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RESULTS FROM THE SPEAR MAGNETIC DETECTOR WITH 
. THE LEAD-GLASS-ADDITION* 

A. Barbaro-Galtieri 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, California 94720 

ABSTRACT 

. LBL-6780 

Results from the SP-26 experiment at SPEAR are reported. First we 
discuss the parameters of the W(3772) recently discovered in this experiment. 
This resonance is just above threshold for D production, therefore we have 
been able to measure the D masses with high precision. Next we r~port 
measurements of D branching fractions into hadronic and semileptonic modes; 
the hadronic branching fractions are reported here for the first time and 
include a number of decay modes not observed before. At higher e+e- center 
of mass energies we present some data relevant to charmed baryon production 
in e+e- collisions. Finally, we discuss the data on heavy lepton production 
obtained in this experiment. 
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I. INTRODUCTION 

The SPEAR results presented in this talk come from experiment SP-26 
which ran from October 1976 through June 1977. The physicists involved in 
this experiment1 overlap only partially with the ones who have built and 
developed the software for the main detector.2 Recent results obtained 
from that experiment, SP-17, can be found in Sadrozinski's talk in these 
Proceedings. 

In order to improve electron and photon detection and resolution, a 
lead glass system (LGW) has been added to the magnetic detector for part of 
the solid angle.3,4 Figure 1 shows a cross section of the modified magnetic 
detector. Details can be found in Refs. 3 and 4. Briefly, three shower 

LEVEL 3 ---..'\'""""======-

CONCRETE ABSORBER 

CONCRETE ABSORBER 

XBL 7711-10393 

Fig. 1. Magnetic detector 
as seen looking along the 
incident beams. The 
proportional chambers 
around the beam pipe and 
the trigger counters are 
not shown. The lead glass 
system (LGW) is shown on 
the left of the figure. 
Details on this addition 
are given in the text, 
and in Refs. 3 and 4. 

counters have been removed and replaced by 1.9-cm thick scintillation 
counters, and a lead glass syst·em (LGW) has been added. It consists of a 
2x26 array of lead glass active converters, 3.3 radiation lengths (X

0
) 

thick; and a 14 x 19 array of lead glass blocks, 10. 5 X0 thick. Two magneto­
strictive spark ·chambers are placed between the coil of the magnet and the 
active converters and one more chamber is placed between the active 
converters and the back blocks. Since this system is placed behind the 
1 X

0 
of Al of the magnet coil, its energy resolution is found to be 

9%/Vf:E, withE given in GeV. 
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II. THE $(3772) STATE 

The data on the $(3772), $", discovered in this experiment, have already 
been published.5 Only the main results will be mentioned here. Figure 2 
shows the ratio R of the total hadronic cross section to the cross section 
for~ pair production plotted vs Ec.m.' center-of-mass energy, in the region 

Fig. 2. R versus Ec.m.· 
The data points are: +, this experiment,5 
~, Augustin et al.~2 
~' Siegrist et al. 
Radiative corrections 
have been applied. 
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3.6 to 4.6 GeV. Data from this experiment are shown in full circles; the 
other data are published results from SP-17.2,6 The radiative corrections7 
have already been applied to the data; hence, the height of the $" resonance 
itself is enhanced by a factorS of 1.29. Figure 3(a) shows our data before 
the radiative corrections have been applied; the tail of the $(3684) is 
responsible for the high points below the$". 

Since this resonance is above DD threshold, we have assumed that it 
decays mostly into DD, and therefore have used a P-wave Breit-Wigner form, 
with a momentum dependence calculated for equal contribution of D0 and n+ 
mesons. One of the fits obtained with this hypothesis is shown in Fig. 3(b) 
(here radiative corrections have been applied to the data). The parameters 
of the $" are essentially independent of assumptions on the background form; 
with systematic errors added, the results are: 

M = 3772 ± 6 MeV 
r = 28 ± 5 MeV 

re = 0.345 ± 0.085 KeV , 
~R = 2.08 ± 0.35 

These parameters are shown in Table I along with parameters for other vector 
mesons decaying into e+e-. This value of re is the revised value, as dis­
cussed in Ref. 19. 

The 1/J" can be identified with the 3D~ state of cc predicted at this 
mass by Eichten et a1.,12 who studied the charmonium spectrum using a linear 
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TABLE I. Resonance parameters for vector mesons. a f is the full 
width, fee is the partial width to electron pairs, and 
Bee is the branching fraction to electron pairs. 

State Massb f fee Bee 
(MeV) (MeV) (keV) 

p(773) 773±3 152 ± 3 6.5±0.8 (4.3 ± 0.5) X 10- 5 

w(783) 782.7 ± 0.3 10.0 ± 0.4 0.76±0.17 (7 • 6 ± 1. 7) X 10- 5 

<1>(1020) 1019.7±0.3 4.1±0.2 1.31±0.10 (32 ± 2) X 10- 5 

1jJ(3095) 3095 ± 4 o. 069 ± 0. 015 4.8±0.6 (69 ± 9) X 10- 3 

1jJ(3684) 3684 ± 5 o. 228 ± o. 056 2.1.± 0. 3 (9.3 ± 1.6) X 10- 3 

1jJ(3772) 3772 ± 6 28 ± 5 0.35±0.09 -5 (1. 2 ± 0. 3) X 10 
1jJ(4414) 4414 ± 7 33 ± 10 0.44±0.14 (1.3 ± 0.3) X 10- 5 

a The parameters shown in the Table are taken from Particle Data 
Group9 for p, w, <j>; Boyarski et al.lO for 1jJ(3095); Luth et a1.11 

for 1jJ(3684), and Siegrist et al.6 for 1jJ(4414). 

bErrors for 1jJ states include a 0.13% uncertainty in the absolute 
energy calibration of SPEAR. The mass difference between the 
1jJ(3684) and 1jJ(3772) is 88 ± 3 MeV. 

.. 
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form for the confinement potential. In their simple model, the leptonic 
width, which is proportional to the square of the wave function at the origin, 
would be r e = 0 because the R, = 2 wave function. vanishes at the origin; however, 
the lP" would be observed because of 3S1- 9D1 mixing with the nearby ljJ'. In 
Ref. 5, we have calculated a mixing angle for these two states based on the 
model of Ref. 12. However, as pointed out by Jackson,l3 additional terms 
should be considered into the re and the mixing angle calculation becomes 
more complicated than we have assumed. The correct evaluation of this angle 
will have to wait for more theoretical work • 

One final observation is that the total width of the lJJ", r = 28 MeV, is 
much larger than those of the lJJ, r = 69 keV, and of the lJJ', r = 0. 228 M~V, as 
expected from the Okuko-Zweig-Izuka rule. In fact, the lP" is above DD 
threshold, and it can freely decay into charmed particles. We have measured 
the cross section times branching ratio cr • B for D0 -+ K-1T+ across the 
resonance (Fig. 4); it shows that the D meson is strongly produced at the 
lJJ". In Section IV we will assume that lP" decays entirely into DD, and in 
Section V we will see that this assumption is consistent with our branching 
ratio results. 

Fig. 4. Data for cr•B versus 
Ec m for D0 and D0 

• • :J: + decays into K 1r-. 

The cross-hatched bars 
represent 90% CL upper 
limits. The curve is 
the same one shown in 
Fig. 3(b), normalized 
tb the point at 3.774 
GeV. 
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III. PRECISE MASS MEASUREMENTS OF D MESONS 

The invariant mass of n particles is calculated by the formula 

(1) 

where the l: is over the n particles. At the lP" we can meas1,1re the masses 
of the D mesons with better precision than previously dBne. 14 In fact, since 
the lP" is so close to threshold for DD production, we can use the following 
facts to improve the mass resolution: 

(a) No other particles can be produced besides the D and D. We 
n 

can then assume that the D energy, i~h (Ei), is the same as the 
beam energy, Eb, which is much better determined than the energy 
obtained by the momentum measurements of the trackiny system of 
the magnetic detector. The rms error of Eb is 1 MeV 5 and its 
central value can be monitored with high precision.l6 
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(b) The momenta of the secondary particles are low! In fact, 
Pn- 300 MeV /c and the effect of the uncertainty in p on the mass 
error is small. 

The overall resolution is of about 3 MeV, and the final error is 
dominated by systematic errors rather than statistical errors. 16 

For each event we identify charged kaons by time-of-flight measurements17 
and neutral kaons by calculating the ~+~- invariant mass and then applying 
appropriate cuts to reduce the background.l8 We then calculate the energy 
for all K and (n- 1)~ combinations possible in the event, select those for 

n 
which i~l Ei agrees. with Eb within 50 MeV and calculate the invariant mass 
for these combinations using Eb instead of the measured energy. 19 The 
invariant mass plots for the most copious decay modes of the n+ and D0 are 
shown in Fig. 5. The results for the masses are shown in Table II. 

TABLE II. Masses, mass differences, and Q values for the D meson 
system.l9 The quantities in parentheses are taken from 
Refs. 14 and 20 and are used in the calculation of 
quantities involving n*'s. All units are MeV. See 
text for a discussion of errors. 

Mass (MeV) Mass Difference (MeV) Q Values (MeV) 

Do 1863.3 ± 0.9 D+ -D0 5.0±0.8 D*o-+ 0o~o 7~7±1.7 

D+ 1868.3 ± 0.9 n* -n*0 2.6±1.8 n*0 -+D+1T- -1.9 ± 1. 7 

n*o (2006.0 ± 1.5) · (D+-D0 )-(n*+_n*0
) 2.4±2.4 n*+ -+D0~+ (5. 7 ± 0.5) 

n*+ 2008.6 ± 1.0 n*+ -+D+~o 5.3 ± 0.9 

The mass difference is better determined than the individual masses because 
some of the systematic errors cancel out in the mass difference.l6 The value 
M0 -M+ = 5.0±0.8 MeV agrees with theoretical expectations.21 We can now use 
the published values14' 20 of the n*o mass and the Q for n*-+ no~+ and improve 
on the n*+ mass value and the other Q values for n* decays. These results 
are also shown in Table II. 

IV. MEASUREMENT OF D BRANCHING FRACTIONS 

A. Method 

For the first time we can calculate, with relatively few assumptions, 
branching fractions for D decays.l9 If Ni is the number of D events found 
in channel i, we can write 

= (2) 

where Bi and Ai are the branching fraction and the acceptance for that D 
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decay mode, L is the total integrated luminosity of the sample analyzed, 
and the factor 2 indicates that either D can decay into that mode. 

In previous studies. of the D meson properties, 22 it has been difficult 
to evaluate cr for D production, therefore only cr•B values were measured. 
At the tP" we can calculate cr for n+ and D0 production-with the following 
assumptions: 

(a) The tP" decays entirely into DD. As discussed in Section II, 
this is a reasonable assumption. 

(b) The tP" is in a definite Isospin State (0' or 1). In this 
case, we can expect that n+ and D0 are produced equally except 
for barrier factors. For P-wave we get for the ratio of the rates 

p~(l + (rp+)
2

] 
= 

P!(l + (rp
0

)
2

] 

where p+, pQ are the momenta of the n+ and D0 respectively, and 
r is the radius of interaction. 

(3) 

It turns out that the ratio (3) is not too sensitive to the value of r; 
in fact, the fraction of non<' varies between 0.59 and 0.53 for r between 
0 and infinity. We take this fraction to be 0.56 ± 0.03. This fraction is 
energy dependent; however, the data sample we used for branching fraction 
determination is confined to 3.76 < Ecm < 3.79 GeV, with about 70% of the 
data at the fixed energy E = 3.774 GeV, where we have calculated the fraction 
quoted above. 

With the two previous assumptions and the data of Ref. 5 we get 

+- o-o 2cr(e e -+ D D ) = 11.5 ± 2. 5 nb , +- +-2cr ( e e -+ D D ) = 9. 2 ± 2. 0 nb (4) 

B. Hadronic Decays with a K and Charged Pions 

The mass plots for the D decay modes with a K meson and all charged 
p.ions in the final state are shown in Fig. 5. The sample used has an 
integrated luminosity L = 1.21 pb- 1 • The acceptance of the apparatus Ai 
includes geometrical acceptance as well as efficiency of the apparatus for 
triggering (two charged particles are required), track reconstruction, 
time-of-flight identification of kaons, etc. The acceptance has been 
calculated by a Monte Carlo program; more details can be found in Ref. 19. 
The number of events in each channel and the calculated branching fractions 
are given in Table III; the errors in Bi include systematic uncertainties. 
Figure 5 and Table III show that we have a good signal for the n+ -+ K0~+ 
decay mode. This mode would be suppressed if the ~I = ~ rule observed in 
SU(3) is extended to SU(4). Some authors23 have argued that if the octet 
enhancement phenomena that has been introduced to explain the ~I = ~ rule 
is extended to SU(4), one expects 20-plet enhancement and therefore suppres­
sion of modes which belong to the 84 representation of SU(4), like the 
+ -o + -D -+ K ~ • For comparisons with models we give 

r(D + -+ K0~+) 

r(D0 -+ K-~+) 
= 0.70 ± 0.23 (5) 
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TABLE III. Number of combinations and branching fractions, Bi,for 
various D decay modes.l9 

Mode 

=F ± 
K 7T 

-o +-
K TT TT + c.c. 

+ ± +­
KTTTTTT 

-o + 
K TT + c.c. 

+ ± ± 
K TT TT 

Number Combination 
B. (%) 

l. 

130 ± 13 2.2±0.6 

28 ± 7 4.0±1.3 

44 ± 10 3.2±1.1 

17 ± 5 1.5±0.6 

85 ± 11 3.9±1.0 

which has a smaller error than the ratio of the branching fractions of 
Table III, since some systematic errors cancel out. 

c. 0 - + 0 The Decay D ~ K TT TT 

24 
Using the lead glass wall information we have found some events of 

the type 
and c.c. (6) 
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Fig. 6. Ratio of the 
measured energy over the 
beam energy for y rays 
in the lead glass wall 
for the reaction e+e- -+ 
yy. These data are at 
the ~(3772); the energy 
resolution is oy/Ey = 5. 8% • 
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Photons 
1.89 GeV 

7710-6928 

Figure 6 shows the energy distribution for y rays measured in the lead 
glass wall (LGW) for events for which a second y ray is detected in the 
magnetic detector shower counters opposite the LGW. These events are of the 
type e+e--+ yy and the beam energy is at the $(3772). The energy resolution 
for y's of this energy is found to be 5.8%, and we expect it to vary with 
energy according to the formula oy/Ey = 8%/~, Ey in GeV. There is some 
background because no kinematical constraints have been applied. 

To find 'IT
0 's from reaction (6) we calculate the invariant mass Myy for 

those events for which we have Ny~ 2 in the lead glass wall and at least two 
charged particles in the detector. This distribution is shown in Fig. 7, 
where only photons with Ey > 150 MeV were used. The mass resolution is 

(J 0 
'IT 

M"b 1T 

= 18% • 

We expect this resolution to improve in the future, since we are still working 
on calibration of low energy y rays and other aspects of y energy measurements. 

~ 
(!) 

N 
0 
0 -' rn -c 
Cl) 

> w 

Fig. 7. The two y invariant mass distri­
bution, Myy, for events with at 
least two y rays in the lead 
glass wall. Only combinations 
with each photons having Ey > 
150 MeV are shown. 

7710-6931 
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The lead glass wall covers only 6% of the solid angle (10% of the solid 
angle covered by the magnetic detector), therefore the acceptance for reac­
tion (6) is small. This acceptance has been calculated by Monte Carlo 
simulation and includes all the efficiencies of the apparatus as discussed 
in Section IV.B. Figure 8 shows the invariant mass distribution of the K~~o 
system calculated using formula (1) with 

3 
L (Ei) = Eb 

i=l 

as for the other hadronic decays. There are nine events near the D
0 

mass 
with a mean value of 1861 MeV, consistent with the D0 mass we have measured 
in other channels (Section III). The background is estimated by counting 
the events in the L 70 to 1. 85 GeV region, and it is found to be 1. 7 
events. The 7. 3 ± 3. 0 events in excess give a branching fraction24 for 
reaction (6) 

= 

where systematic errors have been included. 

Fig. 
+ + 0 8. The K ~-~ invariant mass 
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We have -measured the branching fraction25 of the decay mode D + eX 
(assuming D + K eVe or K* e 'Ve) at the $" using the assumptions of Section 
IV.A. We also have preliminary results on an estimate of this branching 
fraction at other e+e- energies.26 

The electrons are identified in the lead glass wall. Figure 9 shows the 
energy resolution of the lead glass system for electrons of the reaction 
e+e- + e+e- at the $". The e-~ separation is achieved by measuring separately 
the energy, EAc• deposited in the first 3.3 X

0 
of the lead glass and the 

energy, EBB• deposited in the remaining 10.5 X0 , since the electromagnetic 
shower of an electron and the hadronic shower of a ~ have different behavior 
at different depths into a given material. For electrons we require typically 
(the actual criteria change slightly with momentum) EAc ~ 150 MeV to eliminate 
noninteracting particles, EBB>O.lE and (EAc+EBB) ~ 0.65 E, where E is the 
energy of the electron as measured in the magnetic detector. More details can 
be found in Ref. 26. We have used data at the $(3095) to determine the back­
ground due to hadron misidentification, photon conversions and Dalitz decays 
of ~0 and n's which result in a pair of electrons of which only one is 

• 
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Electrons 
1.89 GeV 

Fig. 9. Ratio of the energy 
measured in the lead 
glass wall over the 
beam energy for elec­
trons of the reaction 
e+e- ~ e+e- at the 
W(3772). The energy 
resolution is cre/Ee ~ 
6.7%. 

7710-6927. 

detected in the apparatus. The background per particle in the LGW varies 
between 1. 4% at 300 MeV /c and 0. 4% at p :> 1 GeV /c; its average over the hadron 
momentum spectrum is 1.1%. At higher energies to this value we have to 
add the additional contribution from y conversions and Dalitz decays due 
to increase in 7T0 and n productions. The increase of this contribution 
from the value at .the w is, at most, 0.4% at p = 300 MeV/c and Ebeam > 3.2 GeV. 
With our selection criteria, the average detection efficiency for electrons 
is 75%, and it has been determined by using the QED processes e+e- ~ e+e-, 
e+e-y, and e+e-e+e-. 

Events of the type 

+ - + e e -+ e- + >2 charged prongs + ny (n :> 0) (7) 

have been used to determine the semileptonic branching fraction of the D's. 
Only multiprong events are used because heavy lepton production and decay is 
also expected to produce electrons in the final state. However, about 85% 
of the reaction e+e- -+ T+T- with one electron in the final state will have 
only one additional prong. (See Section VIII and Ref. 3 . .) 

At the W" we find a total of 61 events which ~ass our criteria for 
reaction (7) in a sample corresponding to 1.34 pb- integrated luminosity. 
After background subtraction and efficiency correction this corresponds to 
53± 15 events.25 The momentum spectrum for p :> 300 MeV/c is shown in Fig. 10. 
The curves represent the expected spectra27 for D meson production e+e- ~ ' - * W(3772) -+ DD with subsequent decay of the D into 1T e V , K eVe and K e "e 
(V-A coupling has been used). The data are somewhat inconsistent with.the 
Cabibbo suppressed mode 1T e "e (confidence level CL = 3%) but are consistent

28 with both the D -+ K e "e (CL = 33%) and D ~ K*ev(V-A) (CL = 13%) decay modes. 
The best fit to a combination of the last two decay modes gives the contri­
bution of the D -+ Kev decay to be (57± 30)% of the total. 

The acceptance for the K or K* decay modes has been evaluated by Monte 
Carlo calculations. This is somewhat dependent upon the electron spectrum 
of the semileptonic decay and the average charge multiplicity of the hadronic 
decay of the other D, (nch>. We have used <nch) = 2.3 as experimentally 
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determined (see Section V and Ref. 21). 
K* eve contribute equally, we get 

Assuming that D -+ K e v and D -+ e 

B(D -+ eX) = (7.2±2.6)% 

We also have data at energies higher than the$". The electron momentum 
spectra are shown in Fig. 11. The curves shown have been calculated from the 
center-of-mass spectra given by Ali and Yang27 assuming the reaction mechanism 
e+e--+ n*n* at 4.16 GeV and the 4.4-5.7 GeV region, and e+e--+ n*o*mr at the 
higher energies • 
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Fig. 11. Preliminary electron momentum spectra for Pe > 300 MeV/c in three 
different Ec.m. regions. The curves are normalized to the events 
seen for Pe > 300 MeV/c and are derived from the spectra given 
in Ref. 27. 
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As previously pointed out, it is difficult to evaluate OD to use in 
relation (2) at these energies. It is also difficult to determine whether 
the electrons are decay products of D mesons, F mesons, or charmed baryons. 
We can estimate a value for the D ~~Kv or eK*v also from these data assuming: 
1) all the electrons after background subtraction come from D mesons (this 
assumption is needed to calculate the acceptance of the apparatus), and 
2) Rn = Rcharm = R -Itr- Rold• where R ld is the constant value of R below 
charm threshold. Since charmed baryog production is very small (see Section 
VII) and F production is not known, these may turn out to be not too unrea­
sonable assumptions. We use Rold = 2. 6; 1tr is calculated with ... M'[ = 1. 9 GeV 
and R is from SPEAR data.29 Preliminary results of this analysis26 are 
given in Table IV. The data at the lj/'(3772) are also shown in-the table for 
completeness; as discussed earlier, this branching fraction determination is 
relatively assumption free. In calculating Re, we have removed the contri­
bution from heavy lepton decay into multiprong electrons; it varies from 
0 to 18 ± 5 events at the highest energy. Figure 12(a) shows a plot of Re 
as a function of E • Notice that below and above ljl" the electron 
production is consfs~ent with zero, which shows that the e signal is assoc­
iated with D production. Figure 12(b) shows the variation of Be with energy. 

TABLE IV. Branching fractions for the semileptonic decay of the 
D meson into electrons. See discussion in the text 
for_the assumption used and for explanation of symbols •. 

E L Corrected R R BD~e c.m. e charm 
(GeV) (pb -1) events 

(pe > 300 MeV/c) (%) 

ljJ(3772) 1.3 53± 15 0.17 ± 0.04 1.7±0.3 7.2±2.6 

4.1-4.2 1.01 50± 12 0.26±0.08 2.1 ± 0.5 7.7±3.0 

4.4-5.7 3.46 119 ± 20 0.23±0.06 1. 9 ± o. 5 7.4±2.8 

6.4-7.4 5.37 113 ± 19 0.26 ± 0.06 1.9±0.4 8.7±3.2 

1.6 " I r I I I I 

~)1.2 (b) + Be o 

f t f Fig. 12. (a) The value of 0.8 

Re = Oe/o~V versus Ec 0.4 f-
for elect ons with .m. 0.0 ~M-- I_ -+- I 

p > 300 MeV /c in multiprong OA r- (a) e+e--- e +X ( 2: 2 prongs) 
events. (b) The D branch-
ing ratios as a function 

0.3 

o/"l t + + of Ec.m.• see text for -

assumptions made. Re 
Results above 4 GeV 0.2 -
are preliminary. 
XBL 7710-6973 0.1 

0.0 -'1 I ~I I L 

it 3 4 5 6 7 8 
Ec.m. (GeV) 

XBL 7710-6973 
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V. TAGGED EVENTS 

At the ~(3772) every D produced should be accompanied by a D for charm 
conservation. We can use this fact to "tag" D events; that is, if we have 
detected a D or D in an event we know that what is recoiling against it must 
be a D or a D. As noted earlier, there is not enough energy at the ~~~ to 
produce another pion or D*. In our data we have "tagged" 

0 ; + 
or D -+ K 'IT-

85 

Preliminary results from this analysis will be presented here (see also 
Ref. 21). 

A. Absolute Branching Fraction Determinations 

The branching fractions Bi can now be measured independently of any 
assumptions on the individual cross sections, using the expression 

B' 
i = 

where Ni is the observed number of events of the ith decay mode, Ei is the 
corresponding detection efficiency, and ND is the number of tagged events. 

We have some events for which all the particles in the final state have 
been observed. We can use these events to calculate branching fractions to 
compare with the values obtained in Section IV.B, calculated assuming: 1) 
the~~~ decays only into DD; 2) DD has definite isospin (0 or 1). Table V 
shows the results for those modes with at least two events. Among the other 
events, there are examples of 

0 0 + - + -D -+ Ks'IT 'IT 'IT 'IT 

+ o+-+ D -+ Ks'IT 'IT 'IT 

Table V shows that for the three cases in which we could measure the branch­
ing fraction with this method, the results are in good agreement with those 

TABLE V. Comparison of D branching fractions as calculated with the 
tagged events (B~) and with the method of Section IV. B, (Bi) · 

Da a ' Tagging Mode Ni Bi (%) Bi (%) 

D0 -+ K-'IT+ +-K'IT 2 4.5±2.2 2.2±0.6 
- + -+K'IT -==<> +-K'IT'IT 2 5.5±3.0 4.0±1.3 

+ - + + D -+K'IT'IT K+'IT-'IT- 2 3.4±2.4 3.9±1.1 

aEach event has either the decay modes indicated here or their 
charge conjugates. 

I 
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obtained earlier, proving that the above assumptions are reasonable. This 
analysis is continuing, and efforts are being made to fit all the events 
where one single particle is missing. 

B. Charge Multiplicity Determination 

We can use the "tagged" D events to determine the average charged 
multiplicity of D decays. Since the solid angle of the detector is not 4~, 
we have to calculate the efficiencies for detecting a given number of charged 
particles and then, given the observed multiplicity distribution, we can use 
these efficiencies to obtain the true nch distributions of the D decays • 
The unfolding matrix has been determined by Monte Carlo calculations. 
Figure 13 shows the observed distributions and the preliminary unfolded nch 

' distributions for D0 and D+ decays. The average values are 

<nch) = 2.3±0.2 for D0 (9a) 
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Fig. 13. 

(9b) 

Distribut'ion of number of charged 
prongs in "tagged" D decays. 
The observed multiplicities are 
shown in the two upper plots, the 
corrected (unfolded) distribu­
tions are shown in the lower 
plots •. 21 
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VI. COMPARISON WITH THE STATISTICAL MODEL 

0 + Table VI is a summary of all the D and·D decay modes we have observed 
and their branching fractions. Assuming ~-e universality, and therefore 
doubling the D semileptonic decays into electrons, we have measured a total 
of (35.8 ±7.3)% of the D0 and (19.8±3.9)% of then+ decay modes. What are 
the other decay modes? Continuing studies of the tagged D events will 
undoubtedly improve our knowledge, although the statistics are not large 
enough to answer all the questions. 

TABLE VI. Summary of D decay modes and b'ranching 
fractions measured in this experiment.l9,24,25 

Mode B (%) 

Do-+ - + K'IT 2.2±0.6 
-o +-K 'IT 'IT 4.0±1.3 

- +- + K 'IT 'IT 'IT 3.2±1.1 
- + 0 K 'IT 'IT 12 ± 6 

-o + - + -K 'IT 'IT 'IT 'IT seen 

eX a 7.2 ±2.6 

D+ -+ K0 '1T+ 1.5 ±0.6 
- + + K 'IT 'IT 3.9 ±1.0 

-o +- + K 'IT 'IT 'IT seen 

eX a 7.2 ±2.6 

aThese branching ratios are calculated assuming 
D -+ K e v or K* e v, and that B(D0 -+ e) = B(D+-+ e). 

We will now compare our results with the statistical model of Quigg and 
Rosner. 30 These authors have recently calculated the branching ratios of 
charmed mesons into various hadronic modes using two different models for 
hadron multiplicity distributions: a) a statistical model, and b) a constant 
matrix element (c.m~e.) model. Their choice of parameters for the statistical 
model gives <ncb> = 3.0 for D0 and <nch> = 3.1 for n+ hadronic decays. These 
values are larger than our experimental values given in Eq. (9). Their c.m.e. 
model gives smaller average values for charged multiplicities, that is, 
<nch) = 2.4 for D0 and <nch) = 2.5 for_D+ decays, however, the individual 
branching ratios [for.example, B(D0 -+ K0 '1T+'IT-) = 14.5%, B(D0 -+ K-'IT+) = 4.7% 
and B(D+-+ K-'IT+'IT+) = 12.8%] are considerably different from our experimental 
values of Table VI. 

Figures 14 and 15, taken from Quigg and Rosner (QR), show the expected 
branching ratios to all the K+pions decay modes for the statistical model 
with our values shown for comparison. The following comments are relevent 
for the comparison: 

1) For the D- we have normalized our hadronic branching fractions 
to 75% instead of 100%. In fact, the QR plots show percent of hadronic 

• 
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modes into K +pions, the contribution of the other hadronic modes 
is expected to be of the order of 10 to 15%. So we calculate 

= = 0.75 

where we have taken 12% to be the other hadronic modes and BR, = 15% 
is the branching fraction for all the semileptonic modes (see 
Table VI). 

2) For the D0 the decay modes into n and n' are included in Fig. 14, 
so we normalize to 85% (Bh d . = 1. 0- Bn = 0. 85). a ron1c ]1., 

3) The statistical model does not include any considerations of 
dynamics, so t~e 20-plet enhancement discussed in Section IV.B does 
not enter the branching ratio predictions. The n+ ~ K0 n+ decay 
mode is calculated using a statistical isospin model, therefore 
the possible suppression of this mode does not appear in Fig. 15. 

In conclusion, the statistical model seems to be in disagreement with 
the present results on branching fractions. However, many decay modes are 
still to be measured and certainly we will know more when our analysis of the 
tagged events is completed. 

VII. INCLUSIVE PRODUCTION OF p, A and A 

We have collected a total of 3.1 pb- 1 integrated luminosity between 4.5 
and 5.7 GeV with the aim of studying charmed baryon production. We have 
looked at various channels like An, Annn, but we have found no significant 
signal for charmed baryons. However, the inclusive cross sections for produc­
tion of p, A and A show a rise when the energy changes across the thresholds 
for charmed baryon production. If these particles were produced, such a rise 
would be expected since p, A and A should be part of their decay products. 

Figure 16(a) shows the value of R for A and A production in the 3.77 to 
7.4 GeV region, measured by this experiment.31 As discussed in Ref. 31, the 

0.10 
0.08 

R _0.06 
'A+A 0.04 

0.02 

0.8 

0.6 

Rp+j5 

0.4 

0.2 

0 

Fig. 

Ec.m. XBL 7710-6972 

16. (a) The measured values 
of R for A and A production 
versus Ec.m. (b) Twice the 
measured value of R for p 
production versus Ec.m. The 
arrows point to the thresholds 
for charmed baryon pair 
production calculated with 
the assumptions explained iu 
the text. 

.. 
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A and A are detected as peaks in the pTI and pTI+ invariant mass plots. The 
plots are obtained using p and p identified by time of flight (TOF) and other 
requirements necessary to reduce the background. Monte Carlo calculations 
are used to determine the efficiencies; they vary between 12% at 3.77 GeV 
and 18% at 7.4 GeV. 

Figure 16(b) shows the value of Rp+p versus Ec.m. as obtained in the 
data of SP-26.31 Here we have really measured Rp- and then multiplied it by 
two, assuming that p and p are equally produced; this is done because the p 
have a larger background due to e-p interactions in the residual gas of the 
beam pipe. The p are identified unambiguously by TOF up to 1 GeV/c; between 
1 and 2 GeV/c a "weight" method is applied which requires TI, K and p separa­
tion on a statistical basis, as described in Ref. 31. Very few pare produced 
with p > 2 GeV/c and we evaluate this contribution to be < 9% of the cross 
section, ~· at all energies. 

Figure 16 shows the thresholds for charmed baryon pair production calcu­
lated from the mass formula of De Rujula, Georgi, Glashow32 and using the 
values of the masses observed in the event of Cazzoli et al.33 and the 
photoproduction data.33 

If we assume that the increase of p + p and A+ A production going across 
the thresholds is due to charmed baryon production, we estimate a maximum 
value of ~R- 0.35 as due to this process. A comparison with Table IV shows 
that this is much smaller than the charmed meson production and explains 
why it is so difficult to detect charmed baryons in individual chann~ls. 
Furthermore, the A and X increase is smaller than the p + p increase, which 
indicates that A, E0

; and therefore E± production is not very large. Most 
of the increase in R is in p + p production; therefore, the most copious 
decays of.Ac or Ec may be into strange mesons and nucleons. 

VIII. HEAVY LEPTON PRODUCTION 

We have studied the process34 e+e- ~ T+T- by analyzing events of the 
type 

(10) 

where the electr·on is identified in the LGW. We have confined our analysis 
to two-prong events because the sequential heavy lepton is expected to decay 
85% of the time into a one-charged prong.35 

Results from this experiment in three energy regions between 4.1 and 
7.4 GeV have already been reported.3 The published data include 60 ~nomalous 
electrons, with momentum Pe > 400 MeV/c, identified in the lead glass wall 
with a background of 13.9 events. We now have data at the ~(3772) which we 
can analyze to investigate the mass of the heavy lepton. The quoted values 
for this mass from previous analyses are: M = 1. 9 ± 0.1 GeV from Perl et al.36 
and M = 1. 91 ± 0. 03 GeV from PLUTO. 37 

At the~" we have data in the region 3.71 to 3.95 GeV, for an integrated 
luminosity §f 2.18 pb~ 1 • This sample includes ten events with an electron 
in the LGW3 and satisfying the same criteria we have used in Ref. 3. The 
electron identification uses less stringent requirements than those of ; 
Section IV. D (i.e., EAC > 150 MeV and (EAc +EBB) > 0. 65 E). The criteria 
are: 
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b) 
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Pe ~ 400 MeV/c to achieve good e-n separation in the LGW; 

Pprong ~ 650 MeV/c in order to distinguish ~ from hadrons in 
magnetic detector; 

c) the missing mass s~uared recoiling against the two prongs 
required to be MM2 ~ M0 , an energy dependent cutoff39 chosen to 
reduce backgrounds from QED reactions; and 

d) coplanarity angle between the two prongs, ec' required to be 
~ 20°, again to reduce QED background. 

A. Inclusive Electron Production in Two-Prong Events 

First we calculate the inclusive cross section, Oe, for events of Eq. 
(10) satisfying our criteria, without any assumptions on heavy lepton 
production. We use the expression 

0 = e a L e 

where the acceptance ae is calculated from the covered solid angle of the 
two prongs and the efficiencies for triggering the magnetic detector, track 
reconstruction and other instrumental efficiencies. The results for the ~" 
data and the higher energy data are given in Table VII. The background is 
calculated as explained in Ref. 3; it includes the contribution from events 
of reaction e+e--+ e+e-, e+e-y, e+e-e+e-, and from hadronic processes such 
as e+e- -+ hh. 

TABLE VII. Inclusive electron cross sections for two prong events 
with an anomalous electron with Pe ~ 400 MeV/c and 
other criteria explained in the text.40 

E c.m. 

3.71-3.76 

3.76-3.79 

3.79-3.95 

4.1-4.2 

4.4-5.8 

6.4-7.4 

Luminosity Electrons 
(pb- 1 ) Found 

0.22 

1.28 

0.68 

1.03 

i.71 

5.52 

0 

5 

5 

8 

19 

33 

Back­
ground 

Electrons 

0.7 

2.0 

1.2 

2.1 

4.1 

7.8 

Ne 

Corrected 

-1.1±3.5 

4.5±5.0 

6.8±4.9 

8.7±6.4 

23.5±9.9 

37 ± 13 

Oe 
(nb) 

0.16±0.54 

0.12±0.13 

0.34±0.25 

o.29±0.Z2 

0.29±0.12 

0.23±0.Q8 

R 
e 

-0.026±0.087 

0.020±0.022 

0.059±0.042 

0.058±0.042 

0.081±0.034 

0.126±0.043 

Figure 17(a) shows Re versus E The point at 3.774 MeV is one standard 
deviation above zero, suggestiggmthat the mass of the heavy lepton may be 
MT < 1.9 GeV. Although the statistics are low, we do not observe in the 
"2-prong electrons" the same dip after the ~" as for the "multiprong elec­
trons" (see Fig. 12), but we observe a smooth rise of Re, as expected for 
T production. 

Second, we assume heavy lepton production and calculate 
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N 
e 

where Ae is now the acceptance including geometrical, kinematical and instru­
mental efficiencies for the reaction e+e- -+ -r+-r-. Here one T is taken to 
decay into eVeVT and the other one into one charged prong plus neutrals, i.e. 
T 4 ~V~VT, TIVT, pvT, weighted according to the expected fractions.35 B is 
the branching fraction of T 4 eV vl decay for which we have used 18.6%, ~hich 
is the value obtained in the exp~r ment with the most statistics.34 For the 
spectrum calculationwe have used V-A and M-r = 1.85 GeV. This plot is shown 
in Fig. 17(b), where the point with negative R-r has not been included. Here 
the curves have beeh calculated from the QED cross sections for T and ~ pair 
productions. 

= 

and assuming MT = 1.8, 1.85, and 1.9 GeV. The data are in agreement with a 
mass between 1.8 and 1.9 GeV, although thg statistics are not sufficient 
to pin down the T mass with good precision. 3 

Fig. 17. Anomalous electron 
production in 2-prong events 
with the electron identified 
in the LGW. (a) Inclusive 
Re = cre/cr~~ versus Ec.m.' 
(b) RT = crT/cr~~· calculated 
assuming e+e- 4 T+T- produc­
tion with subsequent decay 
of one T into evevT and the 
other one into one-prong 
only. The arrows indicate 
the values of the ~(3772). 
The-curves are calculated 
assuming the QED point 
cross sections RT = 43.4/s x 
6(3- 62 )/2, where a is 
v/c for M-r = 1.8, 1.85, 
and 1. 9 GeV. 
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B. Background from Charm Production 
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Next we discuss the background in the electron +1 prong events (Eq. 10) 
due to semileptonic decays of D mesons that we have measured in the multi­
prong events. Figure 18 shows the momentum distribution for the 10 electrons 
and one ll (from one e~ event) observed at the~". The background from ee 
and hh events.has not been subtracted, but we know that it is larger at the 
lower.momenta, as discussed in Section IV.D. This spectrum should be 
compared with the one shown in Fig. 10. The two spectra are clearly 
different; in fact, the two-prong spectrum peaks at p-800 MeV/c which 



Fig. 18. Momentum distribution 
for the electrons found in 
two-prong events in the 
$(3772) energy region. 
We have included the momen­
tum for the 10 electrons 
and the ~ of the one e-~ 
event found. 
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is at a higher value than the peak of the multiprong spectrum (400 MeV/c). 
The same effect is observed at the higher energies (2-prong spectra not shown 
here). 

In order to calculate the contribution from charm to the two prongs, 
we need to know (a) the fraction of DD pairs producing only one electron and 
one prong in the final state with· total charge Q = 0, (b) the fraction of the 
D+e spectrum with Pe ~ 400 MeV/c, and (c) the fraction of prongs forD decays 
with p ~ 650 MeV/c. The other cuts to be included are the MM2 and the coplan­
arity cut. Without these last two factors we estimate, at the$", the back­
ground from charm to be be <13% in the one-prong+electron events (Eq. 10) and 
< 3% in the e~ events. At higher energies both Rcharm (see Table IV) and Re 
in two-prongs increase. However, the latter increases by a larger factor 
than the former so we estimate that the charm background in the two-prongs 
will not exceed the values quoted for the $" data. 

C. Branching Fraction Calculations 

The 70 events of Eq. (10) can be studied in more detail in order to 
measure branching fractions of different T decay modes. The reactions 
considered are now: 

e+e- + T+T-

+ + T- + e-vevT 

T+ + + 
~ V~VT 

T+ + + h + neutrals 

(lla) 

(llb) 

(llc) 

(lld) 

The hadron of Eq. (lld) can be a n or a K from T + pvT, T + nvT, T + KVT, 
T + K*vT, or T + A1VT with A1 giving only one particle in the detector. 
From the expected branching fractions35 we estimate the decay modes contribut­
ing to Eq. (11d) to be 45% of the total. Table VIII shows the distribution 
of events in the various categories. The procedure used to obtain the corrected 
events from the observed events has been described in Ref. 3. In brief, the 
background is calculated from the observed ee and hh events and the known 

• 

• 
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TABLE VIII. Two-prong electron events divided in the different 
categories. All energies are added together. The 
background is due to misidentified ee and hh events. 

Observed events 

Background 

Corrected events 

22 

0.52 

21.8±6.3 

N (el-Jy) 

10 

1. 73 

4.6±5.0 

N (eh) 

15 

4.12 

25.5 ± 10.4 

N (ehy) 

23 

11.4 

28.2 ± 14.1 

probabilities of incorrect particle identification; the final corrected events 
are obtained after background subtraction and corrections (a) for misidenti­
fication of h as lJ and lJ as h, and {b) for detection efficiency. Background 
from charm has not been subtracted. 

In order to calculate branching fractions we write 

cr(elJ) 2AelJ 
+-' +-

BeBlJ (12) = cr(e e -+ 1" 1" ) 

cr(eh) = 2Aeh cr(e+e- -+ 1"+1"-) BeBh (13) 

From the elJ events of Table VIII, the acceptance of the apparatus, the QED T 
cross-section, and assuming Be=BlJ we can calculate the leptonic branching 
ratio. Averaging over the different Ec.m. energies, including systematic 
errors, we get (for MT = 1.85 GeV) 

= (20.4 ± 5.4)% 

For the hadronic modes we add the eh and ehy together, average the acceptance 
over all the possible modes, use the value of Be just measured, and obtain, 
again including systematic errors, 

= (45±18)% 

in good agreement with the expected35 value of 45%. In obtaining this value 
we have not used the 4.6±5.0 elJY events. These events are not understood at 
this time, but since the signal is less than one standard deviation we ignore 
it for the time being. 

We have not yet done a separate analysis for the T -+ 'lT'V and T -+ p'V 
decays. 41 Preliminary calculations for the ratio B (1"-+ 'IT'V) /B(T-+ p'V) yield 
0.44 ± 0.37, where we expect 0.5. The errors are large, but the result is not 
inconsistent with a T -+ 'lT'V at the expected level • 
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