but not really meaningful. The reason is that
keeping the mesons that have internal structure at distances of order 1/Aqcp and masses
of O(Aqcp) dynamical in a point-like description is inconsistent as the internal structure
leads to higher-order multipole couplings that would give unsuppressed corrections to the
virtual contributions when the internal loop momenta are of order Aqcp, as is the case
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in [31]. Fortunately, the virtual corrections are not needed to obtain the dependence of
the ultrasoft radiation factors (6.11) on the resolution energy AFE, as was also recognized
in [31], and hence the virtual correction there may be regarded as a contribution to the
unspecified non-radiative amplitude in that framework.

7 Estimates for m K observables

Having set up the factorization, we present numerical estimates of the QED effects. At this
stage, we neither attempt an error analysis nor perform an analysis of all B — M7 M decays
but rather restrict ourselves to a first quantitative understanding of the QED effects for
various B — mK decay observables that are often employed as diagnostics of New Physics.
We distinguish three types of effects arising at different scales:

e Electroweak scale to mp: QED corrections to the Wilson coefficients

e mp to ue.: QED corrections to the hard-scattering kernels, form factors and decay

constants
e below Aqcp: ultrasoft QED effects

The ultrasoft corrections only contribute at the level of the decay rate and will be discussed
in more detail below. The QED corrections arising between the electroweak scale and .
can be interpreted as corrections to the colour-allowed tree-amplitude «;(M;Ms) and the
colour-suppressed tree-amplitude ag(M;Ms), with an important caveat. In QCD, these
amplitudes were introduced to factor out the hard-scattering kernels from the product of
the universal form factors and decay constants defined by [15]

GFr
AM1M2 = ZﬁmZBFOBMl (0>fM2 ) (7'1)

where FOB M1 and fur, are the standard QCD form factor and decay constant, respectively.
Including QED effects requires the QCDxQED generalized form of Ay, as,, which now
depends on the charges Qar, and Qp,:

G
A(M M) = iTSmQB}'BQMl (0)Zs, - (7.2)

In QED, both factors, A(M;M>) and o 2(M1Ms), depend on the charges Qpr, and Qar,
and their separation is no longer compelling. Nevertheless, to stay as close as possible to
the familiar notation, we can factor out the universal Ay, as,, and write

.A(Mle)Ozi(MlMg) = AM1M2 <O[?CD(M1M2) + 5017;(M1M2)) R (73)

which puts all QED modifications into da; (M1 Ms). The O(aem) QED correction de; is
then a combination of different effects:

oy (My My) = 6a)VC (M1 M) + 5o (M) My) 4 602V (M My) + da) P (M My) . (7.4)
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The four terms stem from QED corrections to the Wilson coefficients (WC), hard and
hard-collinear scattering kernels (K), and form factors and decay constants of the vertex
(F,V) and spectator (F,sp) terms, respectively. The latter two also contain the QED
corrections to the LCDAs. When estimating the QED corrections numerically below, we
restrict ourselves to O(aem) only. Since spectator scattering first occurs at O(aem, @s),
5P is O(aemas) and will thus be dropped. We also neglect the vertex correction 6oV,
since the QED effects on the form factors and decay constants are not (yet) known. For
charged M, decays, the situation is a bit more involved. Recall that in that case, we

FBMi with the semi-leptonic amplitude according to (4.19), which introduces the

replace
semi-leptonic Wilson coefficient Cy and the leptonic factor Z;, which contribute to §aVC
and daf+V, respectively. Since we neglect the latter, we must also set Z, = 1. However,
since we do include the QED effects in the Wilson coeflicients, we have to account for Cy

in decays to charged My mesons.

7.1 Electroweak corrections to the Wilson coefficients

To obtain the QED correction to the Wilson coefficients, we follow [32] (see also [33]), where
QCD logarithms are summed but QED logarithms are not. Including the summation
of QED logarithms would be technically more challenging while their effect is small. A
consequence of not summing the QED logarithms is that we obtain an expansion in g
and kK = qem/as. The expansion in k instead of aey itself arises from the fact that all
powers of ¢s = a,L, where L is a large logarithm, are summed. Explicitly, this entails that
all logarithmically enhanced QED terms cemL = csem/as get replaced by f(cs)em/as,
where f(cs) is found by solving the renormalization-group equation (RGE) [32]. Therefore,
k is the natural expansion parameter.

Since we are interested in the leading QED corrections, we only consider corrections
of O(k, ko). We note however that also the O(ka?) terms are available [32]. The QED
correction to the Wilson coefficients C7 and Cy are obtained at NLL, that is, by including
the aem corrections to the Cj(uo), the O(k, kas) corrections to the anomalous dimension,
and the three- and four-loop pure QCD contributions to the running of as and aepn. The
RGE is then solved perturbatively in terms of

B5™ cvem (0) as (o)
A= ———7—, w =265 , 7.5
P 5 e
where 5 = % and Bg™ = % at ny = 5. The Wilson coefficients can then be written as
Ci(v) = CPP(v) +6Ci(v), (7.6)

where the dC; contain the aen, corrections. The pure QCD NNLL Wilson coefficients and
the coupling constants a,, and e, for which we use the MS scheme and initial conditions
at mz, are listed in table 1. The couplings for ny = 5 at v = 4.8 GeV are also specified
there. We find

Qem (V)

0Ch(v) = =1.66— = = ~1.00 - 1073, (7.7)
6Cy(v) = 5.680‘621(” =342-1073 . (7.8)
T
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We can now compute the QED effect on the tree amplitude coefficients from the Wilson
coeflicients, which gives

Qe (V)

det'C (M1 My) = 5C5 = 5.68 — 342107, (7.9)

5aWC (M M) = S6¢y + Loc, = 1.16%n )

=0.695-1073 . 7.10
9 3 A7 ( )

There is still one subtle point. For charged Ms, the replacement of the form factor by
the semi-leptonic amplitude introduces the Wilson coefficient Cg). Its one-loop fixed-order
expression is [28]

Gem(V) ) Mz _ 4 7gQen(V)
7 v ’ 7

§Cqy(v) = =7.09-1073. (7.11)

As we will show, for B — mK decays, the charged My decays only have contributions from
«q. Therefore, in fact, we must use

60O (M My) = 6Cy — 6Cy CY® = —3.88-1072, (7.12)

where for consistency we neglect O(sem) terms and use C§°(v) = 1.03. Interestingly, the
normalization to the semi-leptonic amplitude changes the sign of 5a¥vc, but its magnitude
remains similar.

7.2 QED contributions from the hard-scattering kernels

The QED contribution to the colour-allowed and colour-suppressed coefficients aq, as are

sak(ai¢) = 22 5 QPG [0 my) + B, 000 (T13)
j=1,2

The convolution of the LCDA of My with the hard-scattering kernel T;Q2 is defined by
! I
$i0) = [ duTlg, () ban(u) (7.14)
For ¢, we use the standard Gegenbauer expansion, recalling that we neglect all QED

corrections to non-perturbative objects such as the LCDA and approximate them by their
QCD values. For neutral Ms, keeping only the first two Gegenbauer coefficients, we find

2 11 21
7D (MY) = - [—6L,, — 18 — 3ir + <2 - 3i7r) a2 — %agﬂ (7.15)
and 7 (M9) = Cr#4Y (MY). While for charged Mo, we find
5 2L, 97 22ir w2
7/(1) M= _{_L_V__ _
2 (M) 3 3 18 9 9
1133 ir\ g (3 184 2m) M ]
—(zr+ =+ 2 — 2L+ ==+ 20 ade 1
(2 72 3)‘“ 505 s )% ) (7.16)
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and 7/1(1)(M2_ ) = 0. We note that we reduced the QED correction by introducing the
semi-leptonic amplitude, which cancelled some of the double logarithms present in the
hard-scattering kernels H, ny(u) in (3.33). As discussed previously, the v dependence from
L, gets cancelled by the Wilson coefficients (including Cy)), while the p dependence cancels
against the QED scale dependence of %y, ®ys,/Z. However, as we do not take QED
corrections to this quantity into account in our numerical estimates, the p dependence
from 7/2(1)(M2) remains. For the spectator-scattering terms, we obtain

uv

H3™ (M1 Ms) = 4W2%pQu rSp(gjwl) /01 du dv P (W)Pr (v) (u)dar, (v)

47F2QspQursp<M1) My M-
_ 2 S aMigh, (7.17)

/[:7j
where a’* is the jth Gegenbauer moment for the meson M; (with aém =1in QCD) and

J
B,

rep (M) = .
P( 1) mB)\BFoBMl(O)

(7.18)

The other charge combinations are related to H5™ (M1 Mz), similar to the relations between

I ;
the T, g,) I (5-6), by
C
H{™™ (M1 M3) =0, Hy'g(M1Ms) = CpH3g (M1 M) = FFHG,IE(MlMg). (7.19)
c

We note that the Wilson coefficients are evaluated at the scale v, while V/i(l)(Mg)
depends on both scales v and p. As we sum QCD, but not QED logarithms, the question
arises what scale should be taken for ey and for the QCD parameters (i.e. the Gegenbauer
coefficients of the light mesons and Ag). In principle, several choices could be justified. In
the following analysis, we take i = 1 GeV at the collinear scale. To obtain aem (= 1 GeV),
we use the one-loop RG evolution, include the quark flavour thresholds at 4.8 GeV (ny =
4),1.2GeV (ny = 3), and the decoupling of the 7 lepton at p, = 1.78 GeV. Values are given
in table 1.

7.2.1 Penguin-dominated B — wK decays
The B — wK decay amplitudes are given by [15]

Ap- o = Arg ],

V2Ap- _pox- = Ak [Opuc + 4] + Agn {5pu0‘2 + 5P03a§,EW] )
Apo_ypt - = Axk [Opucn +a4]

V2Agz0_, 00 = Ank [—68) + Afcx [5,)“@2 + 5pcza§,Ew} :

where the «; carry the argument (M;Ms). Here, &4 and af gy are QCD (electroweak)
penguin coefficients as defined in [15]. In addition, each term is multiplied with the CKM
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Coupling constants and masses [GeV]

Cem(mz) = 1/127.96 as(my) = 0.118 mp = 5.297 my = 91.19

Decay constants [MeV] and form factors

fr=130 fx=160 fp=190 FP™=025 FPK=0.34

CKM parameters and R, g
[Au/Acl = |Vus Vs Ve V| = 0.0206 R.x = frFPX ) fx FP™ = 1.11

Wilson coefficients and coupling constants at v = 4.8 GeV

CRP = _0.26 Cc2°P = 1.01 e = 1/132.24 as = 0.216

Parameters of distributions amplitudes at u = 1 GeV

af =0.138 af =0.061 af =0.124 Ap = 250 MeV

Coupling constants and &3 at pp = 1GeV
Qem = 1/134.05 a§ = —0.104 — 0.015¢

Table 1. Inputs for the estimate of the QED effects. The Gegenbauer coefficients are taken
from [34] and evolved to 1 GeV with LL accuracy. The pure QCD Wilson coefficients are evaluted
at the NNLL order.

factor Vp,Vy; and summed over p = u,c. Due to the unique association of the right and
wrong insertion with the charge factors and a2, we find

Sa(ntK™) = %Z‘( )CQCD [V/Q(K*)JFH;?,IWK*)], (7.20)
5K (10K ™) = ok (nt K~) + “ezi JAK, (7.21)
5ok (K070) = “ezi )(c CRP L 0RO [7/2(770)+H§j3(1207r0)], (7.22)
SaX (K~ 7% = 6ok (K70 + 475 2 AX (7.23)

Since the vertex corrections #; do not depend on the charge of M7, only spectator scattering
contributes to the difference between the two charge configurations of dov 2, defined by

K QCD em (. _07-—\ _ pyem ( _+ f-— TSP( )
AK = cQ°P(y) <H2’7(7r K™) - HS™ (n" K )) =8.03 Jr (7.24)
Af = (CrePP ) + 2P W) (Hs (K~ 7°) — HEB(K'7°)) = 1.59 ”Opéﬁ)) . (7.25)

Finally, the hard-scattering kernel contributions to 604? are

5a{<(7r+K):O‘eZi“) —0.89 — 7.96i — 2.68 TS%( )] (—2.12 — 4.73i) - 1072, (7.26)

S (rOK ") = aezﬁ“) —0.89 — 7.96i + 5.36 ( 4 ] = (2.65 — 4.73) - 1073, (7.27)
K/ 70, 0 Qem (1) [ . -3

o (K0x%) = Z4E2 10,83 4-0.46i — 0. 53 (0.18 +0.27i) - 1073, (7.28)
K/ —_0 Qem (1) : . . -3

ol (K~ n®) = ZHE 10.83 + 0.46i + 1.06 (112 +0.27) - 1073, (7.29)
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The numerical values are at the per mille level. As discussed previously, there is a loga-
rithmic p dependence in da;, which should be cancelled by that of Zr, ®as, /Zs, but is not
in our approximation of neglecting QED effects on the hadronic quantities. Changing the
collinear scale to p = 1.5 GeV, changes the real part of the form-factor term (first number
in the square bracket) by O(1). We will show below, however, that this ambiguity drops
out when considering ratios of branching fractions or direct CP asymmetries.

7.3 Ultrasoft factors

When considering branching ratios also ultrasoft effects should be taken into account. This
is done simply by multiplying the rate with U(M;Ms) defined in (6.11). Here AFE is the
window of the wK invariant mass around mp. For our theory to be valid, we require
AE < Agep. Similar as in the By — ptp™ analysis [12], we adopt AE = 60 MeV, which
defines the signal window. In recent experimental analyses, such a signal window is not
used (only a cut on the invariant mass of 5GeV is employed) and the mass spectrum is
modelled using PHOTOS to account for the photon radiation (see e.g. [35, 36]). In order
to compare theory with experiment, it is beneficial to perform the experimental analysis
within a signal window as above, such that no extrapolations are necessary. Numerically,
the ultrasoft factors are relatively important:

U(rTK™)=0914,

U(r°K™) = UK~ 7°) =0.976,

U(n~K°) =0.954,

U(K°% =1 (7.30)

For decays to charged M, the situation is again more involved due to the replacement of
the generalized form factor by the non-radiative semi-leptonic amplitude, such that

Br(n K)o [ Al g e (n KO UK ), (7.31)
and similar for Br(7/K ). The non-radiative semi-leptonic rate is itself obtained from the

branching ratio
Br(Mi£7) = U(M7) [ A0l (7.32)

non—

where the ultrasoft function differs from U(M;K ™) only due to the mass difference be-
tween ¢~ and K. In the following, we assume that the ultrasoft correction in (7.32) was
applied to the semi-leptonic rate such that Ailél;/[—lrad was determined and employed in the
calculation of the non-radiative non-leptonic amplitude.

7.4 Ratios, isospin sum rule, and CP asymmetries

Adding the three sources of QED effects discussed above, gives sub-percent corrections
to the branching fractions from the hard-scattering kernels and Wilson coefficients, and
potentially larger ultrasoft radiation effects for final states with charged particles. There-
fore, it is more interesting to study ratios of decay rates in which QCD corrections are
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suppressed. To this extent, we first consider
R 2 Br(r°K%) 4+ 2Br(7°K ")
L= Br(r~K9) + Br(ntK~)

— RIP 4 4Ry, . (7.33)

The QCD part is given by

R%CD =1+ |rgw|> — cosy Re (rerfow) + -+

where rgyw (r1) are ratios of electroweak penguin coefficients a3 gw (tree coefficient 1) over
the dominant QCD penguin coefficient &5, which are typically O(0.1) [15]. Therefore, R%CD
was expanded in these small ratios, and the dots represent higher-order or negligible terms
in this expansion. We observe that the QCD corrections to unity enter only quadratically
in these small ratios. QED effects, however, enter linearly:

SRy, = cosy Re (dg) + du . (7.34)

The QED correction dg comes from the hard-scattering kernels and the Wilson coeffi-
cients. We already mentioned that only the spectator-scattering contribution depends on
the charge of the M; meson. Therefore, in the ratio Ry, only the difference between the
spectator-scattering terms, denoted by AZK, contributes at leading order. For this reason,
0 is p independent at O(aem) and does not suffer from the uncancelled p dependence
discussed previously. In fact, as the correction to the Wilson coefficients does not depend
on the charge of M either, it also does not contribute at this order, and we find

A§< + AgRﬂ-K _
K)

(—1.89 + 0.27i) O‘ez(“) = (~1.12+0.16i) - 1073,
™

(7.35)
where we used the CKM ratio A, /., form-factor ratio R;x and &5 given in table 1. The

S — Cem (1) ‘Au
E 47 Ae

contribution from the hard-scattering kernels to d Ry, is seen to be at the per mille level,
and gets suppressed by the cosine of the CKM angle . The ultrasoft factors give the O(r?)
correction

1+ U(r°K")
U(r=K%) 4+ U(n+K~—)

in the expansion in small amplitude ratios. Contrary to the kernel correction, the ultrasoft

~1=528% (7.36)

U=

correction depends on AFE, which in turn depends on how the measurement is performed.
Finally, combining both terms and using v = 70°, we find

SRy =5.7%, (7.37)

which is dominated by the ultrasoft effect. This should be compared to the smaller QCD
correction [15] R¥“P —1 = 0.01 + 0.02.

Besides ratios of branching fractions, also CP asymmetries form interesting observables.
Using isospin relations, a sum rule

A(rK) = Acp(r" K + MA@(W—RO) - %ACMK—)
- MACP(WORO) = A(rK)9P 4 SA(7K) (7.38)
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between the CP asymmetries of the different 7K decays was identified that should exhibit
only small deviations from zero [37, 38]. Indeed, the pure QCD part is

A(rK)CP = 2siny [Im (rerfw) + 2Im (roriw)] + - - - (7.39)

where we have again expanded in the small amplitude ratios and the dots represent higher-
order or negligible terms. The phase of af gy approximately equals that of aj, such
that the first term is suppressed. Therefore, the QCD contribution is dominated by the
interference between the colour-suppressed tree amplitude r¢ and the electroweak penguin
contribution rgw, resulting in A(7K)QP = (0.5 +1.1)% [9]. The QED correction enters
linearly and can be expressed in terms of the ultrasoft contribution §Ay and the same g
from (7.35), but this time only the imaginary part enters:

IA(mK) = —2sinyIm (0g) + 0Ay . (7.40)

As the AX are real (we only consider tree-level spectator scattering at O(cem)), the imagi-
nary part of & drives this contribution, which turns out to be negligible. There is no O(r?)
ultrasoft contribution to the sum rule, since at this order all CP asymmetries vanish. The
first non-vanishing term in the expansion in small amplitude ratios is

: U(r~K°
dAy =2siny | Im (rp — r7) + Im (TP>U((7TTF+K_))
OK—) 1
FIm(rp 4o —rp) LB A rO) ] ag0 (1)

U(rntK~) U(ntK~)

where we used rg = 0.06 — 0.016¢, rp = 0.018 4+ 0.0038; and rp = 0.18 — 0.030¢ defined
as in [15]. This factor is sensitive to the imaginary parts of QCD parameters, which are
difficult to determine with high precision, hence dAy may suffer from a relatively large
uncertainty. The combined QED effect is

SA(TK) = —0.42% (7.42)

which is similar in size to the QCD correction, so that the isospin CP asymmetry sum rule
is not only robust against QCD contributions, but also free from sizeable QED contami-
nations. To conclude this discussion, we also give the QED corrections to the individual
CP asymmetries. In first order in the small amplitude ratios, the QED effect is a linear
shift d Acp of the QCD-only result. The ultrasoft factors always cancel in individual CP
asymmetries as they are the same for the decay rate and its CP conjugate. We then find

_ . A dap(nTK™)
+ — 4] hat A\l

0Acp(nTK ™) = 2sinvy N Im 3% (7 K) 0.14%,
§Acp(n~ K% =0, (7.43)

— A San(KO70)
0Acp(m K") = QSIH’Y‘)\C R,k Im a5 (K 0.01%,

- 0.0
S Acp(rOK ) = 2sin~ [ | 2] 1 | 20T BT + ReicdaolKTm) |y 5 ) 0.16%,
Ac a5 (mK)
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where dav1 2 now contain both 5aX and 5aWVC. Finally, we can consider the difference
§(rK) = Acp(n°K ™) — Agp(n K ™) (7.44)

between the two CP asymmetries with a charged final-state kaon, which receives the tiny
QED correction

2sinvy ( %

All of these QED corrections are much smaller than the QCD uncertainties.

) 5E> = 0.02%. (7.45)

C

8 Conclusion

The question whether QCD factorization of non-leptonic charmless two-body decays can be
extended to include QED effects has been investigated here for the first time. Any attempt
to include QED effects mandates the precise definition of an observable that includes soft
photon radiation, since in general the final-state mesons can be electrically charged. We
considered the soft-inclusive decay rates F[B — MiMs + XSH Ex.<AE’ where the final
state X consists of photons and possibly also electron-positron pairs with total energy less
than AE < Aqcep in the B-meson rest frame. Factorization then refers to purely virtual
electromagnetic effects on scales from mp to a few times Aqcp. Electromagnetic effects
above mp can be conceptually trivially included in the Wilson coefficients of the effective
weak interactions, those below a few times Aqcp in hadronic matrix elements, suitably
generalized for QED effects.

Our first main result consists in the statement that the non-leptonic two-body decay
amplitudes can indeed be factorized in a way such that the QCD factorization formula (1.1)
retains its original form, but the hard and hard-collinear scattering kernels now receive
QCD and QED corrections, which can be computed in perturbation theory. Despite this
similarity in form, the physics contained in the short-distance kernels is nevertheless more
involved than in QCD alone, since the second meson Ms does not decouple completely from
the B — M transition. When M5 is electrically charged, soft virtual photon exchange
leads to a dependence of the generalized hadronic matrix elements on light-like Wilson lines
that “remember” the directions of flight and charges of the particles. To our knowledge, we
provide the first definition of light-meson LCDAs including QED effects. The interpretation
of these is subtle. The generalized B-meson LCDA in turn should rather be considered
as the soft function for the process, which by its definition contains the soft rescattering
physics of the process. Calculating these hadronic matrix elements with non-perturbative
methods appears challenging for the time being, but at least the precise definitions of the
required matrix elements can now be given.

Second, we computed the QED short-distance coefficients at leading order in the elec-
tromagnetic coupling. Their IR finiteness checks the validity of the factorization formula
at this order. We then provided first quantitative estimates of QED corrections to the 7K
final states, for which QCD-insensitive ratios of branching fractions and CP asymmetry
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sum rules are prime targets for precision measurements in high-luminosity B physics ex-
periments. In these estimates we include on top of the QED corrections from the kernels,
which were the focus of this work, the effect from the Wilson coefficients and ultrasoft ra-
diation. The latter depend on the experimental set-up and might reach a few percent, but
the former two were found to be at the sub-percent to per mille level. To a certain extent
this is fortunate, since, as noted above, a consistent treatment of all QED effects should
also include the presently unknown effects in the generalized hadronic matrix elements.

We point out that there remains a gap in our understanding of QED effects at the
hadronic scale, which is related to the interpretation of the QED-generalized decay con-
stants, form factors and LCDAs, which are all “non-radiative” objects. As defined here
they are technically IR divergent — their IR divergences cancel with the IR divergences in
ultrasoft real emission, which can be computed in a theory of point-like hadrons. A proper
interpretation of the QED-generalized decay constants, form factors and LCDAs can be
given as matching coefficients to the ultrasoft theory, where fluctuations at the Aqcp scale
have been integrated out. However, this matching will have to be defined and computed
non-perturbatively. Similar problems are presently addressed in lattice QCD/QED for
electromagnetic corrections to leptonic and semi-leptonic decays of light mesons [39-42].
Nevertheless, the present problem appears to be a formidable challenge for lattice calcula-
tions, as the operators to be computed involve light-like Wilson lines.
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A Photon polarization and Bfl) — M M, spectator scattering

In section 3.4 we stated that the tree-level scattering kernels HiI,Ij are fully determined by
the first three diagrams in figure 3 with a transversely polarized external photon. Here we
provide more details on this important fact, as it guarantees that the spectator-scattering
term in the factorization formula is free from endpoint divergences even when the meson
My is electrically charged. In particular, we show that the spectator scattering through
longitudinally polarized photons as well as the full contribution from the last diagram
in figure 3, which would both be endpoint divergent, are exactly recovered by certain
time-ordered products of the operator OL. Hence both are correctly included in the non-
perturbative QED-generalized form factors.

For this purpose, it is instructive to compute the spectator-scattering diagrams (a)-
(d) shown in figure 6 in the full theory, as well as the SCETy diagrams (i)—(iii), with the
LCDA projector method as in the original QCD factorization works [1, 2]. In this method,
we relate the partonic amplitudes to hadronic matrix elements defining the heavy- and
light-meson LCDAs by replacing the on-shell spinors with certain projectors. For the case
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Figure 6. Tree-level spectator-scattering in the full theory and in SCET].

of spectator scattering, this amounts to integrating out hard and hard-collinear modes
simultaneously, matching directly to SCETy;. Including QCD contributions up to twist-3,
but applying the so-called Wandzura-Wilczek approximation, which neglects three-particle
LCDAs at twist-3, the projector for the B-meson operating on a partonic amplitude with
spinors stripped off and spinor (colour) indices Sa (ba) is given by [26]

nfy = —Heme o L 6By, + 02w 6.

4 N
- /Ow dn (62(n) — 62 (n)) W‘%}%Lﬁ' (A1)

Following the notation of [15], we have for light pseudoscalar mesons

ME = ZfP

=7 : P
p Y5 dp () — pnr s ((bp(x)—iawig ‘%6(95)4_2-%”1)#(15 6(96) akw)

o
(A.2)
where p is the momentum of the meson, p is a light-like vector, whose three-components
point in the opposite direction of p, and the transverse derivatives act on the quark mo-
menta in the partonic amplitude. For the present purposes it is sufficient to identify the
LCDAs with those in QCD alone, but the projector method would also work for the QED-
generalized LCDAs. Although we work to leading power, it is instructive to keep the twist-3
two-particle LCDAs for the following reason. The subleading twist-3 LCDAs ¢Z, ¢, and
oo enter the heavy-to-light form factors at leading power [26] with endpoint-divergent con-
volutions, which is the reason why the matrix element of the SCET| operator O! is not
matched to SCETy;. It is therefore important to understand the twist-3 terms as well for
the QED spectator-scattering effects in the non-leptonic factorization formula.
To disentangle the polarization components of the internal photon line in figure 6, we
decompose the metric tensor into its longitudinal and transverse parts, g"” = (nin’i +
nn%)/2 + ¢"¥. The leading-power full-theory results for the individual diagrams (a)—(d)
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and polarization state in Feynman gauge are
(Qa)) = ~QuQup (77 >M () @)Y =0,
(@2 = QuQup (972) , (w7) . (@)Y =QuQu (771, (a1),, (w71,
(Qa)}) = QuQp (7 >M1< Do @7 =Que (57, (@71,
Q) = QuQuS™ (v72) (7).
(Q2)Y = Qu@up <1-r Do (07 QOB (v ) (w7 (A.3)

where we set Qg = Q4,Qq, = Qu for Bg — M{* My decays, and Qsp is the charge of the
spectator quark ¢s. We factored out the overall normalization N' = ira far, far, femp/Ne,
and defined

1 00
(V") x = /0 dvoox(v), (Wi = /0 dw WP (W) . (A.4)

The sum of all terms constitutes the matrix element of the left-hand side of the matching
relation (3.1).

The endpoint behaviour of the various LCDAs implies that (072),,,(v7%),, <w‘2>+,
(w™h)_ are ill-defined (divergent). Hence we observe that diagrams (a) — (c) result in
divergent convolutions but only if the exchanged photon is longitudinally polarized, while
in diagram (d) also the transverse photon polarization leads to ill-defined convolutions.
In the QCD-alone treatment of spectator scattering, the corresponding gluon exchanges
in diagrams (c) and (d) are absorbed into the B — M) transition form factor and never
considered explicitly, whereas the gluon attachments (a), (b) to the emitted meson My sum
up to zero. For photon exchange the situation is different. Diagrams (a) and (b) sum up
to a divergent contribution that is proportional to the total charge of the Ms meson from
which one might conclude that for charged Ms the second term in the factorization theorem
is ill-defined, leading to a breakdown of factorization. Fortunately, as already discussed in
the main text, this is not the case since the longitudinal photon contributions arise from
the hard-collinear Wilson line in the operator O' and are thus also associated with the
“form-factor term”, which is never matched to SCETY;.

To demonstrate this explicitly, we compute the SCET] matrix elements of O' (dia-
grams (i) and (i) in figure 6) and O™ (diagram (iii) in figure 6) on the right-hand side
of the matching relation (3.1), projecting onto the same meson LCDAs as the full-theory
diagrams. We obtain for matrix elements of the momentum-space operators

dt
27r

— NQuQsp 21, () [ (@) (o), 5 () (W),

(OL (w)) e M (0L (1)) (A.5)

)

and
(OW (u, v)) = @die—i(mu_v)g) (O (1, 5)) = NQsp Py (v )¢M2(u) <w_1>+ (A6)

2w 2w v

— 38 —



Comparing to the full-theory result (A.3), and given that H%_(u) =1+ O(as, Qem) has
already been determined from the matching of the O operator in four-quark matrix el-
ements, we indeed find that all endpoint-divergent moments are contained in the matrix
element of O! | i.e. in the generalized soft form factor C52Ml. Further, we can read off the

matching coefficient

2Qu

U

Hy Y (u,0) = =2+ 2Qq., (A7)

in agreement with (3.42) from the direct matching of the operator with a transverse photon
field only. For completeness, we give the relations between the full-theory diagrams and
individual SCET diagrams:

Q)™ = /0 du H} _(u)(OL (u))",
1 ~ .
(@) +(@2)? = [ du 1 (@)(O- ()",
<Q2>j_)+b)+c) = /01 dvdu H;IZ (u,v)(@gv(u,v»m) ) (A.8)

These results show once more that only transverse photons from the first three QED
diagrams contribute to H;Iz (u,v).

Open Access. This article is distributed under the terms of the Creative Commons
Attribution License (CC-BY 4.0), which permits any use, distribution and reproduction in
any medium, provided the original author(s) and source are credited.
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