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Evidence for Penguin-Diagram Decays: First Observation of B — K*(892)~
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We have observed the decays B® — K*(892)°y and B~ — K*(892) v, which are evidence for
the quark-level process b — sy. The average branching fraction is (4.5 £ 1.5 £ 0.9) x 1075, This
value is consistent with standard model predictions from electromagnetic penguin diagrams.

PACS numbers: 13.40.Hq, 14.40.Jz

One-loop, flavor-changing neutral current diagrams, meson decays [1]. They were later identified as a possible
known as penguins, were originally introduced into the source of direct C' P violation in kaon decay, and hence as

theory of weak decays to explain the Al = % rule in K a contribution to €’/e [2]. Their importance in B meson
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decays has also been noted [3].

One of the clearest signatures for penguin diagrams is
the radiative process b — sv (Fig. 1). There are many
calculations of the rate for this process, which depends
on the as yet unknown mass of the top quark. After in-
cluding substantial QCD corrections, the branching ratio
for b — sv is expected to be in the range (2-4)x 1074 [4].
Other standard model contributions have been consid-
ered, and found to be at least an order of magnitude
smaller than the penguin contribution [5]. Observation
of a rate much larger than 4 x 10~% would be evidence
for nonstandard-model contributions. In the recent lit-
erature possible contributions to b — sy from supersym-
metry, a fourth generation, and a charged Higgs boson
have been discussed in some detail [6].

The fraction of b — sy decays that hadronize to
any exclusive final state is much less reliably predicted
than the inclusive rate. Estimates for the fraction of
B — K*(892)y range from 5% to 40% [7]. In this Let-
ter, we report observation of the decay B — K*vy [8],
in both B® — K*%y and B~ — K*~+ modes, at a rate
that is consistent with the predictions from the penguin
diagram.

The data sample used in this study was collected with
the CLEO-II detector [9] at the Cornell Electron Storage
Ring (CESR). It consists of 1377 pb~! of integrated lu-
minosity on the YT(4S5) resonance (1.39 x 105 BB events)
and 633 pb~! at a center-of-mass energy 55 MeV below
the resonance. Charged particles are tracked using three
nested cylindrical wire chambers operated in a 1.5 T mag-
netic field. The outer tracking chamber also measures
specific ionization (dE/dzx), which is used for particle
identification. The tracking chambers are followed by
time-of-flight (TOF) counters, which provide additional
particle identification information. Beyond these coun-
ters but still inside the superconducting magnet coil is an
electromagnetic calorimeter consisting of 7800 Csl crys-
tals. Outside the coil is an iron yoke for field return, with
chambers interspersed for muon identification.

The dominant experimental problem in identifying
B — K*v is the large background from continuum (non-
BB) processes. We suppressed this background with a
series of cuts determined from Monte Carlo studies. For
BY — K*0y, we selected events with at least 3 charged
tracks and a visible energy of at least 30% of the center-
of-mass energy. Our high energy photon candidates are
clusters with energy E., satisfying 2.1 < E, < 2.9 GeV,
with polar angles 6 (relative to the beam axis) satisfy-
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FIG. 1. Penguin diagram for b — sv. The photon may be
radiated from any of the four lines.

ing |cosf| < 0.7, not matched to charged tracks, and
with shower shapes consistent with single photons. Pho-
ton candidates are rejected if they form 7%’s (n’s) when
combined with another photon of energy greater than 30
(200) MeV.

There are two main sources of high energy photons
from the continuum: initial state radiation (ISR) and
fragmentation of non-bb quarks (gg). Most continuum
processes have a two-jet topology, which is used to dis-
tinguish them from the more spherical BB events with
B mesons decaying almost at rest. We suppress qg back-
grounds by applying cuts on the shape variables R,, the
normalized second Fox-Wolfram moment [10], and S, , a
measure of the momentum transverse to the photon di-
rection [11]. We require Ry < 0.5 and 0.25 < S; < 0.60
(the upper restriction on S provides rejection of ISR).
To further suppress the ISR background we use variables
evaluated in the rest frame of the ete~ following the ra-
diation of the high energy photon (the primed frame). In
this frame we require R; < 0.3, where R} is evaluated
excluding the photon, and |cos 6’| > 0.5, where ¢’ is the
angle between the photon and the thrust axis of the rest
of the event.

We look for K*? candidates in the decay mode K*0 —
K*rn~. Each charged track must pass standard track
quality cuts, and must have a value of dE/dz and/or
TOF which is within 2.5 standard deviations (o) of that
expected for the mass hypothesis. Particles lacking both
TOF and dE/dz information are considered to be pions,
but not kaons. A Kt7~ pair must have an invariant
mass Mg, satisfying 821 < Mg, < 971 MeV, and a de-
cay helicity angle 0k, satisfying |cosfk,| < 0.8, since
K*’s from B — K*v decay with a sin? g, distribution,
whereas the background is expected to have a flat distri-
bution in cos Ok .

We combined the high energy photon and K* candi-
dates to form candidates for B — K*0v. Having made
all particle assignments, we imposed two further cuts:
(1) the angle 6¢n; between the high energy photon direc-
tion and the thrust axis of the particles not from the B
candidate, |cos6fne| < 0.7 (expected to be flat for sig-
nal, peaked at 1.0 for continuum background); (2) the
production polar angle of the B, |cosfp| < 0.85 (ex-
pected to be sin® fp for signal, flat for background). Fi-
nally, we required that the B candidates have an energy
close to the beam energy, |AE| < 90 MeV (2.20), where
AE = Epeam — Ek+~. For candidates passing this cut, we
scaled the photon energy to obtain AE = 0, and com-
puted Mg-+,. The Mk-, resolution of 2.8 MeV rms is
dominated by the beam energy spread. The mass distri-
bution for the B candidates is shown in Fig. 2. There
are 8 events in the signal region, the mass interval 5.274—
5.286 GeV.

The background is still mostly from the continuum,
even after the continuum suppression cuts have been op-
timized. This background varies smoothly as a function

675



VOLUME 71, NUMBER 5 PHYSICAL REVIEW LETTERS 2 AUGUST 1993
T 500 (T
WKy
rmxry 7 £ 400 .
D Komr™ g
51 7 ] & 300} .
w
S 2
T 8 200} -
2 5| i 5
® 3 = 100} —
’ l
er _ ol 1 | Ll Ly
-20 -10 0 10 20
't 1 In £
o L 4 ‘ FIG. 3. The In £ distributions for 10000 “experiments” of
5200 5220 5240 5260 5280 5300

MKy (GeV)

FIG. 2. The K*~ mass distributions for B® — K*°v; B~
—- K", K™ — ng"; and B~ — K* v, K*~ - K~ 7n°
candidates.

of AE and Mk-., so the amount of background in the
signal region of the on-resonance data can be reliably esti-
mated by scaling the events observed in sideband regions
by an appropriate factor. For B® — K*0v the sideband
was chosen to be |AE| < 280 MeV and Mg+, > 5.2 GeV,
excluding |AE| < 100 MeV and Mg+, > 5.274 GeV (the
signal region plus a narrow boundary in |AE|). The rel-
ative population of the sideband and signal regions de-
pends on the momentum distributions of the photon and
two charged particles making up the K*~ candidate, and
on their transverse momentum distributions relative to a
common axis. Using Monte Carlo tuned to match the off-
resonance data we determined the population ratio to be
25.4:1 with an error of & 8%. For the actual background
determination, we counted events in the sideband regions
of the on- and off-resonance data samples, and the signal
region of the off-resonance sample, and scaled the total of
41 events by a factor of 37.6 [12] to obtain a background
estimate of 1.1 £ 0.2. The binomial probability [13] that
8 + 41 events in signal plus sideband regions would dis-
tribute themselves such that 8 or more were in the signal
region, given that the intrinsic relative populations are
1:37.6, is 3.5 x1075,

For B~ — K*~~, we looked for K*~ candidates in

8 events each, drawn from B° — K*°y Monte Carlo (right
curve) or continuum Monte Carlo (left curve) simulations.
The value for the 8 B® — K*°~ candidate events is indicated
by an arrow.

both the K37~ and the K~ 7° modes. A K% — ntn~
decay is required to have a vertex more than 5 mm from
the beam axis, a good x? for the vertex fit, and a 7+7~
mass within 10 MeV (20) of the K% mass. The n%’s are
selected from pairs of photons with an invariant mass
within 15 MeV (2.50) of the 7% mass. The photons are
selected from showers in the calorimeter that are not
matched to charged tracks, have shower shapes consis-
tent with isolated photons, and have energies above 30
(50) MeV in the barrel (end-cap) regions. Other cuts
[14] are similar to those described for B — K*°y. The
K*~~ mass distributions for the two modes are shown in
Fig. 2, and the numbers of signal events and estimated
backgrounds are given in Table I. The combined proba-
bility of both K*~ results being fluctuations is 7.0 x 10~4.

We obtain additional evidence that the signal events
are not all continuum background by examining the dis-
tributions inside the cuts of the variables Mg.,, AE,
cosblp, cosOxr, My, Ry, and cos bi,,. We do this with
a likelihood ratio test [15], which reduces the information
contained in several variables to a single number. In Fig.
3 we show the distribution in log likelihood ratio (In £) for
two groups of 10000 simulated experiments, one draw-
ing 8 events from a sample of Monte Carlo B® — K*0y
events, the other drawing from a sample of Monte Carlo

TABLE I. Summary of results for B — K*v.

B® — K*0y B™ — K" v
K*® - Ktn~ K*™ — Kn~ K~ — K 7°

Signal events 8 2 3
Sideband events 41 2 10
Sideband scale factor 37.6 40 12
Sideband background 1.1+£0.2 0.05+0.03 0.8+0.3
Binomial probability 3.5x1075 3.7x1073 7.3x1072
Residual BB background 0.30+0.15 0.01£0.01 0.1040.05
Efficiency (11.9+1.8)% (2.0£0.3)% (3.1£0.5)%

Branching ratio

(4.0+1.7+£0.8) x10~°

(5.7£3.1£1.1)x107°
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continuum events. Only 0.11% of the 8-event contin-
uum samples have values of In £ as large as that of the
8 BY — K*0y candidate events, while about half of the
signal samples do. Allowing for systematic and statis-
tical errors, the probability of observing a value of In L
this large from a sample of 8 continuum events is less
than 1%. Similar studies for B~ — K*~+ support the
interpretation of a K*~ — Kg.w_ signal, and are not
inconsistent with a K*~ — K~ =0 signal.

We have assessed sources of background to B — K*vy
from other B decays. First, using a fast Monte Carlo
that did not include a full detector simulation, we con-
sidered b — ¢, b — u, and b — sg decays, with particu-
lar attention to the D*%y, pn®, K*70, and K*p~ chan-
nels, which we anticipated might be troublesome. These
sources accounted for < 0.11, < 0.06, and < 0.02 events
as background to K ~nty, K~ 7%y, and K37+, respec-
tively. Then using techniques largely based on data, we
studied possible sources of false 2-3 GeV photons such
as random overlaps of uncorrelated photons, merging of
photons from 7%’s, clusters caused by K?’s, and clus-
ters caused by antineutrons. These sources accounted
for < 0.25, < 0.06, and < 0.02 events as background
to K~nty, K~n%, and K7™, respectively. A final
contribution, from feeddown into B — K™+ from other
b — sy modes, is estimated using the theoretical predic-
tion of an inclusive rate of 4 x 10™4, and a model for the
hadronization. We find backgrounds of 0.4 and 0.1 events
in K~ntvy and K~ 7%y, respectively. The feeddown into
the K27~ v mode is negligible. Approximately half of
the BB backgrounds are included in the background es-
timated from the sidebands. The residual backgrounds
from BB, not included in the sideband subtraction, are
listed in Table I [16].

Table I summarizes our results. The net yield of B® —
K*%y events is 6.6 & 2.8. The efficiency for B® — K*0y
decays, including K* branching ratio, is (11.9 £+ 1.8)%.
The data sample contains 1.39 x 108 BB decays, which
we assume to be half charged, half neutral. From this
we obtain a branching ratio for B® — K*Cy of (4.0
1.7 £ 0.8) x1075, where the first error is statistical and
the second is a + 20% systematic error to account for
uncertainties in efficiency and background. The net yield
of B~ — K* v events is 4.1 + 2.3. The efficiencies
for the K37~ and K~7°° modes, including K* and K°
branching ratios, are 2.0% and 3.1%, respectively, giving
an overall efficiency for the B~ — K*~+ decay of 5.1%.
From this we obtain a branching ratio for B~ — K*~v
of (5.7 £ 3.1 £ 1.1) x1075.

In conclusion, we have obtained compelling evidence
for the existence of the decay B® — K*?v, and support-
ing evidence for the existence of the closely related decay
B~ — K*~~. If one makes the reasonable assumption
that the branching ratios for these two decays are equal,
then an average branching ratio of (4.5+1.54£0.9) x 10~°
is obtained. This is entirely consistent with the theoret-
ical predictions from the penguin diagram which are in

the range (1-15)x 1075 [4,7]. Our result does not require
any contributions beyond the standard model, but it is
an order of magnitude larger than would be expected [5]
if the penguin diagram were not present. This is strong
evidence for the existence of the penguin diagram.
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