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First Measurement of the Rate for the Inclusive Radiative Penguin Decay b sy
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We have measured the inclusive b sy branching ratio to be (2.32 ~ 0.57 ~ 0.35) X 10 ', where
the first error is statistical and the second is systematic. Upper and lower limits on the branching ratio,
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each at 95% C.L., are $(b sy) ~ 4.2 X 10 and B(b s) ) ) 1,0 X 10 4. These limits restrict
the parameters of extensions of the standard model ~

PACS numbers: 13.25.Hw, 12.60.—i, 13.40.Hq

The transition b ~ s y is a Aavor-changing neutral
current process. It is described by a penguin diagram
in which a virtual W is exchanged in a loop with a top
quark, with a photon emitted from any of the lines [1]
(see Fig. 1 of Ref. [2]). There are large QCD corrections
to the penguin diagram. Progressively more complete
calculations, based on the method of renormalization-
group-improved perturbation theory, have been applied
to the problem [3]. There is now general agreement
on the full leading-log calculation [4]. Some of the
next-to-leading-logarithmic QCD corrections have been
calculated [5]. The QCD corrections increase the rate
by a factor of 2—3. The standard model branching ratio
for a leading-log calculation is (2.8 ~ 0.8) X 10 4 [6],
where the error is dominated by the uncertainty in the
renormalization scale mb/2 ( p, ~ 2mb. If those next-to-
leading-log terms that have been calculated are included,
the branching ratio falls to 1.9 X 10 4 [7]. The branching
ratio is sensitive to the existence of a charged Higgs [8],
anomalous WWy coupling [9], and other non-standard-
model phenomena [10].

CLEO's observation [2) of the decay B K*(892)y,
the first conclusive evidence for a penguin decay, estab-
lished the existence of penguin diagrams generally and
of b sy in particular. Since there are large theoretical
uncertainties in the hadronization process, I"(B K ))
gives only a rough measure of I (b ~ sy), the quantity
of theoretical interest. Here we present a measurement of
the branching ratio for the inclusive process b sy.

The data were taken with the CLEO detector at the
Cornell Electron Storage Ring (CESR), and consist of
2.01 fb ' on the Y(4S) resonance and 0.96 fb ' at a
center-of-mass energy 60 MeV below the resonance. The
on-resonance sample contains 2.15 X 10 88 events and
6.6 X 106 continuum events. The CLEO detector [11]
measures charged particles over 95% of 4~ sr with a

system of cylindrical drift chambers. Its barrel and end-

cap CsI electromagnetic calorimeters cover 98% of 4~.
The energy resolution for photons near 2.5 GeV in the
central angular region (~ cosO~~ ~ 0.7) is 2%.

Our signature for b sy is a photon from 8-meson
decay with energy between 2.2 and 2.7 GeV. The Fermi
motion of the b quark in a 8 meson and the momentum
of the 8 meson in the laboratory result in this Doppler-
broadened photon line. Spectator model calculations [12]
indicate that (75 —90)% of the signal lies in this range.
Backgrounds from other 8-decay processes are small
and calculable. There are very large backgrounds from
the continuum, both from the initial-state-radiation (ISR)
process e e ~ qqy, and from the continuum reaction
e+ e qq, with the high energy photon arising from the
hadronic debris (vr", rl, cu rroy, etc.). We suppress the
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FIG. 1. Distributions in the neural net variable r, for Monte
Carlo samples of b sy signal (solid histogram) and contin-
uum background (dashed histogram), and for the off-resonance
data sample (points).

continuum with two methods and subtract what remains
using off-resonance data.

We select events that pass general hadronic event
selection criteria [13]. We further require that the event
contain a high energy calorimeter cluster with

~ cosO~~ (
0.7 and unmatched to a charged particle track. The vast
majority of photons, from both continuum and BB events,
are ~ and g decay products. We discard those high
energy clusters which, when paired with another y in
the event, have a yy mass consistent with a ~ or g.
Finally, we require that the lateral energy distribution of
the cluster be consistent with that of a single isolated
photon, thus suppressing random overlaps, single-cluster
m 's, and nonphoton clusters.

The first method [13] for suppressing continuum back-
ground uses eight carefully chosen event-shape variables:
R2, S&, R2, cosO' as defined in Ref. [2], and the energies
in 20 and 30' cones, parallel and antiparallel to the high
energy photon direction. While no individual variable has
strong discriminating power, each possesses some. Con-
sequently, we combine the eight variables into a single
variable r which tends towards +1 for b sy and tends
towards —1 for ISR and qq. A neural network is used for
this task. Distributions in r are shown in Fig. 1. There is
substantial discrimination between signal and background,
and good agreement between Monte Carlo (MC) back-
ground and off-resonance data. We perform a weighted
sum of candidate high energy photon events, with an r-
dependent weighting, optimized with MC samples of sig-
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nal and background. This weighting procedure is equiva-
lent to performing a one-parameter fit to the r distribution.

In the second method for suppressing the continuum,
we search each event for combinations of particles that
reconstruct to a B X,y decay. For X, we use K~

vr+7r or a charged track with dF/dx consistent with a
kaon, and 1 —4 ~'s, of which one may be a mo. There are
reconstruction ambiguities and cross feed between decay
modes, but these are not important because this method is
used only to suppress background and not for a mode-
by-mode B-reconstruction analysis. In each event, we
pick the combination that minimizes an overall g, which
includes Xz (see below), together with contributions from
dF/dx and Ko and ~o mass deviations, where relevant.
We calculate the momentum PB, the energy EB, and

the beam-constrained mass MB = Eb„—PB of the
combination, and also cos0„, where 0„ is the angle
between the thrust axis of the candidate B and the thrust
axis of the rest of the event. We discriminate between
signal and background by requiring ~ cosO„~ & 0.6 and

gB ~ 6.0, where

MB 5.279 +B +beam
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FIG. 2. Photon energy spectra from the event-shape analy-
sis. (a) On-resonance (solid histogram), scaled off-resonance
(dashed histogram), and sum of off-resonance and background
from Y(4S) (squares). (b) Background-subtracted data (points)
and Monte Carlo prediction for the shape of the b sy signal
(solid curve) [14].

The two methods for suppressing the continuum are
complementary. The B-reconstruction method has lower
efficiency for b ~ sy (9% vs 32%) but a factor of 4
better signal-to-noise ratio, so the two methods have
nearly equal sensitivity, and are only slightly correlated.
To correctly represent on-resonance continuum, a small
correction to the off-resonance data is required to account
for the change in event features due to the 60 MeV in
center-of-mass energy difference. This is obtained from
MC, separately for each of the two methods.

There are backgrounds from B decay processes other
than b ~ s y, in particular, from b ~ cW and b

uW . As a first approximation, we take these from
MC. We then correct for any difference between the
~ -momentum spectra from data and MC, and similarly
for the g-momentum spectra. This procedure corrects
for any Aaws in the event generators for b ~ cW and
b uW, and for any omissions (e.g. , b ~ sg). Thus
we rely on MC only for the ~ and g veto efficiencies,
and for those small B-decay backgrounds not from m. or

Finally, there are very small backgrounds from the
non-BB decays of Y(4S), which we obtain from Y(3S)
and Y(1S) data.

The photon energy spectra from the event-shape and
B-reconstruction analyses are shown in Figs. 2 and 3,
respectively. In both cases, the on-resonance yield ex-
ceeds the background in the energy interval 2.2 —2.7 GeV,
demonstrating the presence of b sy. A signal of the
expected shape is evident in the subtracted spectra [14].
Yields between 2.2 and 2.7 GeV are given in Table I.

The B-reconstruction technique selects a "best" X,
candidate for B X,y, thus providing an "apparent
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FIG. 3. Photon energy spectra from the B-reconstruction
analysis. Symbols are defined as in Fig. 2.
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X, mass spectrum" (Fig. 4). Although reconstruction
ambiguities and cross feed must be taken into account
before quantitative use can be made of it, there is clear
evidence both for B ~ K"'(892)y and for X, systems in

the 1 —2 GeV range. The rate for K*(892)y extracted by
a fit to the distribution in Fig. 4 is consistent with our
previous measurement [10].

To calculate detection efficiencies, we model the par-
ticle content of X, in b sy with conventional models
of quark hadronization [13]. We model the X, mass dis-
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TABLE I. Yields of events with 2.2 —2.7 GeV photons, for
the two b sy analysis procedures.

On
Off (scaled)

Y(45) background
b cMC
b BMC
m' correction
g correction
Non-BB
Y(4S) total
On-off-4S background

Event shape

3013 ~ 59
2618 73

507 ~ 51
11.9 ~ 4.0

50.2 ~ 27.7
16.5 ~33.7

2.3
132 ~ 44

263 ~ 104

B reconstruction

281 ~ 17
155 + 18

12+ 2
2~1

—0.7 ~ 2.3
2.0 4- 8.5

15~9
110 ~ 26

20
I

'
I I

'
I

tribution with the spectator model of Ali and Greub [12],
which includes gluon bremsstrahlung and higher-order ra-
diative effects. In the Ali-Greub model, we vary the
Fermi-momentum parameter PF and spectator-quark mass
simultaneously so that the b-quark average mass (mb) is
constant at 4.87 ~ 0.10 GeV, a value suggested by recent
theoretical work [15]. We take PF = 270 ~ 40 MeV/c,
based on fits to CLEO B XZv data with the same (mb).

We find '$(b ~ sy) = (1.88 ~ 0.74) X 10 with the
event-shape analysis, and (2.75 ~ 0.67) X 10 with the
B-reconstruction analysis (statistical errors only). Allow-
ing for correlations, the difference is 1.1 standard
deviation. We combine the two results, allow-
ing for correlations, obtaining 9(b ~ sy) =
(2.32 ~ 0.57 ~ 0.35) X 10 4, where the first error
is statistical and the second is systematic (including
model dependence). Conservatively allowing for the

systematic error, we find $(b ~ sy) ( 4.2 X 10 ~,

$(b ~ sy) ) 1.0 X 10 ~, each limit at 95% C.L.
Uncertainties in yield and efficiency comprise the

systematic error in B(b ~ sy). In units of 10, these
contributions (labeled by source of uncertainty) are ~0.03
(on-off luminosity ratio [16]), ~0.08 (7r0 veto efficiency),
~0.10 (on-off energy difference correction), ~0.08
(B+B /BoBo production ratio), ~0.23 ((m )), ~0.002
(PF), ~0.12 (particle content of X,), and ~0.16 (MC
modeling).

Our measurement is in good agreement with the stan-
dard model expectation. We illustrate the implications for
nonstandard models with two examples [17]. A charged
Higgs boson with model II coupling would increase the
b sy branching ratio [8], so our upper limit on b ~ sy
provides a lower limit on charged Higgs boson mass:
MH= ) [244 + 63/(tanp)' ] GeV, where tanp = v2/vt t

the ratio of vacuum expectation values for the two dou-
blets. With additional non-standard-model effects this
limit can be circumvented. For example, in super symme-
try, if chargino and scalar top are light, their contribution
can cancel the charged Higgs contribution [18].

Anomalous WR'y couplings could either increase or
decrease the b ~ sy branching ratio [9], so both our
upper and lower limits rule out portions of the A~-A space
that describes these anomalous couplings (Fig. 5). Also
shown in Fig. 5 are the regions allowed and excluded
by pp ~ WyX measurements [19]. The two types of
measurements are complementary.

In summary, the inclusive branching ratio for b sy
has been determined using two analysis methods yielding
consistent results. Our measurement is in good agreement
with standard model predictions, and places constraints
on other models. These constraints will improve with
completion of a next-to-leading-log calculation.
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FIG. 4. Apparent X, mass distribution from B-reconstruction
analysis. Background-subtracted data, not corrected for effi-
ciency or cross feed (points); Monte Carlo fit, using several
kaon resonances (solid histogram); component of fit from reso-
nances other than K"(892) (dotted histogram).

FIG. 5. Limits on anomalous WWy coupling parameters
and 6~. The shaded regions are consistent with the b ~ s y
branching ratio reported here. The region between the two
shaded strips is excluded by the b sy lower limit, the outer
unshaded regions by the upper limit. DO's yield of pP WyX
limits the allowed range to the interior of the ellipse (CDF
obtains a similar ellipse) [19]. The standard model value is
shown as the dot at AK = A = 0.
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