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ABSTRACT

CLEOQ, concentrating on the Y(4s) resonance at CESR, has accumulated an
integrated luminosity corresponding to 2 x 106 produced BB pairs. This has
allowed us to investigate a wide variety of B-decay processes. In this paper, |
will concentrate on three general decay modes: semileptonic decays, two-
body nonleptonic decays, and rare hadronic decays. The recent measurement

of the inclusive b — sy branching fraction will be discussed in some detail.
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1 Introduction

1.1 Physics at the Y(4s)

The CLEO collaboration, made up of about 220 physicists from 22 institutions, has
concentrated on studying the Y(4s) resonance since it is just above threshold for
producing B mesons. Figure 1 shows the hadronic cross section as a function of center-
of-mass energy, W, in the T region. The cross section o( Y(4s)->BB) is 1.07 nb at
W=10.58 GeV. The continuum cross section below the resonance o(ete™—qq) is
approximately 3 nb.

CLEO has currently accumulated an integrated luminosity of 2fb"1 on the T(4s)
which is equivalent to 2x106 produced BB pairs. In addition, approximately 1fb-!
has been accumulated on the continuum at an energy slightly below the Y(4s). CESR,
the Comell Electron Storage Ring, has operated at a peak luminosity of 2.5x1032

em~2 sec-l. The "best day" integrated luminosity, so far, has been 14.4 pbl.

1.2 Event Selection
For most analyses, the q§ continuum is the major source of background. There are
several commonly used variables that are employed to reduce the contribution from
the continuum. They are based on the difference in shapes between BB and q4
events. At the Y(4s), the produced B mesons are almost at rest so the distribution of
decay particles tends to be spherical. On the other hand, the qq events tend to be jetty.
Two variables which can distinguish event shapes have been found to be quite
useful. The normalized second Fox-Wolfram moment, R», has arange from O to 1. Itis
large for qq events and small for BB cvents. The second variable is cos®,, where 6,
is the angle between the candidate thrust axis and the thrust axis of the rest of the

event. The distribution for q events peaks towards 1 while it is flat for BB events.




Hadronic cross section, in nb

T(18)
25 4
204 p
15F .
i T(29)
0F J
T(3S)
s J T(4S) i
¥ { t .
L) 13

1 Lt d 2 i L 1 L i 1 L y
9.45 9.50 10.00 10.05 10.3510.40 10.45 10.50 10.55 1060 10.65 10.70

W, In GeVv

Figure 1. Hadronic cross section as a function of center-ofmass energy, W.
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Figure 2. Magnified view of the CLEO detector inside the magnetic
coil.
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In cases when it is possible to reconstruct one of the B mesons, there are two very

powerful kinematic variables that are used. One, the difference between the candidate
energy and the beam energy, AE, has a resolution between 17 MeV and 50 MeV,

depending on decay mode. The second is the beam-constrained mass,
Mg =/Efean (2P (M

where the sum is over the candidate tracks that are the selected decay products of the
B meson. The resolution of M, is about 2.5MeV nearly independent of decay mode.
It is dominated by the 2MeV width of the beam. A B event will have AE close to 0

and M close to 5.280 GeV, the known mass of a B meson.

1.3 The CLEOQO Detector
The CLEO Detector is a 41 general-purpose detector utilizing a superconducting coil
operating at 1.5 Tesla. All detection elements, except for the muon chambers, are
inside the magnetic coil. Figure 2 shows a magnified view of those parts of the detector
inside the coil.

Three drift chambers, the PTL, the VD, and the central Drift Chamber, provide up to
67 layers for tracking information. The momentum resolution obtained using these
chambers is given by:

2
(§2) =(0.005)2+(0.0015p)> . %))
p

In addition, dE/dx is measured in the 51 layers of the central Drift Chamber with a

resolution of 6.2% for electrons and 7.2% for hadrons.




The electromagnetic calorimeter is comprised of 7800 crystals of Csi and provides
excellent energy resolution for photons and electrons. - The resolution in the "good"

barrel region is given by:

%(%): 035/E%* +19-01E  (EinGeV) - 3)

1t is 2%, or better, for energies above 1 GeV.

1.4 The CKM Matrix

In the Standard Model, weak decays can be understood through the Cabibbo-

Kobayashi-Maskawa (CKM) matrix which relates the physical quarks to their weak

eigenstates.

Vud Vis Vub
Vij =| Ve Ves Vo | - (C)]
Vg Vis Vo

The Vj; are not predicted by theory. They are fundamental parameters of the Standard
Model and must be measured experimentally.

The elements Vy, and Vch can be best measured in semileptonic decays of the
B meson since there are no final state interactions between the lepton decay products of

the W and the other final state quarks. In addition, V3 and V,, can also be measured

in B-meson decays either through box diagrams leading to mixing or single~loop

penguin decays as indicated in Fig. 3.
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Figure 3. Feynman diagrams for B-meson decays: Box diagram for mixing
and penguin diagram.

While there are several ways of representing the matrix elements, the Wolfenstein

form, shown below, gives an indication as to the relative size of the elements.

1-22/2 A A (p-in)
Vi = -A 1-2272 AN : )
Ad(-p-in) AN 1

The value of A, the sine of the Cabibbo angle, is about 0.22 (Ref. 1). This also explicitly

allows the possibility of CP violation in weak decays if m is not equal to zero.

2 Semileptonic Decays

2.1 Br(B—xlv) for B® and B-; Three Different Tagging Methods
2.1.1 Fully Reconstructed B's

A total of 834 + 42 BO and 515 + 31 B- (and B+) mesons have been fully
reconstructed as shown in Figs. 4(a) and 4(b). The fraction of these events that are
accompanied by a lepton (e or ) leads to the appropriate branching ratio. The results

are
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bo =Br(B® > XIv) =(135+26)%

b_ =Br(B™ > XIv)=(101£18)% -

It should be noted that this is the first reported measurement for the charged B

semileptonic branching fraction.

2.1.2 Partial Reconstruction of Semileptonic Decays

In order to increase the tagging efficiency compared to a full reconstruction, a partial
reconstruction technique can be employed by taking advantage of the decay kinematics
of the D** meson. Consider the tagging decay B°— D**I'V, where D** - D%, The
laboratory momentum of the x* varies around an average of about 0.2 GeV/c. Due to the
low Q value of this decay, the energy, Epys, and momentum, Ppys of the D*, can be
calculated by measuring the three-momenta of the *. In the approximation that the B is

at rest, the missing neutrino mass can be written as

M3 =(Ebeam ~E_. ~E|)2 —(PD, +ﬁ|)2. ©)

-2
Figures 4(c) and 4(d) show the distribution of M, for the full sample and for the lepton
subset. The total number of B? decays in the signal region, !\7]%, > —2GeV2, for the
full sample is 7119 + 139. The resulting branching fraction is

by = (105+08)%.

2.1.3 Partial Reconstruction of Hadronic Decays
In the two-body tagging decay B%- D**x~, the ©~ has a momentum of 2.3 GeVi/c.

The D** energy and momentum can be reconstructed from the Do+ decay as



described above. The D* can then be combined with the - to form a B candidate.
With this technique, 822 + 53 BP decays were reconstructed, leading to a branching

fraction

b, = (102 £19)%.

2.1.4 Combining the Results
The weighted average for the three branching fractions for the B, including
systematic errors,is

by =(10910.7 £11)%.
As given above, the branching fraction for the Bis

b_ =.(10.1 +18+14)%.
CLEO has also measured the charged average from the inclusive lepton spectra.? In
that analysis, a fit must be made to the shape of both the primary (b - clv) lepton
spectrum and to the secondary cascade (b — ¢ —slv) spectrum. These spectra
depend on theory; hence the result is mode! dependent. Below are the two values for

the two models considered.

b=(1098+010£033)% IGSW* with 21% D**

b=(1065+005+033)% ACCMM’
We see that the average of the individual charged branching fractions agrees very well

with either fit for b, which is measured in an entirely independent manner.

In addition, since the ratio of the charged and neutral branching fractions is equal

to the ratio of lifetimes, we have

b./by=1_/7,=093+018+012.
This is very consistent with the newest world average, T_ /14 =100310.069, as

reported in this conference by P. Wells.
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2.2 B—Xev with a Lepton Tags

2.2.1 Br(B—Xev)

When both B mesons decay semileptonically, we can take advantage of charge
correlations and kinematics to get a model-independent measurement of b, the
charged average branching fraction.

A lepton (u or e) with momentum greater than 1.4 GeV/c is the tag. The
momentum cut ensures that there is very little contamination from b—c—s cascade
leptons. If the other B decays semileptonically, its lepton will have an opposite charge to
the tag lepton (neglecting mixing). In this analysis, only electrons are used for the
“signal" lepton. Electrons can be identified down to a momentum of 0.6 GeV/c while
muons are ranged out for momenta below 1.4GeV/c. In order to reduce the model
dependence, it is important to measure the "signal” lepton momentum to as low a
value as possible.

The major background occurs when the charm system from the tag decay,
b > clyv, also decays semileptonically. This lepton also has opposite charge
relative to the tag. Since the B meson is produced almost at rest, the two leptons, in
this case, will tend to be in opposite hemispheres. On the other hand, the leptons
coming from opposite B’s are uncorrelated. Figure 5 shows a Monte Carlo generated
scatter plot of the electron momentum versus the cosine of the angle between the
electron and lepton tag. A diagonal cut, pe_ +cos(l,e) > 1, is made which reduces this
background by a factor of 25 and maintains 67% of the signal.

After the cut, there are a total of 245,255 * 76 lepton tags. Figure 6 shows the
resulting electron momentum spectrum. The solid curve shows the shape due to the
ACCMM theory. It is shown only to indicate what fraction of the signal must be

extrapolated from theory. This fraction is (5.8 + 0.5)%, where the uncertainty is due
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Figure 5. Distribution of electrons from (a) opposite B and (b) same B.

0.15 ——r——r e ———

olof- { % -

dB/dp (0.1 GeVre)!

Electron Momeatum (GeV/c)

Figure 6. Spectrum of primary electrons (dots), and that of the secondary
electrons (open circles).
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to the range of the different models. The resulting branching fraction is
b =Br(B - Xev) = (1036 £ 017 + 0.40)% .
The systematic (second) error is dominated by the estimate in the fake electron rate.

There is a very small contribution due to any model dependence.

2.2.2 Br(Y(4s)—non-BB)

The above result depends on the number of lepton tags, not on the number of BB
pairs produced on the Y(4s). Using this fact, we can obtain a measurement of the
branching fraction for the Y(4s) to decay to non-BB states. Almost all B~meson
branching fractions measured on the Y(4s) are calculated assuming this number is
zero. The number of electrons per unit momentum interval can be written in terms of

the number of Y(4s) events and the electron spectrum 2—]% as
p

dN(e)

N dB
=2Nyp(45)(1 - OHn(p) a; ’ (7

where f is the fraction of non-BB decays,and n(p) is the momentum-dependent
efficiency. Integrating this over the entire sample (p 2 0.6 GeV/9 gives
f=0010£0014£0011.

This is an especially important result. It can be stated with reasonable certainty that
the experimentally measured semileptonic branching fraction is less than 11%. On
the other hand, theory predicts a value that should be no less than 12.5% (Ref. 7). If
the non-BB branching fraction were of the order of 15%, it would bring theory and
experiment into agreement. But the above measured fraction implies a 95%
confidence level upper limit of 0.04. The difference between theory and experiment

cannot be explained by production of non-BB states at the Y(4s).




2.3B-D*Iv

2.3.1 Br(B—D'lv)

As noted above, when the B decays to a D*, the slow © from the decay of the p*
provides a very clear experimental signature. In addition, the recent development of
Heavy Quark Effective Theory (HQET)® allows a measurement of ‘Vcbl from
B —» D'Iv that has a smaller model dependence than previous determinations.

CLEO has made a new measurement of the branching fractions for the decays
B 5 D™*1"V and B™ > D'%1"%. The basic method is to combine a fully
reconstructed D* with the correct sign lepton (e or ) in the event. D* mesons are
reconstructed using the decay chains Dt o D0n+, D p? 0, and
D% > K n*. An effective constraint is obtained by insisting that the kinematics of
the candidate decay be consistent with a neutrino being the only missing particle.

The D* meson is reconstructed by fitting the D? mass peak after making a cut on

the D*-D0 mass difference, & 5, = My — My, and subtracting any fit D¥sinady,

sideband. The 8, signal region for D** is 8 MeV wide and is centered on 145.44 MeV

while for the D*0, it is 6 MeV wide centered on 142.12 MeV. Figure 7 shows the
8 distribution for D** and D*0  events which have M, within 100 MeV of the
measured D? mass. The Mg, distributions for events in the 8., signal and sideband
regions are shown in Fig. 8.

The resulting yield for the BY decay is 376 + 27 £ 16, while for the B~ mode, the
yield is 302 £ 32 £ 13. Under the assumption that the fraction of produced neutral B
mesons (fy) is equal to the fraction of charged B mesons (f,—), we get the following
branching fractions:

Br(B® » D'*17V) = [449.£ 032£ 039]%

Br(B™ > D™I"V) = [513£054 +0.64]% .
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Figure 7. Mass difference, 8, distribution for events falling within the
signal kinematic boundary for (a) B85 D179 and (b) B~ > DUV,
All candidates are required to have My, within 100 MeV of the measured

D9 mass.

Figure 8. Invariant mass of K~ n* combinations passing the &, cut. The
dashed histograms show the scaled M, distributions for the &, sideband.-
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232 f,./f,

If we do not make the assumption that fgo = f, _, but instead assume only that

r(§° - D‘*rv) = r(B‘ N D“’rv), 8)

we can obtain a value for f, _/fys. We can write for the neutral and charged yields

No = 4Ny(4fooBr(B® > D™*177)B ., B0 » ©
N_= 4NT(4s)f+_Br(§' - D"’rv)}ab.(,lzz.o0 . (10)
where By =Br(D™ - D" )= (68010 13)% »
and Bpo = Br(D™ - D%1%) = (636+23+3.3)% [Ref. 9].

Dividing the second equation by the first, we get

T__ B..
Lo Tpm _N-Pp™ ) ss0144013
foo TBO NQ BD‘O

Using the value of Tp- /‘tBo =110%0.11 (Ref. 10), we get

f*—‘ =104+013+£012+010.
00

The third error is due to an uncertainty in the lifetime ratios.
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233 |V via HQET

Generally, the amplitude for B — D'lv depends on three independent form factors
which are functions of g2, the mass of the virtual W. But, in HQET, in the limit of
infinite b and ¢ quark masses, the three form factors are given in terms of a single

form factor (y), known as the Isgur-Wise function. The variable y is given by

y=v.v'=(M§+Mf). —qz)/(ZMBMD.), an

where v and V' are the four velocities of the B and D* mesons,and Mg and M, are
their respective masses. At y=1 (maximum q2), &(1) is normalized to unity. For
finite quark masses, the differential decay rate can still be expressed in terms of a
single unknown form factor F(y). F(l) can be calculated in perturbative QCD to have
the value 0.93 + .04 (Refs. 11 and 12).

The differential decay rate can be written as

3‘5 =GOV P2y (12)

where G(y) is a known function which has the property that it is zero at y=1. Thus,

%1"_ must be extrapolated to y=I in order to obtain |V y|. Since the shape of F(y) is
y

unknown , results from both a linear and quadratic fit are obtained.

Figure 9 shows |V ,IF(y) vs. y with both fits. The more precise value comes from

the linear fit which gives
{Vep| = 00377 £0.0019 +0.0020 £ 0.0014 ,

where the third error is due to the uncertainty in F(1) and the lifetime uncertainty has

been included in the second (systematic) error.
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Figure 9. The product [Veo[F(y) (solid line) as determined by fits to the
combined D**1™ and D0l data using (a) a linear expansion and (b) a
quadratic expansion for the form factor F(y). The dotted lines show the
contours for 1o variations of the fit parameters.

3. Two-Body Nonleptonic Decays

3.1 Factorization

The semileptonic decay of Bltoa D*+ must occur via the external spectator diagram
shown in Fig. 10(a). The amplitude for this decay factorizes into a product of
leptonic and hadronic currents since leptons do not interact through the strong
interaction. Figure 10(a) also shows the corresponding hadronic decay diagram. The
factorization hypothesis states that the amplitude for this decay can be expressed
theoretically as the product of two hadronic currents, one describing the formation of
the D**+ meson and the other the hadronization of the Td system from the virtual W™.

In other words, the D** is "unaware" of whether the W- decayed into leptons or
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hadrons. Most theories of two-body hadronic decays of the B meson are based on the

factorization hypothesis.

: L q

- v a'

b V\i, e u b - c,u
w \\<q

= = q

q q q q

(a) (b)

Figure 10. B-meson decay spectator diagrams. (a) External semileptonic
or hadronic decay and (b) color suppressed, internal spectator decay.

Factorization can be tested experimentally by verifying the relation

r@’>Dp™*n)

2
T =6mafffVua] - (1)
L@ -D +l—v)‘
dq 2_2

q-=my
The condition q2 = mf, (q2 is the mass of the lepton-neutino system which is the
mass of the virtual W~) ensures that the kinematics of the leptonic system is the same
as the hadronic system. The factor a; =11+0 is due to a hard guon QCD
correction,and f;, is the appropriate decay constant for the hadron h. CLEO has data

for the cases when h==, p and a; as shown in Fig. 11. In addition, both CLEO and
ARGUS have measurements for dl"ldq2 as a function of q2. These are shown in

Figure 11(d) along with several theoretical fits to the data. From these data, we can
form the left-hand ratio in Eq. (13) which we denote as Rexp- For the right-hand side,

Retecr We Use the measured value frr = 131.7 £ 0.15 MeV, fp = 215 + 4 MeV, and
fp, =205£16 MeV.
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Figure 11. M, distribution for (a) B - D'*x, ) B®-D"*p,
(c) B® - D**a7, and (d) q° distribution for the decay B> D**1'V. The

points are a weighted average from CLEO and ARGUS data.

The comparison for the three decay modes are shown below:

Mode Rexp(Gev?) Ripeo(Gev?)
D' *tn” 1.1£0.1£02 12402
D™ 30+04+06 313+05
D *ay 40+06%05 3.0%05.

1t seems, for hadronic masses up to the aj, the factorization hypothesis is valid.

3.2 External Spectator vs. Color-Suppressed Decays

In the BSW model!3 external spectator decays as depicted in Fig. 10(a) should have
branching ratios dependent on an amplitude denoted as a;. On the other hand,
internal spectator decays, as shown in Fig. 10(b), shouid depend on a much smaller
amplitude, a,, due to the fact that the colors of the quarks from the W~ decay must
match the colors of the ¢ quark and accompanying spectator quark.

BY decays to D¥r-, D*p-, D*tn-, and D**p~ are purely external modes. Their
branching fractions are proportional to a%. The mass distribution for the first two
modes is shown in Figs. 12(c) and 12(d). The second two modes were discussed in the
previous section. A fit to the branching fractions yields Ja)| = 115 0.04 £ 0.05+ 0.09.

Modes with y mesons in the final state are due to pure internal decays. Figure 13
shows four of these modes. From these, we get |ap|= 026001+ 0.01+£002. The

second systematic error on |ay| and |a,| is due to the uncertainties due to the B-meson

production fractions and lifetimes (i.e,f, T, /fpoto)-
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The sign of a, relative to a; can be determined by comparing charged and neutral

modes. The BSW model predicts the following four ratios:

The charge modes can occur through either an exte

depend on a sum of a; and a; amplitudes. Figures 12(a) and 12(b) éhow the data for the

two DO charged B modes.

Table 1'shows the model predictions for the two a, /aj ratios and the experimental

results.

R, = Br(B” - D% 7)/Br(B® > D*n")
R, =Br(B™ - D% ")/Br(B’ > D*p7)
R; = Br(B > D"%n™)/Br(B’ - D7)
R, =Br(B™ - D% /Br(B® > D *p7)

il

i

(1+123a, /a;)?
(1+066a,/a;)?
(1+129a, /a;)?
(1+0.752,/a))? .

mal or internal decay, and thus

TABLE1. Ratios of normalization modes to determine the sign of ay/a;. The
magnitude of ay/a; is the value in the BSW model which agrees with the

results from the B —> y modes.

Ratio 82/31=-0.24 32/31=0.24 CLEOII

R, 0.50 1.68 1.89 £ 0.26 £ 0.32
R, 0.71 1.34 1.67+0.27+0.30
R, 0.48 1.72 200+037+0.28
R, 041 1.85 2271041041




4 Rare Decays

4.1 Intreduction
In this paper, rare decays refer to spectator b—u decays or penguin decays (one-loop

flavor changing neutral current diagrams). Penguin diagrams were originally

. . 1 . . . .
introduced to explain the Al = 5 rule in K decays. They are possible candidates for

i

direct CP violation. In B decays, the penguin branching fractions are expected to be
several orders of magnitude larger than for the corresponding K decays. In addition,
they could provide a window on new physics in that the existence of new particles
(e.g.charged Higgs) could affect the overall amplitude for the decay.

Figure 14(a) shows the pure penguin diagram for B? > ¢K° while Figs. 14(b) and

14(c) show both the penguin and b — u spectactor diagrams for BY — K*n™.

Interference between these latter two diagrams could lead to CP violation.

hd H

n ()

Figure 14. (a) Penguin diagram for B? —->¢K0. (b) Penguin diagram for
B® - K*n~. (c) Spectator diagram for B - K*n~. The spectator decay
is doubly suppressed since T’ on|Vuqusl2 .
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Decays such as B »n*n” and B® 5 np~ should be dominated by the b—u
spectator diagram. Measurements of their branching fractions can be used to extract a.
value for [Vyp| Also, the mode B% -> 1™ can be used to measure CP violation
since the m*n- final state is a CP eigenstate. CP violation can arise from the
interference between the amplitude for direct decay and the amplitude when the B®

mixes into a B® and then decays.

4.2 Charmless Hadronic Decays

CLEO has done an extensive search for two-body charmless hadronic rare decays.

The results quoted here are based on an integrated luminosity on the Y(4s) of 2.0 fb-l

(2.2x106 produced BB pairs) and 0.9 fb"! on the continuum just below the Y(4s).
The major challenge for the analysis in all these modes is continuum suppression.

This is accomplished by the use of four variables. One is cos8; which was discussed

in Sec. 1. Another is the Fisher Discriminant, F. It is a single variable formed by a

linear combination of N (for this analysis N=11) variables defined as

N
F=Yoix; . (14

The x; are the set of the N individual variables,each of which usually gives relatively
weak discrimination between signal and background. The ¢ are chosen by the use of
Monte Carlo to optimize the difference between signal and background. The single
variable, F, gives enhanced discrimination power. The sum of chi-squares and neural
networks are examples of other techniques that combine multiple variables into a
single number. Figure 15 shows the Fisher Discriminant for both signal and continuum

background. The distributions are close to Gaussian in shape with about one sigma




separation. A cut of F < 0.5 keeps 80% of the signal while rejecting 50% to 70% of

the background, depending on the mode.
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Figure 15. Fisher Discriminant distribution. The solid histogram is for a
Monte Carlo generated signal. The points are for continuum data and the
dotted histogram is for Monte Carlo generated continuum.

The other two variables are AE, the difference between the energy of the B-meson
candidate and the beam energy, and Mg, the beam—constrained mass. In order to
enhance the statistics on the background, we look at a relatively large region in the
AE ~ Mg plane. This is shown in Fig. 16 for the data B® - K*n~. The signal
region is defined as covering + 20. For AE, ¢ varies from 17 MeV to 50 MeV,
depending on mode. The ratio of the area of the entire sideband region to the area of
the signal region is about 30. The error on the background determination is improved
by the square root of this ratio compared to the eror that is obtained by taking the

sideband region as the same size as the signal region.
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Figure 16. Scatter plot in the AE - M p Plane for data that passes the cos8,
and Fisher cuts,and satisfies the hypothesis B® —» K*7~.

In our analysis of B® - n*n™ and B® - K*n~, we have used dE/dx and the
energy difference between the K and 7t to help distinguish between these two modes.
At 2.6 GeV, the dE/dx separation between the & and K is 1.86. The energy difference
is 42 MeV which corresponds to 1.76. We have combined these with the three
variables F, AE, and Mg to do a likelihood fit to extract the yields in each mode.
These results have already been published, ' but the new fit shown in Fig. 17 includes
50% more data. Table 2 gives the updated results. Since the signal for either
individual mode is less than 36, we quote upper limits only. On the other hand, the
combined result has a significance of 5.3c statistical and 4.06 when systematics are
included.

All other rare modes that we have measured so far are shown in Table 3. No signal
has been observed for any of these mod;zs s0 90% confidence level upper limits are

given. Inall cases,these limits are below those previously published. In some,there




TABLE 3. Event yields, estimated background in the signal region, upper limits on
the branching ratios, previous upper limits, and theoretical predictions. Upper limits
are at the 90% confidence level. For the decays B — X ¢, particles in parentheses
indicate a K*(892) decaying to those particles.

Event Est. Upper Limit Previous Theory
Mode Yield Bgr. oz BR(107%)  UL(107) (107%)
r® ' 1 17404 1.0 - 0.03-0.10
¥ 6 24106 9.5 52 19838
N , J l 1% ! 1505 29 4 0.070.23
0 5 10 15 20 AR 8 58106 23 Pl 0.6-2.1
Nan 70 3 18+03 . 41 15 0014
Figure 17. Maximum likelihood fit for B - 1:"11:—/K+ n~. The solid K04 5 63 _ 0508
curves show the 1, 2, 3, and 4 sigma contours. The dotted curve is the 1.28 K 3 06402 938 u“ 0119
e contout K0 0 09403 35 - 0305
Kt 2 1.7£04 43 - 0.0-0.2
K% 1 10.7 49 0.1-1.3
TABLE 2. Updated results for B 5 K*'n™,n*n",and KYK ™. Upper (K)o 1
limits are at the 90% confidence level. (K%%)¢ 0
K% {combined) i 39 ky) 0031
o 0 48 - -
Mode Event Yield  BR(10-%)  Theoretical Predictions!S (105
s coretical Predictions™ (107 Kta® 10 50405 32 - 03-1.3
Kot 6 20105 68 9 1112
ntn” 85743 <22 1.0-2.6 Kort 2 06402 6.0 13 06-0.9
K'n~ 71743 <19 1.0-2.0 Kt 1 11102 26 7 0.01-0.95
' Kt 0 14 8 0113
KK~ 00758 <0.7 — (KoM 5
(K%Y 1
K**¢ (combined 1 9.0 130 0.0-3.1
T + K~ 57%33 18%3% +02 id )
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has been an improvement by an order of magnitude or more. In several cases LA L I AL LA LA LA A

3 I
(e.g., B' > nipt, B* - n*no), the upper limits are comparable to some of the > 2 3 B
@ - -
theoretical predictions. Figure 18 shows the Mg distribution for the ¢ modes, which are i F H e
particularly free of background. % 0t Attt -t 3
= - K'¢
$ 2F -3
s _E E
4.3 Measurement of Inclusive b—sy TE ” H =
Last year, CLEO established the existence of the penguin process b—sy by observing O — ! e —
5.200 5.225 5.250 5.275 5.300
the decay B—>K*(892)y (Ref. 16). The theoretical prediction of this exclusive rate has a M, (GeV)
8

large model dependence. On the other hand, the inclusive rate can be calculated within

4 L} T T ¥ L] L] L} L T LS T T L} Ll L] Ll
the framework of the Standard Model.!” The largest theoretical uncertainties stem from i ‘ I K°4, :<‘° > K
2 J
the choice of renormalization scale [ and the fact that not all of the next-to-leading N ” [-Ll ﬂ n ]
. . . F 4 PO B S PR U T ol e g
logarithmic QCD corrections have been calculated.’® When these corrections have O+ LN Il MR
} - K, K —>Kn®
been completed, then the measurement of the inclusive rate can place stringent limits on 2+ 3
a wide variety of nonstandard models as indicated in the list below taken from Joanne g 0 3 N BT T S ]
[ T Ll L) ¥ l L) ¥ 1 T l T T T L ' L) T L T B
Hewett’s talk given at the 1993 Summer Institute.!? 2 5 L
D B
2 - ]
T T M d l C d b M g O o 1 } i 4 %[_! 4 ] 1 % 1 1 L 1 = '] 1 1 'l §
"Top Ten" Models Constraine sY: > - T L e o
P y DSy H : K™, K™ —>K'n® 3
1. Standard Model 6. Supersymmetry 2 I"I -
2. Anomalous Top-Quark Couplings 7. Three-Higgs-Doublet Model 0 f] 4 r! t—t % T I S L
[ oy - 0+
3. Anomalous Trilinear Gauge Couplings 8. Extended Technicolor SF K7, K" =>Kn"
4. Fourth Generation 9. Leptoquarks : ]
p q O C 1 A 1 ” ‘ 1 1 4 i l 1 ] L 1 I n H i i N
5. Two-Higgs-Doublet Models 10. Left-Right Symmetric Models 5.200 5.225 5.250 5.275 5.300
Mg (GeV)
This year, CLEO has measured the inclusive branching fraction for b—sy. The
signature is a photon with an energy between 2.2 and 2.7 GeV. Most models indicate Figure 18. Beam constrained mass for B — ¢X where X is as indicated.

that 75-90% of the photons from the b—>sy process lie in this range. The background




from other B decays is small and can be calculated. However, the background of
photons from the continuum is large and complicated by the fact that there are two
different processes contributing: e*e” —> qq with photons coming primarily from
unvetoed 70 and 1 decays, and initial state radiation (ISR) where e*e™ — qqy. Two

different techniques have been developed to suppress these backgrounds.

4.3.1 Continuum Suppression with a Neural Network
In the neural network, as in the Fisher Discriminant, we form a single variable from a
combination of event-shape variables. The eight variables we have used are described
below and their distributions are shown in Figs. 19 and 20.

» R;. This is the second Fox-Wolfram moment already described in Sec. 1.2.

© S, . This variable takes advantage of the fact that the high-energy photon gives

the event an axis. It is defined as

S| = = (6 = angle with respect to the y) - (15)
2P

It discriminates most against qg-continuum events.

e R,. Thisis the Ry variable but calculated in the rest frame of the e*e™ after
the radiation of the high-energy photon (the primed frame). It discriminates most
against ISR events.

e cos@'. @' is the angle between the photon and the thrust axis of the rest of the
event in the primed frame. Again, it tends to discriminate against ISR events.

o Energy cones. There are four energy-flow cones centered on the high-energy

photon. The distributions for the three different types of events are shown in Fig. 20.
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Figure 19. R,, S, R'Z, cos(0") distributions for simulations of signal (solid),
ISR (dashed),and qg (dotted).
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The single neural network output, 1, formed from these eight variables is shown in
Fig. 21. It varies from -1 to +1. As can be seen, it gives godd discrimination between

signal and background.
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Figure 21. Distribution of single neural network output variable, r, for
simulations of signal (solid) and background (dashed). The points are for
off-resonance data.

4.3.2 Continuum Suppression Using Inclusive B Reconstruction
The basic approach is to look for one or more combinations of particles that fits the
B — X,y decay hypothesis. Xj includes a K* or K? with up to four pions which
may include at most one n°. This technique provides continuum suppression but does
not necessarily give the correct decay mode. K* and n? candidates are required to
have a measured dE/dx within +30 for that mass hypothesis. The K cut is tightened
to 2.5¢ after the best track combination is selected. A Kg is reconstructed from
n*n” pairs with a displaced vertex with a mass within 30 of the accepted Kg mass.
For each candidate combination, the total energy and momentum is formed from

the sum of the individual particle energies and vector momenta, respectively. The

energy difference, AE, and beam-constrained mass, My, as described in Sec. 1.2 are
calculated. From My, the mass difference AM =(Mp ~5279) GeV is calculated.

Finally, a xz variable x% is formed:

%8 = (AM/oy)? + (AE/og)2. 16)

If there is more than one candidate combination in an event, the one with the lowest
value of x% is chosen. Thus, there is only one allowed combination per event. The
distributions of x% for the signal, the qg, and the ISR backgrounds are shown in Fig. 22.

To be accepted, an event must have x% less than six.
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Figure 22. The x% distribution for simulations of the signal (solid),

the qq (dotted), and ISR (dashed) backgrounds.
4.3.3 Results
The photon energy spectrum as obtained from the neural network analysis is shown in
Fig. 23(a). The solid histogram is the on-resonance data. The dotted histogram

represents the scaled off-resonance data while the points represent the off-resonance

-
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data plus the expected Y(4s) background. Figure 23(b) shows the background-
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Figure 23. Photon energy distribution from the neural network analysis.
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5 »s : Table 4 summarizes the yields for both techniques. The detection efficiency is
o 3
3 ] 0.38 for the neural network analysis and 0.104 for the B-reconstruction analysis. The
£ i
> o ' - fraction of photons from the b-»sy decay between 2.2 and 2.7 GeV is 0.85 (Ref. 20).
z ! rL lsaikg%-;skv‘téracted data 1
_ask . 1 Combining the yields and efficiencies with the number of produced BB events of
e i n 1 1 I " i
1800 2000 2200 2400 2600 2800 215x10° gives the branching fractions Br(b-»sy)=(188+067)x10™* and

Ey MeV
(2.76i0.63)><10‘4 for the neural network and B-reconstruction analyses,

Figure 24. Photon energy distribution from the B-reconstruction analysis. respectively. We have determined that the two methods have a slight degree of
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comrelation. The statistical error on the combined result is only 12% larger than the
error would be if the two analyses were uncorrelated. The combined results,
including systematic errors, is

Br(b —» sy) = (232:£ 051+ 029 +0.32) x 107
The fitst error is statistical, the second is systematic due to the uncertainty in yield,

and the third is the systematic error due to the uncertainty in efficiency.

TABLE 4. Yields for the two analysis procedures.

Neural Net|B Reconstruction|

On 3013 + 59 281 £ 17
Off (scaled) 12618 £ 73 155 £ 18
T(4s) background
b—c 50.7 £ 5.1 12 +2
b—u 11.9 + 4.0 241
7° correction 50.2 + 27.7 —-0.7 £ 2.3
n correction 16.5 + 33.7 2.0 £ 85
Non-BB 2.3
T(4s) total 132 £ 44 154+ 9
On—Off-Y(45) 263 £+ 94 110 £ 25

+ 49 + 10

Our measured value is consistent with the Standard Model prediction!!® of
(2.75i0.80)x10‘4, where the uncertainty is due to the effects discussed at the
beginning of this section.

For the purposes of constraining extensions of the Standard Model, we have
determined the 95% confidence level upper and lower limits to be:

1x10~4 <Br(b—sy) <4x107%.
As one example, Fig. 26 shows the constraints on the charged Higgs mass as

derived in the Two-Higgs-Doublet-Model 1. The model has two parameters: the

charged Higgs mass, My,and the ratio of vacuum expectation values tanf = v /vi-

A mass less than 260 GeV is excluded by our upper limit for all values of tanp.
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Figure 26. Upper limits on Higgs mass as a function of tanP in the Two-
Higgs-Doublet-Model II. We have used M; = 175 GeV. In addition, we
have chosen the renormalization scale p = 2mp, to make the Standard Model
prediction as small as possible.

5 Summary

The important results presented in this paper can be summarized as follows:
1. Semileptonic Decays
eb_= Br(ﬁ - Xl_v) =(101£18£14)%. This is the first measurement of
this branching fraction.
e b_/b, and f;_/fy, are consistent with 1.

o The measurement of b= Br(B > Xev) using lepton tags gives a model—

independent result of (10.36 £ 0.17 £ 0.40)%.
* Br(Y(4s)—> nonBB) < 0.04 (95% confidence level).




¢ Br(B-> XIv) <11% in contrast with theoretical predictions of no less
! than 12.5%.
{’ ® New measurements of Br(B > D*Iv) combined with HQET provide a
reduced model-dependent value for !Vcbl =0.0377£0.0019 +0.0024.
2. Two-Body Hadronic Decays
o The factorization hypothesis seems to be valid for B decays, at least up to
the a; mass.
¢ The BSW model gives a consistent picture for external and internal
spectator decays.
3. Rare Decays
» Updated results for B® - nn/Kn are consistent with our previous
results.
* No signal has been observed in any other two-body hadronic modes. New
upper limits, many in the 10~5 range, are presented for different modes.
Several are close to the theoretical predictions.
® The branching fraction for b—>sy has been measured and is consistent with
the Standard Model prediction. This measurement can constrain many
extensions of the Standard Model. In the THDMII, the charged Higgs

mass is constrained to be greater than 260 GeV.
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