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Enhanced Electroweak Penguin Amplitude in B — VV Decays
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We discuss a novel electromagnetic penguin contribution to the transverse helicity amplitudes in B
decays to two vector mesons, which is enhanced by two powers of my/A relative to the standard penguin
amplitudes. This leads to unique polarization signatures in penguin-dominated decay modes such as B —
pK* similar to polarization effects in the radiative decay B — K*7 and offers new opportunities to probe
the magnitude and chirality of flavor-changing neutral current couplings to photons.
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Introduction.—Decays of B mesons into two charmless
mesons provide an abundant source of information on
flavor- and CP-violating phenomena in the weak interac-
tions of quarks. In particular, decays to two vector mesons
(B — VV) can shed light on the helicity structure of these
interactions through polarization studies. While predicted
to be fundamentally V — A in the standard model (SM), a
deviation from this expectation cannot currently be ex-
cluded. The first observations of B — VV decays show
no anomalies in the helicity structure but point to a reduced
amount of longitudinal polarization in penguin-dominated
decays [1]. This has led to theoretical studies that recon-
sider strong interactions effects in B — VV decays [2—4]
or invoke new fundamental interactions [5].

Any particular B — V'V decay is characterized by the
three helicity amplitudes A, (longitudinal), A_,and A;. A
quark model or naive factorization analysis [6] leads to the
expectation that, for B, ie., b-quark, decay, the helicity
amplitudes are in proportions

AgA_A, = I:A:<A>2, (D)

my, \my

with A = 0.5 GeV the strong-interaction scale and m, =
5 GeV the bottom quark mass. This expectation has been
parametrically (not necessarily numerically) confirmed [2]
in the framework of QCD factorization, which provides a
theoretical basis for the heavy-quark expansion of B de-
cays to charmless mesons [7]. The hierarchy (1) of helicity
amplitudes follows from the V — A structure of the stan-
dard weak interactions.

In this Letter, we point out and discuss an effect which
has been neglected in all previous studies of B — V'V but
which substantially alters the prediction for polarization
observables. The effect is connected with electromagnetic
penguin transitions and appears only for neutral vector
mesons. It leads to the unique feature that the transverse
electroweak penguin amplitude is dominated by the elec-
tromagnetic dipole operator providing a signature similar
to polarization in radiative decays B — K"y [8], but which
is easier to access experimentally.

0031-9007/06/96(14)/141801(4)$23.00

141801-1

PACS numbers: 12.60.—i, 13.20.He

The effect in question is related to the two diagrams
shown in Fig. 1. When the vector meson V, is transversely
polarized, there exists a large contribution to the decay
amplitude due to the small virtuality m%,z of the intermedi-
ate photon propagator. This is in contrast to the case of
longitudinal polarization, where the photon propagator is
canceled, and the amplitude is local on the scale m,, [9].
The large transverse amplitude is best described by a short-
distance transition b — Dy (D = d, s), followed by the
transition of the low-virtuality photon (¢> < m3) to the
neutral vector meson. We shall perform a factorization
analysis of the amplitude below.

The calculation of the diagrams in Fig. 1 is straightfor-
ward. The weak interactions are given in terms of the
standard effective Hamiltonian [10]. We use the conven-
tions of Ref. [11] but generalize the electromagnetic dipole
operators to include both chiralities

G
Hy ZTF S S o+, @
2p:u,c a=—,+
_ enmy -
07, = —8—77’2’1)0#”(1 + y5)FA7D, 3)

where /\E,D ) = V,,,,V; p- The ellipses denote other operators
(see [11]). In the SM, C7+y is suppressed by a factor
mp/my; hence, Q7+y is usually neglected. The remaining
term is then simply denoted by C;,Q;,. However, in
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FIG. 1. Leading contributions to Aa¥ iw(V1V,) defined in the
text.
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generic extensions of the SM, there is no reason to expect a
suppression of additional contributions to C;ry relative to
C7,. The coupling of the photon to the quark electric
charge in V, implies that the diagrams in Fig. 1 contribute
to the electroweak penguin amplitude in the general flavor
decomposition of hadronic two-body decay amplitudes.
Adopting the «; notation of Ref. [9] extended to allow
for the three helicity amplitudes of B — VV, the new
contribution to the transverse electroweak penguin ampli-
tudes is

T 2a — Mgy,

Aab Lo (VV,) = F—"C: R —"

3EW\V1V2 TyefftF 5
37 my,

“

with C;_'%eff taking into account the effect of quark loop

diagrams (see Fig. 1). R; is a ratio of tensor to (axial)
vector B — V; form factors such that R_ equals 1 in the
heavy-quark limit [12], while R, is of order m,/A. We
note the large enhancement factor myrmy,/m3, ~ (my,/A)?,
which implies that the first hierarchy in (1) is inverted,
rendering the negative-helicity amplitude A_ leading over
the longitudinal amplitude A, in the heavy-quark limit. Of
course, for real values of m,/my,, this enhancement is
compensated by the small electromagnetic coupling
Qe = €2/(4). For instance, for neutral p mesons, we
obtain Ay, (K*p) = 0.02. This should be compared to
the uncorrected negative-helicity electroweak penguin am-
plitude

_ , Cyg+C
apw(K*p) = Cr + Co + 24 . =~ —0.01 (5
and the leading QCD penguin amplitude
P &
ajg (pK)=C4+ﬁ+...z—O.055. (6)

c

The C; are Wilson coefficients for the various penguin
operators in the effective Hamiltonian [10], and the ellipses
denote the 1-loop corrections in QCD factorization [4],
which we have taken into account in the numerical esti-
mates. In the SM, the corresponding positive-helicity am-
plitudes are suppressed by about an order of magnitude
relative to the negative-helicity ones as explained above.
There are strong-interaction corrections to the leading-
order expression (4) from gluon exchange between the
quark lines in the second diagram in Fig. 1 and also
through hard interactions with the spectator quark (not
shown in the figure) in the B meson. Because of factoriza-
tion as discussed below, these corrections modify only the
effective b — Dy transition at leading order in the expan-
sion in A/m,. They have been computed in next-to-leading
order in the context of factorization of exclusive radiative
B decays [13] and can be incorporated by substituting
C;, — C/ [first paper of Ref. [13], Eq. (62)]. Turning this
argument around, the absolute value of Aa§ gy (K*V,) can
be obtained from the branching fraction of B — K™y via

. 1/2
y I'(B—K"y) o
GViVul a8 7K ()2

87 4

with 7K' (0) = 0.28 a tensor form factor. This results in
IAag’_EW(K*p)I = 0.023, close to the leading-order esti-
mate from (4).

We therefore conclude that the new radiative contribu-
tion to the negative-helicity electroweak penguin ampli-
tude is at least twice as large (and opposite in sign) as was
previously assumed. For penguin-dominated b — s transi-
tions, it is almost half the size of the leading QCD penguin
amplitude and should, therefore, have visible impact on
polarization measurements. In the case of new interactions
generating C;’y, the corresponding contribution to the
positive-helicity amplitude (4) should be observed against
a very small standard model background.

Factorization analysis.—Since the existence of an am-
plitude violating the power counting (1) may appear sur-
prising, we sketch how this amplitude emerges and
factorizes in soft-collinear effective theory (SCET) [14].
The notation and method of the following discussion is
similar to the one in Ref. [15]. After integrating out the
scale m;, SCET formalizes the interaction of the static
b-quark field &, with collinear fields for the lightlike
direction n_, in which meson V; moves, and collinear
fields for the lightlike direction n; of meson V,. Let y
denote the collinear quark field corresponding to V,, and
let V, be the meson that does not pick up the spectator
quark from the B meson. The leading quark bilinears that
have nonvanishing overlap with (V,| are

Xh-(1 5% vs)x, XA-y (1= ys)x. (®)

The subscript L denotes projection of a Lorentz vector on
the plane transverse to the two light-cone vectors n+. Both
operators scale as A* according to the SCET scaling rules;
the first overlaps only with the longitudinal polarization
state of V,, the second only with a transverse vector meson.
However, the second operator is not generated by the
V — A interactions of the SM (at least at the tree and
1-loop level). This implies the power suppression of A
relative to Ay in (1), since the leading contribution to
transverse polarization now involves an operator with an
additional derivative D | ~ A2 ~ A/my,,.

This reasoning ignores electromagnetic effects. Includ-
ing QED in SCET, there is a collinear photon field with
unsuppressed interactions with collinear quarks (of the
same direction). Only the transverse photon field is truly
a degree of freedom of the theory, since the other two
components are either gauge artifacts or can be eliminated
by the field equations. Hence, there is an additional opera-
tor eAl, = W) iD},| W, (where W, is an electromagnetic
Wilson line formally required to make the operator gauge-
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invariant), which overlaps only with a transversely polar-
ized vector meson. To first order in the electromagnetic
coupling, the matrix element can be computed exactly,
yielding
. 2i er V, *
(Wlwiiph, w,1(0)10) = ~Jan et o)

Va

with €| a transverse polarization vector, f v, the decay
constant, and ay, a constant that depends on the quark-
flavor composition of V,, a, = 3/2, a, =1/2, a, =
—1/2. [The convention for the covariant derivative corre-
sponding to (3) is iDy = io* + e A}, with e, the quark
electric charge.] The crucial point is that the operator
W; in; N Wy scales with AZ; hence, this contribution to
A~ is a factor m,/A larger than even the longitudinal
amplitude A,. Thus, we find the tree-level matching equa-
tion (see also [16])

0F, — — "I [EWy 1, (1 % v, JOLW DY, W, J0),
(10)

valid as an equation for the (V,V,|...|B) matrix element.
In SCET, only soft fields can couple to the two brackets
representing collinear field products in the two different
directions. But since the photon operator in the second
bracket is a color singlet, the soft fields decouple, and the
matrix element of the right-hand side of (10) falls apart into
(9) and (V| |EWy! (1 ¥ y5)h,|B), which is proportional to
the SCET form factor &, [12] at maximal recoil.
Equation (10) has to be amended by radiative corrections
as well as a second operator structure with an additional
transverse derivative in the first bracket. This is very simi-
lar to heavy-to-light form factors [15]; in fact, these cor-
rections simply restore the QCD tensor form factor.
Combining (9) and (10), we therefore find

(ViVa|CF,07,1B) = imy,mp2T)" (0)fy,av,

—2a/em < mpmy
X —|C-. , (11
<+ 377) Ty my, (i

which on accounting for the normalization of ag’]f:‘w [4,9]
reproduces (4). The previous equation should be under-
stood such that the matrix element of Q7 (Q;’y) takes the
value given only when both V; and V, have negative
(positive) helicity but is zero otherwise. In general, the
four-quark operators from the effective weak Hamiltonian
also contribute to the matching coefficient of the SCET
operator on the right-hand side of (10), and including
further spectator-scattering effects replaces C7,, by C, as
discussed above.

The B — pK™ system.—We now focus on the eight B —
pK* decay modes, where the electroweak penguin ampli-
tude is largest relative to the leading QCD penguin ampli-
tude (a, = 3/2). Assuming isospin symmetry, the pK*
system is described by six complex strong-interaction pa-

rameters for each helicity & = 0, —, +. Neglecting the
color-suppressed electroweak penguin amplitude and the
doubly Cabibbo-Kobayashi-Maskawa (CKM) suppressed
QCD penguin amplitude is a good approximation for elu-
cidating the effect of the new (color-allowed) electroweak
penguin contribution; hence, we write

Ay(p~K) =Py,
V2A,(p°K*7) = [Py + PV + e [T}, + C,]
A(pTK*) =P, + e "T), (12)
—V24,(p°K*) = [P, — PIV] + e7[-C,]

and define x, = X,/P;,, where P, is the QCD pen-
guin amplitude. The tree amplitudes 7;,, C;, are suppressed
by the CKM factor exy = |V Vi l/IV., Vi ~ 0.025.
Assuming y = 70° is known, one can obtain P;, from an
angular analysis of the p~ K*° final state, #, from p* K**,
and pEV and c¢;, from the remaining four decay modes. In
principle, this allows for a determination of PEW, which
can be compared to the theoretical result. In practice, a
complete amplitude analysis will be experimentally
difficult.

The sensitivity to the electroweak penguin amplitude is
made apparent in CP-averaged helicity-decay rate ratios
such as

— 2fh(POIZ*O) _

= =, =—in 1_ EW2+A 5 13

where A, depends on ¢, (and mildly on pF¥) and vanishes
for ¢;, — 0. To estimate S_, we assume that the positive-
helicity amplitudes are negligible as predicted in the SM
and use the observed p~ K** branching fraction and longi-
tudinal polarization fraction f; to determine the magnitude
of Py and P_. We shall also assume that the phase of pEY
is not more than 30° away from 0 or 7. Writing pEW =
[PEY/T,] X t,,, this amounts to the assumption that no
large CP asymmetries will be found in B — p*K**. For
all other quantities, we perform a calculation in the QCD
factorization framework. In this procedure, there is a con-
siderable uncertainty in P_ due to the discrepant experi-
mental results on f; (p* K*°) [1], which may result in an
overestimate of P_ and, hence, an underestimate of pliw. It
is therefore not excluded that the electromagnetic penguin
effect is more pronounced than in the following theoretical
estimates. Keeping this in mind, we find Re(pEW)=
—0.23 £0.08[+0.14703¢] and A_ = —0.0*0.2, yielding

S_=15*02[0.7 = 0.1]. (14)

Here (and below) the numbers in brackets refer to the
calculation without the new electromagnetic penguin con-
tribution. Despite the current large theoretical uncertain-
ties, which could be removed with more experimental data,
Eq. (14) clearly shows the impact of this contribution on
polarization observables. The effect is even more signifi-
cant for the ratio of the two final states with neutral p
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mesons, as S_/S" [(15) below] changes by a factor of
about 4 whether or not the electromagnetic penguin con-
tribution is included, but for this ratio the tree contamina-
tion is also larger. Data are not currently available to test
(14), but we may instead consider

204 (p°K*™)

sy ==1P 2
" TypKY)

=1+ pEVP+ AL (15

Following the same strategy as above, we obtain A" =
—0.1 =00, and S~ =0.5*£0.1[1.2 £0.1]. In the ab-
sence of direct CP asymmetries, S}, is directly related to
the corresponding ratio of polarization fractions f) =
Fr(P°K*7)/ fu(p~ K*0). Including a theoretical estimate
of the CP asymmetries, we obtain

fi=13%01[11%0.1] (16)
1= fu(p’K")
f=——=" -=04*01[08=*0.1] 17

This can be compared to the experimental values
Folexp = 1457088, 1 |ep = 0.127041 [11.

The electromagnetic penguin contribution also applies
to the B — ¢K* modes, though the effect is smaller by
ay/a,(m,/my)* = 0.19. This helps to understand the
small observed f; (¢ K*) = 0.5 by lowering the theoretical
result by about 0.05 but cannot account for the difference in
£ between the ¢K* and p~ K** final states, which there-
fore must be due to different transverse QCD penguin
amplitudes.

Finally, we comment on the possibility of detecting the
presence of new flavor-changing neutral currents in the
form of an electromagnetic penguin operator with opposite
chirality Q;’y. For this analysis, one must isolate experi-
mentally the positive-helicity amplitudes. Theoretically, all
positive-helicity amplitudes are suppressed, except for the
electromagnetic penguin contribution APEY to the elec-
troweak penguin amplitude. In the naive factorization ap-
proximation X, = rX_, where r is a A/my-suppressed
form factor ratio, while APYY ~ C7,/C7, APEY is sup-
pressed only by the ratio of Wilson coefficients [see (11)].
A conservative analysis of the b — s7y branching fraction
constrains C7,/Cy, <0.5; hence, it is possible that the
suppression is weak. This would lead to PEV > P, in
which case the positive-helicity-decay rates of the p®K*
final states are much larger than the p~K* ones. A com-
plete angular analysis of the pK™ system should allow a
determination of p&Y even when it is not dominant, pos-
sibly allowing a limit on C7, / (3, of order r = 0.1.

In conclusion, we discussed an electromagnetic penguin
contribution to nonleptonic B decays that has previously
been overlooked. It is the largest contribution to the
negative-helicity electroweak penguin amplitude and sub-
stantially modifies the theoretical expectations for polar-
ization observables in b — s penguin-dominated decays,

in particular, to the p°K* final states. These observables
may therefore be of considerable interest to the search for
electromagnetic flavor-changing neutral currents with chi-
rality equal or opposite to the SM.
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