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Radiative and electroweak penguin decays of B mesons are flavor-changing-neutral-current processes that pro-
vide powerful ways to test the Standard Model at the one-loop level, to search for the effects of new physics,
and to extract Standard Model parameters such as CKM matrix elements and quark masses. The large data
samples obtained by the B-factory experiments BaBar and Belle, together with an intensive theoretical effort,
have led to significant progress towards understanding these rare decays. Recent experimental results include the
measurements of the b — dvy decays B — p(w)~, the observation of B — Kt e~ decays (together with studies
of the associated kinematic distributions), and improved measurements of the inclusive B — X, rate and photon

energy spectrum.

1. INTRODUCTION

Radiative and electroweak penguin decays of
B mesons are flavor-changing-neutral current
(FCNC) processes that involve b — s or b — d
transitions. In contrast to the dominant b — ¢
decays (or the rare b — u decays), which occur at
tree level, FNCN processes are described by loop
or box diagrams at leading order in the Standard
Model (SM).

The observation of B — K*v by the CLEO
experiment in 1993 [1] opened up this field
and demonstrated that loop processes are indeed
present at roughly the rate expected in the SM.
The branching fraction B(B — K*y) &~ 4 x 1075,
while small, is large enough that thousands of
such events are now observed in the B-factory
data samples of the BaBar and Belle experi-
ments, which together now contain about 10°
Y(4S) — BB events. Since the discovery of
B — K*~, the study of FCNC B decays has ex-
panded into a broad physics program [2] involving
electromagnetic, electroweak, and hadronic pen-
guin processes; we discuss the first two of these
in this paper.

Figure 1 shows the SM diagrams relevant to the
FCNC B decays to final states with photons or
leptons. For the b — s(d)y decay, there is a sin-
gle diagram, the electromagnetic penguin, while
for b — sfT¢~, there are three contributing am-

plitudes, two penguins and a box diagram. A
key feature of these processes is that there may
be additional, non-SM contributions to the am-
plitude arising from the presence of new particles
in the virtual intermediate state, such as charged
Higgs bosons, charginos, neutralinos, gluinos, and
squarks.

This talk focuses on three areas of investigation
in radiative/electroweak penguin physics:

e Measurement of the rate for Bt — ptvy,
B°® — p%y, and B — w+ and the extraction
of [Via/Vis|,

e Measurement of B — K/{'¢{~ and B —
K*¢*¢~, and the search for new physics us-
ing kinematic distributions,

e Measurement of B — X v inclusive, where
the rate provides a key test of the SM, and
the photon energy spectrum constrains the
b-quark mass my and other hadronic param-
eters.

2. OBSERVATION OF b — dy AND MEA-
SUREMENT OF |V;q/ V|

The ratio of branching fractions for B — py
and B — K*y can be expressed in terms of
[Via/Vis| using the relation [3]:
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Table 1

BaBar and Belle results for the branching fractions (B.F.) for the b — dvy decays B* — ptv, B® — p,
and B° — wy. The BaBar results are preliminary. The weighted average given in the last row of the
table is based on isospin symmetry and quark-model assumptions discussed in the text.

Mode B.F./107% (BaBar) Signif. B.F./1076 (Belle) Signif.
Bt — pty 1.1070-37 + 0.09 3.80 0.5510 50008 1.60
BY — O 0.797922 + 0.06 4.90 1.2540-37H0-07 5.20
BY — wy 0.4079-28 +0.05 2.20 0.5619-5310-05 2.30
B — (pt,p°% w)y 1.25702% +0.09 6.40 1.327031 009 5.10
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Figure 1. Diagrams for SM contributions to b —
sy and b — sfT4~ decays.
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where m; is the mass of particle i, 77 (0) and
TE7(0) are the tensor form factors for B — p and
B — K™ transitions evaluated at four-momentum
transfer ¢ = 0 (rapid hadronic recoil). The fac-
tor AR = 0.1£0.1 [4] parametrizes SU(3) break-
ing effects and 1/m; power corrections to QCD
factorization. The form factor ratio can be pre-
dicted more precisely than the individual form
factors themselves, but it remains the dominant
source of theoretical uncertainty. Using light-
cone sum-rule techniques, Ball and Zwicky [3] ob-
tain T/ (0)/TF(0) = 1.17 + 0.09.

The numerator in Eq. 1 refers to both py and
w7y final states. Because the signals are cur-
rently very small, current practice has been to
use an appropriately weighted average over pT,
p°, and w modes. The weightings are based
on the I-spin relation between the decay widths
(B~ — p~v) = 2I(B° — p%y), as well as the
relation I'(B® — p%y) = I'(B® — w~), which re-
sults from the quark-model flavor wave functions
of the p® and w. Another issue is the presence of
an additional amplitude for the B~ — p~ de-
cay, which receives a small contribution from the
annihilation diagram. In principle, this possibil-
ity is accounted for by the uncertainty on AR.
With a large amount of data, however, it would
be cleaner to simply use the B® — p%y decay only



for the calculation.

The first observation of b — dvy decays was
made by Belle using a sample of 386M BB
events [5]. The number of signal events in the
three modes is p~v (8.5), p’y (20.7), and wy
(5.7), for a combined significance of 5.10. Based
on a sample of 347M BB events, BaBar has ob-
tained [6] signals with a combined significance
of 6.40. These measurements are complicated
by the small branching fractions, the large back-
ground from continuum (e*e™ — ¢g) processes,
and peaking background from misidentified B —
K*~ events.

Table 1 lists BaBar and Belle results for the
individual b — sv modes and for the combined
average (expressed as a BT — pTv result), us-
ing the theoretical relations discussed above. The
B — pT branching fraction is about 3% of that
for B — K*~, giving a rough indication of the ef-
fect of |Vya/Vis|?. Interestingly, the Belle branch-
ing fraction for B — p%y is about twice that
for B~ — p~ 7, the inverse of the expectation
from isospin symmetry. The Belle paper reports
a probability of 4.9% for the observed “isospin vi-
olation” to be equal or larger than what is mea-
sured. The BaBar data, however, do not exhibit
this behavior and are consistent with isospin sym-
metry. This situation merits examination with
more data. For the present, it has been the as-
sumption to assume isospin symmetry and to re-
gard the Belle pattern of branching fractions as
simply a statistical fluctuation.

Using Eq. 1, one can then extract

.
2| = 0190888 (Bene

Vis

= 0.20075:021 4+ 0.015 (BaBar). (2)

Within their uncertainties, these values are con-
sistent with the recent CDF measurement [7] us-
ing B, mixing:

Via/Vis| = 0.20815:99% (exp) T Ooe (theo) (CDF). (3)

It is notable that these two methods for ex-
tracting |Viaq/Vis|, which are made using differ-
ent physical processes with different theoretical
uncertainties, yield consistent results.
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Figure 2. Summary of measured branching frac-
tions for B — K¢~ and B — K*(+{~.

3. B — K{t¢{~ AND B — K*/*¢~ IN THE
STANDARD MODEL AND BEYOND

In contrast to B — K*~, which is purely an
electromagnetic penguin process, three distinct
electroweak amplitudes contribute to the decays
B — K®¢*t¢= in the SM. These are shown in
Fig. 1 and are the photon penguin, the Z pen-
guin, and the W+W~ box diagram. While the
photon penguin is the most familar, its contri-
bution is important only in the low ¢? region of
phase space. The amplitude for B — K*{t/(~
is [8]

Gra
M(B = K'0H0) = =225V
*{[CS" (K™ |57, PLb|B)

m . v —
—2q—2bC$H<K*\§qu Prb|B)] (f441)
+Ci1o(K*|57,PLb| B (v"~50)}, (4)

where P;, and Pr are the left- and right-handed
chirality projection operators. In this expression,
the short-distance physics is parametrized by the
Wilson coefficients C;, which have been calcu-
lated at next-to-next-to leading order (NNLO) in
the SM: C$ff = —0.3, Oy = +4.3, and Cyp =
—4.7. The term containing C$¥ represents the
photon penguin amplitude, which is proportional
to 1/¢*>. The terms containing Cy and Cpg are
each a mix of the amplitudes associated with the
Z penguin and the WTW~ box diagram. New



physics can enter at the same order as SM pro-
cesses, potentially modifying the C;’s.

The hadronic matrix elements in Eq. 4 involve
long-distance QCD interactions. These interac-
tions are described in terms of form factors, which
are functions of ¢ = (pg+ + pe-)?, where py+-
are the leptonic four-vectors. For B — K*{T/(~,
there are four semileptonic form factors (A;, As,
V, Ap), which are similar to those that enter the
amplitudes for B — K*/~0 and B — pl~ v, and
three penguin form factors (77, T», and T5). Most
of the theoretical uncertainty in the rates is due
to uncertainty in these form factors.

Figure 2 summarizes the status of the branch-
ing fraction measurements from BaBar, Belle,
and CDF. BaBar [9] and Belle [10] have ob-
served these processes for some time and have
recently published results on kinematic distribu-
tions. CDF has just observed these processes and
has presented preliminary results [11]. Averaging
the BaBar and Belle measurements, the Heavy
Flavor Averaging group [2] obtains the branching
fractions B(B — K{*{~) = (0.4424-0.052)x 10~
and B(B — K*/*t{7) = (1.17 £ 0.16) x 1076,
The decay B — K/{¢*/¢~ has the smallest branch-
ing fraction of any observed B decay. The BaBar
and Belle measurements for B — K*¢*T/{~ are in
somewhat marginal agreement, but this should be
resolved with more data.

In B — K*{*¢~, the lepton forward-backward
asymmetry in the dilepton rest frame, Arp, has
particularly interesting properties, because it is
very sensitive to the interference between the dif-
ferent amplitudes in Eq. 4. The amplitudes are
a function of ¢2, and the dependence of App on
¢? reveals not only the magnitudes of the C;, but
also provides information on their relative signs.

For a B meson containing a b quark (B~ or
BY), Arp can be defined as follows using the neg-
ative lepton ¢~. Take the +z axis in the ¢/~
rest frame to be aligned with the direction of the
dilepton system in the B rest frame. The asym-
metry is then App = (Np — Ng)/(Nr + Np),
where Np and Np are the number of negative
leptons in the forward (+z) hemisphere and back-
ward —z hemispheres, respectively. At very low
q?, the SM predicts Arp < 0 as a consquence of
interference between the C7 and Ci¢ terms. The
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Figure 3. Measurement of the lepton-forward
backward asymmetry, Arpg, for the decay B —
K*¢t¢~, from Belle. The measurements are
shown as points with error bars in five bins of ¢2.
The SM prediction is the solid curve, while sev-
eral alternative values for the Wilson coefficients
lead to the other curves.

asymmetry is predicted to be zero at ¢> = ¢¢ =
4.071515 GeV? [12] and then to be positive for
q? > q2 due to interference between Cy and Cig.

Both BaBar [9] and Belle [10] have performed
detailed studies of Arp in bins of ¢>. BaBar has
also measured the polarization of the K*. Be-
cause the branching fractions for these modes are
small, the statistical precision is limited. In addi-
tion, the ¢? regions corresponding to m% —- =
m?]/w and m7,,_ m?p@s) must be vetoed
due to huge backgrounds from B — J/{K™),
J/1 — €T¢~. Nevertheless, these studies pro-
vide a first look at the kinematic behavior of
B — K*{"¢~ and B — K{(T¢~. Figure 3 shows
the Belle results for App in bins of ¢2. The
data show positive values of Agpp over most of
the ¢? range, in agreement with the SM. BaBar
observes similar behavior, measuring Arp(¢? >
10.42 GeV?) = +0.7270-2% + 0.08. Belle obtains
App = +0.50£0.1540.02 (full ¢* range) and has
fit for individual Wilson coefficients. Models that
predict App < 0 in the upper ¢? range are disfa-
vored by both experiments. In the low ¢ range,
the BaBar data show a value of App greater than
that expected in the SM, but the statistical un-
certainty is large. Belle has performed a joint fit



to the distributions of ¢? and cos 6, and finds val-
ues of the Wilson coefficients that are consistent
with the SM. For the decay B — K/{*{~, both
experiments measure App consistent with zero,
in agreement with the SM.

The signal yields used in these measurements
are small, around 50 to 100 events, and there is
clearly much more to be learned with more data.
Studies of these distributions will be performed
for many years to come, at the B-factories, the
Tevatron, and at LHCb.

4. INCLUSIVE B — X,

The inclusive decay B — X7 is a canonical
process for studying the b — s transition [13].
The theoretical challenge of evaluating the QCD
corrections involves calculating hundreds or even
thousands of Feynman diagrams [16]. Theoreti-
cal uncertainties in NLO calculations are around
the 10% level and NNLO calculations currently
underway are expected to reach the 5% level of
precision. Although the photon energy spectrum
is insensitive to new physics, it is still of great
interest because it can be used to extract my, as
well as information on the Fermi motion of the
b-quark. Examples of theoretical predictions are
given in Table 2.

Experimentally, there are two approaches to
B — Xgv. The fully inclusive approach, which
relies on the high-energy photon and event-shape
characteristics, is conceptually the most appropri-
ate, because the final state X is not in any way
restricted. This method suffers from large back-
grounds. An alternative, which has a stronger ex-
perimental signature, is to sum over as many exlu-
sive modes as possible. In a recent BaBar mea-
surement [17], 38 exclusive modes were summed.
Although the signal is cleaner, the limited set of
reconstructable final states inevitably introduces
a significant degree of model dependence.

BaBar [18], Belle [19], and CLEO [20] have
all performed measurements of B(B — X;v) us-
ing some version of the fully inclusive method.
Recently, BaBar has performed an analysis in
which a high-momentum lepton, which comes
from the other B in signal events, is used to
suppress continuum background. Figure 4 shows
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Figure 4. Photon energy spectrum for the pro-
cess B — X¢v from the BaBar fully inclusive
measurement with a lepton tag. The spectrum
(points with error bars) is given in the Y(45)
rest frame and is not efficiency corrected. The
histograms show theoretical predictions based on
the best fit using shape functions in the kinetic
scheme (dashed histogram) and the shape func-
tion scheme (dotted histogram). These predic-
tions include the effects of detector acceptance
and analysis efficiency.

the photon energy F., spectrum from this mea-
surement. The branching fraction is measured
for £, > 1.9 GeV and is extrapolated down
to B, = 1.6 GeV, yielding B(B — X,vy) =
(3.94 £0.31 + 0.36 4 0.21) x 10~* if the kinetic-
scheme shape function is used. The substantial
systematic uncertainties are typical of B — X7
measurements. The world-average experimental
value computed by HFAG [2] for E, > 1.6 GeV is
B(B — Xv) = (3.55+0.24739% +£0.03) x 1074,
where the first error is the combined statistical
and systematic experimental uncertainty, the sec-
ond error is associated with shape-function as-
sumptions, and the third is due the correction for
the b — dvy contribution. At the present level
of precision, this value is in good agreement with
the theoretical predictions given in Table 2.
While the branching fraction provides a strin-
gent test of the SM at the one-loop level, the pho-



Table 2

Predictions for B — X,y. The uncertainties in
the Hurth et al. result are m./mp, CKM, param-
eter dependence, and scale dependence.

Ref. B(B — X4v)/107¢

Hurth et al. [14]  3.617023 +0.02 £ 0.24 +0.14
Neubert [15] 3ATH G lpert 7573 lparam
Misiak et al. [16]  3.15 4 0.23

ton energy spectrum provides important informa-
tion on the b-quark mass. Using the moments of
lepton-energy spectrum from B — X {7 and of
the photon energy spectrum from B — X7, sev-
eral authors have extracted mp, me, |Vep|, and
other parameters describing the hadronic physics
of the B meson to remarkable precision. In addi-
tion, the value of my is also important for deter-
minations of |V,;| using inclusive B — X, 0~ v
measurements. An example of such an anal-
ysis is the paper by Buchmiiller and Flacher
[21], who use theoretical input from Gambino
and Uraltsev [22] and experimental input from
BaBar, Belle, CDF, CLEO, and DELPHI to ex-
tract my, = 4.59040.025 (exp)+0.030 (HQE) GeV
in the kinetic scheme. HQE refers to uncertain-
ties associated with the heavy quark expansion.

5. CONCLUSIONS AND PROSPECTS

Studies of radiative and electroweak penguin
decays have moved far beyond the observation of
B — K*~. This field will benefit greatly from the
large increases in the data samples forseen for the
future at the B factories, the Tevatron, and at
LHCb, as well as from the critical contributions
of our theoretical colleagues.
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