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Fig. 1. The CLEOI1.V Detector. 

and new super-conducting focusing quadrupoles. CLEO expects to collect 15 fl-i of 

data per year. 

3 Kinematics at the Y (4s) 

CESR has symmetric beam energies such that the energy of B mesons is given byEn = 

E beam > where Ebean is well-known from accelerator parameters. The average B meson 

momentum is quite small, [Pnl = 325 MeV/c. 

When all daughters of the decay are measured, there are two very useful variables. 

The first is (sums are over daughter particles): 

AE E C Ei - Ebeam. 

This simply expresses energy conservation, peaking at zero for real events. It is sensi- 

tive to missing particles and also to K-T mis-identification which both affect the energy. 

A typical resolution is about 25 MeV for DT; however, it is much improved, to 8 MeV, 

for final states like D*+D*+ and DDK with large rest-mass. The second key variable 

is the “beam-constrained” mass: 

This expresses momentum conservation. Using Ebeom instead of C E, improves the 

mass resolution by a factor of 10, to 2.5 MeV, for two-body modes like Dw. 

Often these are the final two variables examined for a peaked excess indicative 

of a signal. This technique is used extensively for hadronic decays where the decay 

products are generally all accessible as charged tracks aad photons. It is also used for 

some semi-leptonic modes; this is possible when the neutrino is inferred from global 

four-momentum balance. More details will be given below when discussing II&l. 

Another variant on the full reconstruction may be termed semi-inclusive reconstruc- 

tion. Part of the final state is common to all channels, but a varying number of other 

particles are added in order to find the best B candidate. This is used, for example, in 

the b + sy analysis discussed later, where one requires a stiff photon, a kaon, and a 

varying number of added pions. 

There are many other techniques commonly used at CLEO, for example, partial 

reconstruction of a D*+ from the slow transition 7rIT+ only, but there is not time to discuss 

these further. 
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Fig. 2. The beam-constrained mass and energy-balance distributions for the &v and 

p/wev modes. The points with errors represent the data after continuum and fake sub- 

traction, and the histogram is the total fit to the data. The open area under the histogram 

represents the signal component, and the various shaded areas are backgrounds, includ- 

ing cross-feed among modes and feed-down from other b --t u.fv processes. The largest 

background, from b + cX, is cross-hatched. 

is excellent, gpp. N 110 MeV/c. With the neutrino in hand, full reconstruction of the B 

meson is possible. The resulting AE and A4a distributions are displayed in Fig. 2. 

The results from 4 fl-’ of CLEOII data are:5 

f?(B + K!+v) = (1.8 f 0.4(stat) f 0.3(syst) * 0,2(model)) x 10e4, (7) 

B(B + p-e+“) = (2.5 f 0.4(stat)?@(syst) +0,5(model)) x 10m4, (8) 

IV,,1 = (3.3 + 0.2’;:; f 0.7) x 10-3, (9) 

where isospin constraints are employed between the two n!v modes and the three 

p!v, WI?V modes, leading to the extraction of two average branching ratios. 

The limiting factors when extracting IV&, are a 12% error from the branching ratios, 

mostly from neutrino reconstruction efficiency, and a 20% model dependence. More 

statistics will help further constrain the models, 

HILEP p modes with AE cut HILEP p modes with M(nrr) cut 

M(lm) (GeV/c”) AE (Gel’) 

HILEP p modes with AE and M(nn) cuts 

q‘ (GeV‘/c4) 

Fig. 3. Preliminary results from the fit to continuum-subtracted data B t ph, dv 

data in the 2.3-2.7 GeV/c lepton momentum bin. Points are data; the fit is a sum of 

b -+ c (single-hatch), other b + u (double-hatch), cross-feed (dashed histogram), and 

signal (solid histogram). 
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Fig. 5. Fits to the form-factor data for D*eu decays versus Y, which is essentially 

the HQET parameter w (see Ref. 8 for details). Both linear and quadratic fits are 

shown; in each, the solid line shows the central fit enclosed in the dashed error bands 

corresponding to one-sigma variations of the fit parameters. Error bars are statistical 

only. 

corrections to the rn~ = co limit of HQET, these 

mentioned earlier. 

An analysis was performed on both the D*+!u 

CLEOII data. The use of both charge states avoids 

of charged and neutral B production fractions, 

and the extrapolation to zero-recoil, shown in Fig. 

In@ = 0.0351 f O.O019(stat) f 

A typical theoretical value for the form-factor 

Finally, let us return to the method of determining 

leptonic decay rate. The main problem involves 

level picture and the reality of hadronic bound states. 

with help from the operator-product expansion 

new parameters. The OPE parameters are A, 

(or ‘brown muck’), Xi, the kinetic energy of the 

hyperfine chrome-magnetic interaction. The parameter 

perimental value of mn, - mn. Further experimental 

parameters A and Xi, aiding theorists with inclusive 

quarks bound in B mesons. 

In particular, CLEO is working to constrain 

ments of semi-leptonic decay variables. As a 

moment’: it is just a sum over all events with 

ments, such as a mean or RMS, can constrain 

the lepton energy moments: 

< Ee >, < (Et- < 

are used, where Et is the lepton energy and < 

These, along with corresponding hadronic mass 

which may be used to constrain theory. 

Preliminary analyses are in progress to determine 

moments.g They should provide accurate enough 

them from being a serious source of error when 

that even the D*h HQET technique requires X 

form factor at zero recoil and will also benefit. 
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5 Rare Decays and CP-Violation 

We now turn from the magnitudes of the CKM matrix elements to their phases. So far, 

CP violation has only been observed in neutral kaon decay. The one free phase paran- 

eter in the standard CKM matrix may be the sole source of this effect, but confirmation 

of model predictions in B physics is needed to provide the required independent test. 

The key modes include rare charmless decays as well as Cabibbo-suppressed decays to 

final states with charm. Some of the Feynman diagrams responsible for the rare charm- 

less B decays are shown in Fig. 7. CP-violation can be observed in various ways. One 
3460997-007 

w +.’ .’ 

5; .- 

B+, B” 
b, d 

(a) (b) 

u, d u, d I,d u, d 
(d) 

Fig. 7. Important Feynman diagrams responsible for rare charmless B decays: (a) 

external (color-allowed) spectator, (b) gluonic penguin, (c) internal (color-suppressed) 

spectator, and (d) electroweak penguin. 

popular theme involves looking at time-dependent asymmetries in the decay rate to a 

CP-eigenstate, fcp. Here, one utilizes mixing to interfere the decay paths B + fcp 

and B + B --t fcp measuring, in the Standard Model, the phase of Vtd present in 

the mixing process. CP-violation may also show itself via rate asymmetries between 

B and B decays to a final state f and its conjugate f, respectively. These rate asym-, 

metries require two interfering diagrams with a relative weak phase as well as a strong 

phase from final state interactions (FSI). The weak phase may come, for example, from 

the phase of V,, in the spectator diagram relative to the gluonic penguin. 

Many papers have analyzed the various decays and suggested ways of isolating the 

interesting information. CLEO is now cataloging many of the interesting final states 

and is usually observing them for the first time. Of key importance is the relative size 

of certain classes of diagrams, i.e., penguin and b + u spectator processes. 

As an example of one general feature, note that penguin processes easily produce 

kaons, since CKM factors favor b + s over b + d, while b + u spectator diagrams 

favor pions, due to Cabibbo-suppression of W- + Js relative to W- + iid. As 

summarized below, CLEO observes the K modes rather than the 7r modes, hinting that 

penguins are large. In fact, B” t T+T~ is not yet observed. This will make planned 

CP studies using this channel perhaps more difficult than originally suspected. 

5.1 Rare Cabibbo-Suppressed b + c Decays 

Let’s begin with a Cabibbo-suppressed decay which is related to the well-established 

Cabibbo-allowed decay B” -+ D,+D*-. The decay B + D*+D*- is of interest for 

time-dependent CP-violation studies, just like those planned for @Kc*). One will have 

to determine the CP-content of the final state, as CLEO did for +K*,” in order to 

make real use of this mode. 

The analysis is a standard full reconstruction of the entire B decay, using 8.5 fb’ 

of CLEOII data. One noteworthy cut examines the significance of the vertex separation 

between the two Ds; this works particularly well with the subset of data (about 40%) 

taken with the SVX detector in place. 

The final A&M, plot shows a clear excess in the signal region; see Fig. 8. The 

background is estimated in several ways, almost exclusively based on clever uses of the 

data, to be 0.31 i 0.10. The probability that the four candidate signal events arise from 

a background fluctuation is estimated as 1.1 x 10e4. This first observation yields the 

preliminary branching ratio:‘l 

B(B” + D*fD*m) = (6.2’;:; * 1.0) x 1O-4 (14) 

consistent with the Cabibbo-suppression, and other simple factors, relative to DfD*-. 

CLEO also has another recent observation of a Cabibbo-suppressed decay of inter- 

est for CP-violation studies, B- + D’K-, with 5 fh’ of CLEOII data:” 

B(B- + D’K-) = (2.57 I!Z 0.65 + 0.32) x 10-4. (15) 

Current analyses are working on other Cabibbo-suppressed modes such as D*+D-, 

D+D-, and D’K*-. 
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to see sidebands. Thus, the full statistical power of the data is not evident in these fit 

projections. The likelihood results are also cross-checked with simple cut-and-count 

analyses, looking at events above background in a AE-It4n signal box after all cuts. 

Due to our limited ability to separate the stiff charged KS and 7~ produced in two- 

body charmless B decays, simultaneous fits are used. For example, the rates for B+ + 

q’K+ and B+ + n’~+ are extracted from one fit. In such cases, the likelihood contours 

as a function of the two yields (or branching ratios) are displayed. The K-n separation 

at 2.6 GeVlc from dE/dx is about 2u and an additional, independent 1.7~ is obtained 

from the mass-dependence inherent in calculating AE. The notation h is sometimes 

used to denote an undifferentiated combination of charged us and KS. 

CLEO recently published three major papers, all based on 5 fl-’ of CLEOII data. 

These publications covered KTT and related final states,r4 final states with an n or v’,15 

and final states containing an w or 4. i6 These results are summarized graphically in 

Figs. 9 and 10. A few peculiar* modes from the three publications are omitted from 

these graphics. Some other modes are shown which have not been updated recently; 

these results are contained in an earlier paper.17 

Now we summarize the recent, unpublished updates to these results. 

5.4 Recent Updates for Rare Charmless B Decays 

A preliminary update of modes with 7”s was given at ICHEP98.‘* The analyses were 

performed with 8.5 fl-’ of CLEOII data. As discussed earlier, the #K+ and v’.lr+ 

modes are fit simultaneously; the resultant likelihood contours for n’h+ are shown in 

Fig. 11. The data indicates only K+ in the final state, with no hint of r+ yet. Figure 12 

shows AE and A4n projections for these n’hf final states as well as for ~‘Ks. These 

new 7’ results are summarized in Table 2. 

ICHEP98 further witnessed a preliminary update of B” + K+c and related 

modes also using 8.5 fl-’ of data. lg Figure 13 shows the likelihood contours for the 

K+r and rr+~- yields, and displays the clear evidence for a signal in the key projec- 

tion plots. The yields for K+c, T+T- are extracted simultaneously, and only K+T- is 

significant. This is a sign that penguins are large. Also, the contours in Fig. 13 indicate 

that it is unlikely for the K+F and 7rfxiT modes to have equal branching ratios. 

Analogous plots for h*Ks and h*n’ modes are shown in Figs. 14 and 15. The new 

- Theor ’ X CLEO U er limits l CLEO Measurements 

X 7c” 7c” cK1nl X 7c+ 7c” 

- $P, 

X R+pO 

X =o p+ 
KP 

X 

- 
X 

-L 

X 
X 

X 

X 

- X 

X 
0 

X 
X 

X 
X 

I ,X 

K+ TC- 
K” 7~’ 
K+ rc” 
K” rt+ 

K+ p- 
K” p” 
K+ p” 

X K” p+ 

X K*+ 7c- 
K:’ 7~’ 

X K*+ no 
K*O 7C+ 

Fig. 9. A graphical summary of published CLEO rare charmless B decay results. All 

results are based on 5 ft-’ of CLEOII data, except modes of the form hp and K*n, 

which use 3.6 fl-‘. Note that some updated conference results are presented later, 

including the first observation of Bt --t K+r”. 
*These are &r, 4p, &, and &‘). All have an sS in the final state and are not easily accessible via 
W-emission or penguin diagrams and so are expected to have very small branching ratios. 
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:.20 5.22 5.24 5.26 5.28 5.30 -0.20 0 -0.10 0.00 0.10 0.20 
B mass (G&‘/c’) AE (GeV) 

Fig. 12. Projections of AE and I!JB for 7’ modes with an observed signal. The top 

four plots show projections for n’h* separated into two different 7’ decay channels; the 

bottom four plots are the analogous ones for rfKs. 

0 
5.20 5.22 5.24 5.26 5.26 5.m 

M  (GeV) 

0.00 

AE (GeV) 

Fig. 13. The top plot shows the contours from the likelihood fit to K*+ and r*7ri 

yields. The two lower plots are AE and &‘B projections for the h*r7 signal. Note 

that our reconstruction assumes the T mass for all charged tracks, so AE shifts to -42 

MeV for true K&6. 
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Mode EC%) a Theory B 

(10-5) (10-S) 

7-r+T- 53 i 5 < 0.84 0.8-2.6 

7r+7r” 42 i 4 < 1.6 0.4-2.0 

K+r 53 f 5 1.4 f 0.3 zt 0.2 0.7-2.4 

K+# 42f4 1.5f0.4&0.3 0.3-1.3 

KG+ 15f2 1.4+0.5*0.2 0.8-1.5 
K’K- 53415 < 0.24 - 

K+KO 15f2 < 0.93 0.074.13 

Table 3. A summary of new preliminary results for PP modes, where P = YT*, TO, K*, 

or KS. Note that these results are NOT included in Figs. 9 and 10. 

5.5 B + qcK 

CLEO has observed large rates for the B + $K decays. Some explanations for these 

rates have posited a CC component in the 7’. This has motivated a search for the related 

vcK mode. 

The analysis uses 5 fb’ of CLEOII data in a maximum likelihood fit, just as is 

done for the charmless rare B decays. Only the 17~ + q!$ decay is used; it has a small 

branching ratio (- 0.7%), but is very clean. Figure 16 shows some of the kinematic dis- 

tributions for the candidate events. There are two candidates with very low background; 

this gives a 3.90 significance. 

The preliminary result for the measured branching ratio is consistent with expecta- 

tions based on the $K rate:20 

B(B- + QK-) = (1.54’;$(stat) f O.l5(syst) f 0.60(n,BR)) x 10-3. (19) 

Limits on some related modes are given in Table 4. Adding the Q + K~KT decay 

mode in the future will further increase our sensitivity. 

3350798011 
I"',,","',, ..,~,~,,~,,,,,,,.,~I,,,~,~,,, 

l- 
fn 
E 
g \ 
w. .,.1...1...1 kl. . . . . ..I. l..Jt 
6 5.21 5.23 5.25 5.27 5.29 -0.2 0 0.2 

$ M(B) (GeV / c*) AE (GeV) 

z : 

0 J - 8 “A. a -, .T% -?h I 
2.8 2.9 3.0 3.1 -1.0-0.5 0 0.5 0 1 2 3 

WI,) WV / c*) cos (6) x 

Fig. 16. The AE and Mn projections of the qcKm fit. Also shown are the nc mass, and 

the nc decay angles. 

Upper Limit (90% C.L.) 

Table 4. Preliminary upper limits for modes related to the Bm --t vcK- signal. 
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Modes where the photon materializes as a lepton pair are sensitive to more terms 

in the effective Hamiltonian than b + sy itself and thus are of interest also. Both an 

inclusive b --f se+e- and an exclusive B + K(*)e+!- analysis have been performed 

with 5 W1 of CLEOII data. The inclusive results are? 

B(b --f s e+e-) < 5.7 x 10m5, 

B(b + s p+p-) < 5.8 x 10-5, 

B(b + s e*$) < 2.2 x 10m5, 

(22) 
(23) 

(24) 

(25) 

while the preliminary exclusive results are:27 

B(B + K*C+e-) < 0.68 X 10m5, (26) 
t3(B -+ fce+e-) < 0.70 x 10-5. (27) 

All are 90% CL. limits. 

Both the inclusive and exclusive dilepton modes have sensitivities which are ap- 

proaching the theoretical expectations. Perhaps some of these modes, and the exclusive 

p^i final state, will be seen in the next round of B experiments, providing us with further 

insights and constraints. 

7 D Lifetimes with the Silicon Vertex Detector 

CLEO now has the opportunity to make precise measurements of charm meson and 

baryon lifetimes due to the excellent resolution of the new silicon vertex detector. The 

first such analysis to explore these possibilities uses 3.7 fbr of CLEOI1.V data and 

measures the D meson lifetimes. 

The charm mesons were reconstructed via the following decay modes: 

P-8) 
(29) 

(30) 

For the Do (D+), a slow riT+ (x0) was required to form a good D*+ t D’rr+ (D*+ + 

Dfro) candidate in order to reduce background. No tagging was required for the D, 

mesons. 

The D flight path is extrapolated to the flat, well-known beam spot to determine 

the production point. The beam spot size is given by gy N 7 pm, gZ N 350 pm, and 

is determined on a run-by-run basis. This construction is illustrated in Fig. 18. Frag- 

mentation tracks, which may bias the interaction point, are avoided. The Do + K-r+ 

vertex resolution varies from about 60-l 10 pm, along the flight direction, compared to 

a typical flight of < ypcr > = 200pm. Only the two-dimensional projection of the 

decay in the r - 4 plane is used. This is done by choice; the silicon z measurements 

are available if desired. 

3080499-009 

‘lab 
t 

Fig. 18. An illustration of the technique used in determining charm lifetimes; see the 

text for further description. 

An unbinned maximum-likelihood fit with seven parameters is used to extract re- 

sults. The fit parameters are: the D lifetime, the fraction of background with lifetime, 

the lifetime of this background, the fraction of m&reconstructed events and their aver- 

age resolution, the fraction of “flat” background (with a fixed resolution of 6 ps), and a 

scale factor for the predicted measurement error (found to be 1.13 f 0.02). Figure 19 

shows the fit to the proper lifetime data. 

The preliminary results for the lifetimes of the Do, D+, and DS+ mesons are:28 

Do : 408.5(stat) * 4.1’;:;(syst) fs, (31) 
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Fig. 20. The first plot demonstrates our excellent D* - D mass difference resolution; 

mass(KTrr) - mass(Krr) - m, is plotted. The remaining plots show mass peaks for 

some decay modes of the Do into CP-eigenstates. 
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Fig. 21. Plots of the $7 - Z:c mass for 

CLEO hopes to find even more narrow L = 

be increasingly careful when hunting for new peaks 

ous correlated soft KS and ys from transitions 

underway working to catalog new decay modes 

as well. 

In the near future, CLEO will measure charm 

vertex detector. An inclusive single-experiment 

service. Finally, one crucial need in this field is 

~KT). Attempts are underway to contribute here 

9 Tau Physics 

CLEO has the world’s highest statistics tau sample 

topics. The particular analysis discussed here also 

light hadron physics. 
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Fig. 23. The left plot shows the fit to the 37r invariant mass from 7 -+ 7r07ror- decays. 

On the right are the mass-dependent channel widths corresponding to this fit. 

With the substructure determined, one can examine the 37r mass spectrum itself, 

which is dominated by the al lineshape. The preliminary fit is shown in Fig. 23. Note 

that the high-mass structure visible there is partly from the K*K threshold, which must 

of course be present. The coupling to this channel is allowed to float in the fit, with the 

turn-on shape taken from theory. 

Resonance L Signif. I3 fraction(%) 

P(1450) s-wave 1.40 0.30 zt 0.64 f 0.17 

P d-wave 5.0a 0.36 3~ 0.17 f 0.06 

P(1450) d-wave 3.la 0.43 f 0.28 f 0.06 

~$(1275) p-wave 4.2~ 0.14 zt 0.06 f 0.02 

u p-wave 8.2~ 16.18 f 3.85 i 1.28 

fo( 1370) p-wave 5.4u 4.29 f 2.29 f 0.73 

Table 6. Results from preliminary fits to the substructure in the 3~ system in r + 

7r”rroriT- decays. The strength and significance of each component is noted. Note that 

the branching ratios do not sum to one due to interference. 

This analysis also yields signed neutrino helicity via a decay asymmetry due to 

interference between the two KK’ combinations present. The analysis yields h,+ = 

-1.02 * 0.13 * 0.03, as compared to the expectation of -1. 

A corresponding analysis looking at the R+~-K mode has already produced some 

promising results. 32 Using the z-7r”rro fit results in an appropriately modified current 

suitable for the ~G+KT- final state, once can generate a Monte Carlo event sample. The 

agreement with the ~+KT- data is excellent, indicating that consistent results will be 

extracted from the two modes. 

10 Two-Photon Physics 

CLEO also makes good use of the two-photon physics reach in our dataset. One recent 

study involves determining the two-photon coupling of a glueball candidate. 

From previous measurements of $J + ggy -+ Xy done elsewhere, one can extract 

information on the coupling of a state X to gluons. Searching for X in two-photon 

production can measure or limit the coupling to y-y. 

One can then define for particle X a “stickiness,” S: 

s N rci + rX)lW +7-Y) (34) 

where the factors omitted compensate for effects of differing coupling constants, phase 

space and spins. Note that the branching ratio of X to the detected final state can be 

canceled. The value of 5’ should be of c3( 1) for @  mesons, since valence quarks couple 

well to both glue and photons. CLEO has looked for two-photon production of the 

f~(2220) in both the KsKs and rr+r- final states. The invariant mass spectra of the 

candidates is shown for both searches in Fig. 24; in both cases, limits were extracted. 

The final combined result for the stickiness, S, is:33a34 

S(fJ(2220)) > 102 95% C.L., (35) 

making the fJ(2220) the stickiest state yet evaluated and strengthening the case for its 

interpretation as a glueball. One potential out would be to question the very existence 

of this state; although it has been seen by several experiments in several decay modes, 

some questions still remain.35 

11 Other Recent Analysis Topics 

There are many new summer conference papers which were not discussed, due to length 

constraints. These include: 
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