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ABSTRACT 

Results are presented on T(4S) -+ non-BB final states; D’ branching ratios; 

Do branching ratios to final states containing a TO, q, or 7’; and D, branching 

ratios to final states containing the 7 or q’. 

Presented at the SLAC Summer Institute on Particle Physics, 

Stanford, California, August 5-16, 1991 ’ 
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4. Two-photon invariant mass plots in 4 momentum ranges, as labelled. The 

rr” peak is cleanly visible at all momenta. The 9 peak becomes prominent at 

higher momenta. 

In 1990, both CLEO and ARGUS reported”] evidence for the production of 

$‘s with momenta above the kinematic limit for B 4 $X. In the continuum- 

only data sample, however, taken at a center-of-mass energy N 50MeV below the 

T(4S) resonance, little evidence of a $ signal could be found. These observations 

were interpreted as a signal for the unexpected decay T(4S) -+ $,X. With the 

new CLEO II data, representing twice the integrated luminosity of the CLEO I 

sample, the $ signal is now clearly seen in the continuum and the entire set of high 

momentum +‘s may be accounted for by continuum production only. 

The I? + r/X branching ratio is relatively large (- 1.1%) and therefore B 

decay is a copious source of 4’s at momenta below the kinematic limit of 1.94 

GeV. In selecting 11, candidates, we use a cut at 2.0 GeV, and for comparison with 

continuum data, express this in terms of z = pIEho,,, 5 0.38. A clean signal 

is obtained by reconstructing the 11, in its leptonic decay modes, tc, 4 e+e- and 

rj -+ p+p-, as shown in figure 5 for g’s within the B kinematic range. The 

data shown are for 491pL-’ of T(4S) running. The net signal after background 

subtraction is 256 f 18 events in the dimuon channel, 196 f 16 in the dielectron 

channel. 

Dilepton spectra for dileptons with z 1 0.38 are shown in figures 6 and 7 for 

the CLEO I data and the CLEO II data, respectively. With the signal region 

defined to lie within 30MeV of the r,6 mass, the events are tallied and displayed in 

table I below. Combining the two data samples for maximum statistical power, 

we find that on the 4S resonance, the $ yield is 17 + 19 = 36 f 6 events, with 

a background of 13.6 + 4.3 = 17.9 f 1.3, for a net signal of 18.1 f 6.1 events. 

Below the 4S resonance, the continuum sample yields 10 /2= 12 f 3.5 events 

on a background of 2.9 + 0.7 = 3.6 f 1.9 events, for a net yield (after including 

a scale factor of 2.1 to account for the different on-resonance and off-resonance 

luminosities and continuum cross sections) of 17.6 f 7.4 events. The on-resonance 

4 events are thus completely consistent with production from the continuum. 
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Table I. Yields of High Momentum $J’s. I 

l 296iOOl-504 

(a 1 

n 

CLEClIi ?rel iminary 

3 

b) 

Data Sample Signal Region Events Estimated Background 

CLEO II 1990 on resonance 19 13.6 f1.2 

I--~- ~~ CLEO II 1990 off resonance I 10 I 2.9 f 0.5 I 

CLEO I 1987 on resonance 17 4.3 f 0.6 

CLEO I 1987 off resonance 2 0.7 l 0.2 

3.0 3.5 

m( I+ I-) (GeV/c’) 

4.0 and 

Various models of tc, production are available?’ These predict the ratio R = 

o(e+e- -+ $X)/o(e+e- 4 p+p-) to lie in the range 0.3 -+ 2.0 x lo-’ for +‘s of 

z 2 0.38. We measure R = (1.0 f 0.3 f 0.3) x 10e3. The CLEO I analysis had set 

a limit, R 5 1.9 x lo-’ at 90% confidence, consistent with the new measurements. 

4. NEW MEASUREMENTS OF D' BRANCHING RATIOS 

Precise knowledge of the D' branching ratios is an important tool in the study 

of B decays, and is aho an interesting subject in its own right. With 689pb-’ of 

CLEO II data we have made new measurements of ah five D' branching ratios: 

D‘+ -+ Do*+ , D+r", D+r , 

7. DiIepton mass spectra kom the CLEO II (1990) data. (a) on the Y(4S) 

resonance; and (b) below the resonance (continuum only). 

' D'O --a DOT', D'y. 

AlI these have been measured previously!” but the D'+ -+ b+y has been some- 

what controversial as the MARK III measurement of (17 f 5 4 5)% is at odds with 

the theoretical expectations”] of - 3%. The decay is a magnetic dipole trmsi- 

tion, and poses no theoretical problems; to explain a large value one must invoke 

an anomalously large charm quark magnetic moment. With the new CLEO II 

measurements the large discrepancy between theory and experiment is gone. 
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The Do is reconstructed in its K-z+ mode, and the D+ in its K-r+*+ mode. 

Charge conjugate states implied, as usual. D candidates are required to lie within 

2a of the D mass. Time-of-flight measurements and dE/dx determinations are 

used to establish particle identification of aII charged tracks. Photons are observed 

in the barrel calorimeter, (I cos 6’1 < 0.71) an d are required to exceed 30 MeV as 

the signal/noise is poor below this level. The x0 is reconstructed from photon 

pairs and required to have a mass within 2a of the x0 mass; in addition, the decay 

angle, a, of the photon axis in the rest frame of the x0, as measured with respect 

to the x0 direction, must satisfy I cos aI < 0.8 to reduce combinatoric backgrounds. 

D' candidates are required to have momentum greater than 2.5GeV, and signal is 

then determined by a fit to the distribution of 6 = hf~. - MD - 9, where we use 

the value”’ Q = 0.1455 GeV. 

Figures 8 to 12 show the 6 distributions for the five D' decay modes. The 

yields in each of the five modes, together with pertinent mass resolutions and 

efficiencies are given in table II. 

Table 

Events Mode L- 
10170 f 197 

7869&242 

557f71zt40 

724f56f26 

79f59f40 

629f37f25 

2265*61+47 

. Raw Data for 1 

Mass Resolution 

Heasured (MeV] 

ll.Of0.3 

10.2f0.3 

5.6f0.4 

1.10~0.05 

0.95f0.07 

0.80f0.02 

Decays 

Mass Resolution Efficiency 

Monte Carlo (MeV) 

9.5 0.580 

9.0 0.500 

5.2 0.157 

1.16 0.154 

5.2 0.135 

1.17 0.133 

0.75 0.47 

D ++-e Do=+ 

800 
*’ 

0 ’ 
400 - . 

2e6lcQI -cc9 
I 

(a 1 Do Peak Region _ 

l . 

. 

y=,=s.~. . . aI* .,. * . l , ..mp. , *as* I., w 

(b 1 Do Sideband Region 

. +ttt 
v) + 
E ++ +++ 
aa ++,+c+++** + $ + + ++ + t,l(tr,,,,, +++++; 

13 
*++ ma*’ ( 

0’ I 0 I I 1 I / / / I , I / I 

600 (c ) After Subtraction - 

400 

200 

0.0 10.0 
Mass Difference 8 (MeV) : 

8. Distribution of MD. - MD - Q = 6 for D'+ 4 D/O*+ 

The branching ratios are extracted by constraining the sum of the three D'+ 

branching ratios to be 1, and similarly for the two De0 branching ratios. The 

systematic errors that would arise from uncertain Do branching ratios are explicitly 
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cancelled out by using the ratio 

Monte Carlo is used to determine the ratio of the efficiencies y = 0.96f0.15 after 

all cuts. This yields a measurement 

R”, = 0.75 i 0.11 f 0.13. 

In conjunction with the sum rule, 

B(D’O + D07)+ B(D’O -+ DO*O)= 1 

this result gives us the D” branching ratios, given in table III below. The D’+ is 

similiar, but as there are three decay modes, we measure two ratios, 

and 
l + 4 DO*+) Rz = ;;;.+ ~ D+*o) _ n(Do*+) eD+=o B(D+)m 

@+x0) eDOx+ B(D”) 

In the latter case the D branching ratios do not cancel, and propagate through to 

non-negligible systematic errors in the final result. D’+ branching ratios calculated 

in this way are given in Table III under the column labelled “Experimental Ratios.” 

One may circumvent this problem, however, by noting that the D’+ + Do*+ and 

D’+ --+ D+r” branching ratios are related through an isospin factor (2) and a 

momentum dependence (p3) of the p-wave transition: 

R,+ = l + + Do*+) 
l + 4 D+rO) = 2.19 zt 0.17. 

With this value of K$ one obtains the branching ratios given in table III under the 

column labelled “With Isospin Constraint.” 

Decay Mode 

B(D’O + D”7) 

B( D’O --B D”xo) 

B(D’+ +D+7) 

B(D’+ --$ D+r” 

B(D’+ --a Do*+ 

Table III. D’ B 

Experimental Ratior 

Yo 

43.0f3.7f4.2 

57.0f3.7f4.2 

3.8f2.8f2.0f0.4 

30.9f1.6f4.4f3.03 

65.3xt2.4f5.1f3.3 

I 
tnching Ratios I 

With Isospin Constrain 

YO 

3.7f2.7f1.9 

30.2f0.8f1.6 

66.lfl.fH2.2 

PDG Value 

% 

45f6 

55f6 

16f4 

27.2f2.5 

55f4 

The branching ratio B(D’+ -+ D+7) is seen in table III to be consistent 

with theoretical expectation, and inconsistent with previous results. We may also 

express this as a 90% confidence limit, B(D’+ 4 D+7) < 8.0%. 

5. NEW MEASUREMENTS OF Do BRANCHING RATIOS 

The CLEO II cesium-iodide calorimeter has made possible a number of new or 

improved branching ratio measurements, including the Do branching ratios listed 

below: 

The measurement of Do -+ x0x0 has not previously been measured, and brings to 

completion the set of all measured decays of Do to K’s and w’s. The remaining 

determinations are not new, but are considerably improved. ’ 

The two-x’ mass spectrum from 655pb-’ of CLEO II datiis shown in figure 13. 

The Do candidates are tagged with a D’+ or D”, and the cosine of the decay angle 

of the rr” in the Do rest frame is required to lie in the range -0.7 + 0.7. Table 

IV below shows efficiencies and yields for both Do -+ x0x0 and the normalizing 

mode, Do -+ K-n+, with both D’ tags. Using B(D” -+ K-r+) = (3.71 f 0.25)% 
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0 
1.50 1.70 1.90 2.10 2.30 

M (I~x~) GeV 

13. *OK0 mass spectrum 

from the PDB”‘we obtain 9 

B(D" + r"xo) = (0.09 f 0.02 f 0.02)%. 

From an earlier CLEO measurementIq of Do 4 X+X- we obtain 

B(D" + x0x0) 
B(D"-+r-n+) 

= 0.50 f 0.19. 

Tl 

F 

Efficiency 

# Events 

le IV: Yields and Efficiencies for Do Decays 

D’+ 4 &Do De0 + roll0 

DO --+ r"rolDo -+K-n+ Do -+ x"rolDo +K-a+ 

0.10f0.02 0.40f0.04 0.05f0.01 0.16f0.02 

14.0f4.7 2676f55 ll.Of4.7 1139f40 

In addition to the x0 modes, the new calorimeter has made possible the study 

of decay modes involving both the u and the 7’. The n is detected in both its 27 

mode (B(u -+ 77) = 39%) and its 3~ mode (B(q -+ x+x-x0) = 24%). Mats 

spectra for these channels are illustrated in figure 14. The lower curve in 14a is 

obtained by excluding any photon candidate that can pair with some other photon 

in the event to make a valid r” candidate of momentum greater than 0.8 GeV. The 

u mass peak has a width of 14MeV in the 27 mode, a width of 6MeV in the 3~ 

mode. 

The 7’ is reconstructed in its vrrrr mode (B(r]’ 4 uv+x-) = 44%) and its p”7 

(B(r]’ + p”7) = 30%) decay modes, shown in figure 15. The 7’ mass resolutions 

are 5MeV and 1lMeV for these two modes. In the latter mode the’p ie defined by 

x+x- pair with invariant mass between 500 and 850 MeV. Since! moreover, the 

7’ is spinless, the p must be polarized along the axis defined by the photon direction 

in the p rest frame. The rr + - K direction is therefore distributed as sin’ B, where 

8, is the angle between photon and v •t directions in this frame. A cut requiring 

1 cos &I 5 0.8 is imposed to enhance signal/background. 

-363- 



6000 * I63099 I-000 
I I I I ‘I” ‘1”’ , 

0.45 0.50 0.55 0.60 0.65 

amass GeV 

14. 7 mass spectra for (a) the 27 and (b) the 377 modes. 
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15. q’mass spectrum for (a) the TX+“- and (b) the p”7 decay modes. 
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The decays Do + a09 and Do + I?‘,’ are searched for using the 27 decay of 

the 9 and the p7 decay of the 9’. In the case of Do 4 K”9’, a D’ tag is required. 

Branching ratios are extracted by normalizing to the Do ---) Kss+vr- channel so 

that the KS reconstruction efficiency cancels out. Table V summarizes the raw 

yields, efficiencies (not including branching ratios), and mass resolutions in each of 

these modes. We have also examined the mode Do --) Kgr” and these results are 

included in the table. Tables VI and VII give the final branching ratios obtained, 

and comparison with available theoretical calculations. 

Table V: Yields and Efficiencies for Do Decays 

Mode Efficiency 
I 

Table VI: Do Branching Ratios (%) 

Mod$ CLEO i ARGUS”’ t MARK III”’ 

%O%O 0.09f0.02f0.02 

I?‘%’ 1.99f0.13f0.30 1.7f0.4f0.3 1.8f0.2f0.2 

k”9 0.85f0.15f0.16 1.4~hO.5~tO.3 1.6f0.650.4 

KO,’ 2.5f0.5f0.6 1.9f0.4*0.3 3.3*0.8&1.0” 

Table VII: Predictions of Do Branching Ratios (%) 

Mode BSW”’ BS”“’ Kamal”” Rosen II2 

R’IT’ 0.034 0.15 0.23f0.03“ 

0.010f0.014’ 

Ii+‘t~’ 0.8 1.5 

2.1C 

ITo9 0.31 0.4 0.06-0.21 

R-0, 0.12 1.2 1.7-6.5 L 

(a) without final state interactions 

(b) with inelastic final state interactions 

(c) with elastic final state interactions 

6. NEW MEASUREMENTS OF D, BRANCHING RATIOS 

With the new calorimeter and the clean 9 and 9’ signals now available, CLEO 

has been able to measure with ~20% precision the long-controversial decays of 

the D. to states involving the 9 and 9’, namely 0.’ + 9r+ and D,‘, -B 9’r+. 

In addition, measurements of the hitherto inaccessible decays Dza + 9~~ and 

’ D.+-~P + have become possible and will be reported here. 

With the 9 reconstructed as described earlier, the 9x+ mass distributions are 

shown in figure 16. The background shape includes a guassian for’D+ --a 9x+ as 

well as a small contribution from incompletely reconstructed D, 4 9p+. In the 

latter case, the shape is taken from Monte Carlo, and the normalization from the 

measurement to be described subsequently. Yields and efficiencies ‘r or this mode 

and all other modes to be discussed are summarized in table VIII below. Branching 

ratios expressed in terms of D, -+ &r are also be given in that table. 

Figure 17 shows the invariant mass distributions for 9’z+ combinations. The 

background shape includes, as in the previous case, a gaussian for the D+ and 
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16. 9~r+ mass distributions, for the two decay modes of the 9 and the sum, as 

labelled. 
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’ 17. Mass distributions of 9 A + for two 9’ decays modes, as labelled. 
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a Monte Carlo-determined shape for incompletely reconstructed decay D, -+ 9’~. 

Yields., efficiencies, and results are in table VIII. 

The decays D, -+ 9p and D, -+ 9’~ pose additional challenges in the identifi- 

cation of the p. Figure 18 shows the invariant mass distribution of 9*+x0 with a 

peak at the D,. In this case the x+x0 candidates are required to he within 170MeV 

of the p mass, and helicity angle cut, 1 cos &I 2 0.45 is imposed. The angle 9, is 

the angle between the rr+ and the direction of the p, in the p rest frame. Since both 

the D, and the 9 are spinless, the p must have zero helicity, and hence the angular 

distribution of the pions will be cos’ B,, and signal/background is enhanced by the 

above cut. The features of the x+x0 system are illustrated in figure 19a where the 

invariant mass of the dipion system is plotted for events in the D. peak, which show 

peaking at the p mass, as well as from the sidebands, which do not. In figure 19b 

the helicity angular distribution is consistent with toss 0,, ss expected for genuine 

p decay. The distribution of figure 19b puts a limit of 20% on nonresonant x+x0 

combinations; a more stringent limit may be derived by considering also the mass 

distribution of the dipion system, resulting in an upper limit of 7% nonresonant 

contribution, at 90% confidence. 

The analysis of D, -+ 9’~ is similiar. In this case only the decay mode 

9’ + 9x+x- is used, to avoid backgrounds that arise when 9’ -+ ~‘7 is used. 

Figure 20 illustrates the invariant mass distribution under the requirement that 

the dipion system lie within 170MeV of the the p mass. Solid squares in the fig- 

ure are for the csze where the dipion mass is below 500 MeV. (Note that because 

the maximum energy available to the dipion system is only about lGeV, there is 

no upper sideband available.) Figure 218 illustrates the mass distribution of the 

dipion system, showing a peak at the p mass only for those events under the D, 

peak. Figure 21b shows the corresponding helicity angle distribution which is fit 

to co2 8,. As done for the 9p case, an upper limit of 8% is set for non-resonant 

x+x0 contribution. 

All measurements of these D, decays are summarized in table VIII. The table 

I 

50 

0 
I .50 I .75 2.00 2.25 2.50 

M(+rr*)GeV I 

18. Invariant mass distribution for 9x+x0. Only 9 -+ 7-y is used in this plot. 

Additional requirements are discussed in the text. 
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-24. r , , , “1630991-021 
I I I / 

0.30 0.55 0.80 I .05 I .30 
M ( r+r”) GeV 

50 

0 0.25 0.50 0.75 I .oo 
Cos(Bfr ) 

21. (a) Invariant mass distribution for rr+s” pairs from events under the D, 

peak (histogram) and from the D, sidebands (solid points). (b) Helicity 

angle distribution for the p candidates. 

breaks out the many decay subchannels and gives the branching ratio (rdlative to 

D, -) &r) for each subchannel. The column labelled e x B is the acceptance times 

branching ratios for the D, daughters. Table IX provides the branching ratio for 

each primary D, decay channel, a weighted average over the subchannels, and also 

gives current theoretical predictions. 

Table VIII. D, Branching Batios 

Mode sz Decay Events MC Width (MeV: e x B (%! JUJYhr) 

t&r q5 ---) K+K- 453f28 8.7 17.0 1 

9s 9 --) 77 123f24 19 8.17 0.56fO.llf 0.0 

9 -+ w+x-r” 42f12 14 3.14 0.49f0.15f0.07 

9’” 9’ + 9*+/ 59fll 13 2.05 1.10f0.21f0.12 

9’ + par 200f34 11 5.40 1.38f0.25f 0.20 

I 9’ +9n+r-*l 22f7 1 12 1 0.75 11.12f0.36f 0.15j 

?p+(T~d;; [158f221 20 1 2.02 (2.93f0.45 f0.391 

a. 9 -+ 77 

b. 9 + r+rr-so 
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Table IX. Relative Branching Ratios and Theoretical Predictions 

BIB(b) 1 

1.86*0.26+;::; 1 6.30 

7. CONCLUSIONS 

A wide range of charm decay modes have been studied, with special attention 

paid to modes involving neutrals. In addition, new results on high momentum $ 

production at 10.6 GeV have been presented; The measurements are consistent 

with continuum origin of the $)‘s. 
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