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Introduction 

Over the past three years there have been many talks given on the subject of new 

particle production and many different particles have been the subjects of these talks. 

Most of these are rapidly becoming old particles which goes to show just how suc- 

cessful physicists have been in exploring these new phenomena and how insatiable our 

appetites are for the latest rumors from ever newer discoveries. Therefore, I must 

be specific in what I mean by new particles; this talk is concerned mainly with the 

evidence for and properties of the charmed mesons Do, D*, and their excited states 

D*O, D** as measured in the SLAC/LBL magnetic detector at SPEAR. Some very 

recent results on the structure of R, the ratio of the total cross section for hadron 

production by e+e- annihilation to the point-like muon pair cross- section, in the 

center-of-mass energy EC,. m region near 4 GeV are discussed. . 

This is not to say that there are no longer problems concerning other aspects of 

the new physics. 1) Indeed, there remain important questions concerning details of 

charmonium spectroscopy, particularly the existence of the pseudoscalar partner of 

the z+h’ and decay modes of the n c. However, because of the concentration on the 

4 GeV region, there is little new information from SPEAR on these questions. Proba- 

bly the most important single issue in the new particle physics is the existence of a 

new member of the lepton family. A large body of data, consistent with the hypothesis 

of a heavy lepton, has been accumulated at SPEAR; this work has been reviewed 

recently by Per1 2) and shall not be discussed here. Professor Yamada will discuss 

some of the recent and important results from DESY on this subject. 

*Work supported by the Energy Research and Development Administration. 

(Invited talk at the 1977 INS International Symposium on New Particles and 
the Structure of Hadrons, Tokyo, Japan, July 12-14,1977.) 
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The SPEA.R Program 

Currently SPEAR is in a transition period. The SLAC/LBL magnetic detector, 

which collected all of the data I shall be discussing here, is in the process of being 

dismantl:d so that a new device known as the Mark II detector can be installed in the 

fall of 1977. This new detector will have superior trigger capability, gamma ray 

detection, solid angle coverage and momentum resolution over the previous one and 

it should allow us to answer many old new-particle questions as well as learning new 

things about new particles. 

For the past year, a subset of the SLAC half of the SLAC/LBL collaboration, a 

new LBL group, and physicists from Northwestern University and the University of 

Hawaii have operated the magnetic detector with a special gamma ray-electron 

detector known as the “lead glass wall” in order to improve electron and gamma ray 

detection. This group only now is beginning to present final results and therefore 

most of the data presented here were accumulated more than a year ago. Also during 

the past year, physicists from Stanford, UCLA, and the University of California at 

Irvine began to operate a new detector known as DELCO in SPEAR’s second interac- 

tion region. This device is well suited for detecting electrons and should provide, in 

the near future, important new information on leptonic or semileptonic decays of all 

types of new particles produced at SPEAR energies. 

‘Charmed Particle Production 

The success of the charmed quark theory 3, in explaining the $, $1, and their related 

x state spectroscopy and the long list of other highly attractive features of this model 

were strong impetus to search for charm particle production in e+e- annihilation. 

After our first preliminary search 4) for charm particle production at SPEAR proved 

unsuccessful, we accumulated considerably more data in the 4 GeV region and, using 

improved analysis techniques, we were able to obtain positive evidence for charm 

particle production just a year ago. 596) 
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Exnerimental Details 

The data described here were collected by the SI.AC/LBL magnetic detector. 

This device (shown schematically in Fig. 1) , its trigger requirements and event - 
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Fig. 1. Exploded view of the SLAC/LBL magnetic detector. 

selection procedures have been described previously. 7) The momentum resolution 

up/p2 is *O. 013 (GeV/c)-’ for charged particles produced in the beam interaction 

region, and is worse by about a factor of 1.5 for tracks such as the decay products 

of Ki which cannot be constrained to originate from the beam. The solid angle 

acceptance for charged tracks is approximately 70% of 47r sr. 

An important feature of the detector for charmed particle studies is the time-of- 

flight (TOF) system which aides in identifying the types of particles observed in 

hadronic events. The TOF system consists of a cylindrical array of 48 scintillation 

counters mounted immediately outside of the tracking spark chambers at a radius of 

1.5 m from the beam axis. The counters are viewed at both ends by photomultiplier 

tubes; signals from these phototubes are sent to time-to-digital converters and pulse 
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height converters for making corrections to the TOF information. The beams collide 

for only about 0.2 nsec every 780 nsec. Thus, an accurate start-time can be associ- 

ated with every event and the resulting TOF resolution for individual tracks is 0.35 
- 

nsec which corresponds to a one standard deviation separation between kaons and 

pions at 1.3 GeV/c. 

Briefly, hadronic events are defined as having three or more charged tracks of 

momenta greater than about 100 MeV/c which form a vertex within the luminous 

region of the beams. In some instances, events with only two charged tracks, both 

of which have momenta greater than 300 MeV/c, where the planes of the two tracks 

taken with the beam direction are acoplanar by at least 20’ and where at least one of 

the tracks is not an electron are included in the hadron event sample. 

The data sample for most of our charm particle studies includes 29,000 hadronic 

events corresponding to an integrated luminosity of 1830 rib-’ recorded over the 

E c.m. range 3.9 GeV to 4.6 GeV where R was known to exhibit the rich structure shown 

in Fig. 2. Subsequent to the discovery of a charm particle signal, large samples of 

data were collected at the’fixed values of EC m , 4.03 GeV and 4.41 GeV where . . 

approximately 27,000 and 25,000 hadronic events, corresponding to luminosities of 

1270 nb-’ and 1630 nb-‘, respectively, were recorded. 
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Fig. 2. R, the ratio of the total cross section for hadron 
production of e+e- annihilation to the cross sec- 
tion for muon pair production, in the 4 GeV region 
of EC 
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The time,-of-flight information is analyzed in several different ways depending 

on the particular physics problem being studied. In order to extract maximal infor- 

mation on particle identity, an event-weighting method is used. First, tracks are 
h 

required to have good timing information consistent with the extrapolated position of 

the track in the TOF counter. Next, each track is assigned probabilities that it is a 

71, K, or p; they are determined from the measured momentum and time-of-flight 

information assuming a Gaussian probability distribution. Tracks with net probability 

less than 1% are rejected or called pions, depending on the particular kind of analysis 

being performed. Then, the relative r-K-p probabilities are renormalized so that 

their sum is unity. Combinations of tracks are weighted by the joint probability that 

-the tracks satisfy the particle-type hypothesis assigned to them. Then, histograms 

are made. by accumulating the event weights. In this way, the total weight assigned 

to all possible combinations equals the total number of combinations and no double 

counting occurs. 

In much of our analysis, simpler methods can be used. The most common is to 

assign a set of x2 to each track based on the comparison of the time-of-flight 

recorded for that track and its measured momentum for various hypotheses of 

particle-type. 2 It is common then to identify kaons as tracks where xk < x,, xi < 3. 

Other tracks are generally called pions unless they are well identified through TOF 

as being protons. Generally speaking, there is little difference in these methods 

when studying combinations of three or more particles in the 4 GeV region. It is only 

for the case of two-particle combinations where the individual momenta are 1 GeV/c 

or greater that the weight method sometimes must be used. 

The identification of neutral kaons 8) is based on the measurement of dipion mass 

and the detection of a vertex, defined by the crossing of the two pion tracks, that is 

displaced from the beam by at least 10 mm. With the cuts used, the KS signal to 

background ratio in the dipion mass interval 480 -520 MeV/c2 is typically 2.5. The 
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Kos mass resolution is 18 MeV/c’ (FWHM) and the measured proper time distribution 

agrees well with the known Ki lifetime. 

In most of the analyses discussed here, D-meson candidate events are chosen by 
- 

invariant mass cuts and backgrounds are estimated from events in adjacent mass 

bins. In the case of the Knr decay mode of the D’, backgrounds are estimated from 

the nonexotic decay mode K*r+n- over the same range of invariant mass as the signal 

events. 

Evidence for D Meson States 

Our first direct evidence 5) of charm particle production by e+e- annihilation 

came from the study of neutral combinations of the charged particles Kn and Krnr. 

As shown in the top row of Fig. 3, evidence for a new state in the K7r system 

appeared in the invariant mass spectrum for all possible neutral combinations of two 

charged particles assuming both r and K masses for all particles. Through kine- 

matic reflections, the signal appears near 1.74 GeV/c2 for the ?r+n- hypothesis, 

1.87 GeV/c’ in the case of K+r- or K-n+, and, 1.98 GeV/c2 for K+K-. To establish 

the correct choice of final state particles associated with these peaks, the TOF 

weighting technique was employed. As seen in the second row of Fig. 3, the TOF 

information dramatically enhances the Kr signal near 1.87 GeV/c2. The areas under 

the small peaks remaining in the r+r- and K+K- channels are consistent with the 

entire signal being Kr and the resulting misidentification of true Kr events expected 

for our TOF system. TOF weighted combinations of the four particles Krnn7r also 

showed a significant peak at essentially the same mass. The data of Fig. 3 are con- 

sistent with a new state having a mass of 1865 f 15 MeV/c’ decaying weakly to the 

observed particles. The upper limit on the decay width of the state was found to be 

40 MeV/c’. 

Studies of recoil mass spectra associated with the new state and searches for its 

production in very large samples of data at lower values of EC m indicated that the . . 
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threshold energy for producing this new state was above the q’ mass. The narrow 

width of this state, its production in association with systems of even greater mass, 

and the fact that the observed decays involved kaons were strong evidence that this 
-h 

state was the neutral member of the predicted 3) isodoublet of charmed mesons 

(Do, D”) . On the basis of these results, the large blocks of data at E near c.m. 
4.03 GeV and 4.41 GeV were accumulated. These data confirmed the Do signal seen 
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Fig. 3. Invariant mass system for neutral combinations of 
charged particles. Figures (a), (b), (c) used no 
TOF information-all possible mass combinations 
were formed. Figures (d), (e), (f) used the TOF 
weighting technique and established the K-n decay 
mode. The four-particle combination in the third 
row are weighted by TOF probability. 
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Fig. 4. TOF weighted invariant mass 

spectra for K7r7r combination 
from 19,000 multihadronic 
events at EC., 44.028 GeV. 
(a) Exotic comb’inations, 
K*&nf, (b) Nonexotic com- 
bination K*T+~- . 

previously and indicated that a narrow 

charged state at 1876 f 15 MeV/c’ which 
- - 

decays into the exotic channel K*r+r’ but 

not into the normal K* channel K*lr’n 
+- was present in e e annihilation. 9) 

The evidence for this state is presented in 

Fig. 4 where TOF weighted invariant mass 

spectra for exotic and nonexotic combina- 

tions of the charged particles Kerr are 

given. The similarity in mass between 

this state and the previously reported 

neutral state, their narrow widths, their 

recoil mass spectra, their decays to 

strange particles, and the decay of the 

charged state to an exotic channel but not 

to the corresponding normal channel were 

strong experimental verification of the 

predictions of Glashow, Iliopoulos, and 

Maiani. 3) 

Recoil mass spectra at the two fixed energies indicated that D’s are produced in 

association with and as decay products of additional excited states D*‘, D** having 

masses near 2.01 GeV/c2. Figure 5 shows the background-subtracted Do recoil 

mass spectrum at EC m = 4.028 GeV computed assuming a fixed nominal DO-mass of . . 

1865 MeV/c2 for both signal and background Kr combinations. The spectrum is 

dominated by peaks at 2.01 GeV/c2 and 2.15 GeV/c’ with weaker evidence for a peak 

at 1.87 GeV/c2 corresponding to D”bo production. The same spectrum for events 

collected at EC m =4.414 GeV is presented in Fig. 5b. The 2.01 GeV/c’ peak is still . . 
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present but the 2.15 GeV/c2 peak has 

moved to 2.20 GeV/c2 and has broadened. 

From this behavior, we conclude that the 

2.01 GeV/c2 peak represents a state D*’ 

produced in association with the observed 

Do while the other peak moves with EC m . . 

in the manner expected for a kinematic 

reflection arising from D*’ pair produc- 

tion followed by the decay of D*O to Do. 

As discussed below, the detailed shapes of 

these distributions depend on masses, D* 

branching ratios and contributions from 

the decay D*+ - 7rsDo. The data of Fig. 5b 

also show a peak near the recoil mass 

2.43 GeV/c’ that may represent further 

excited states of the neutral D system or 

that could be only kinematic or phase 

space in origin. 

The D+ recoil mass spectrum at 
3 

E c m = 4.028 GeV, shown in Fig. 6, also has a peak near 2.01 GeV/c’ indicating the . . 

existence of the excited state D*+. Direct observation of the D*+ became possible 10) 

through the decay mode D*+ --L Do*+. Since the Q value of this decay is small, the 

momenta of the Do and r+ in the laboratory frame will be roughly proportional to their ._ 

masses. The efficiency for detecting charged particles with momenta less than 

100 MeV/c in the SLAC/LBL magnetic detector is low and, therefore, the D*+ decay 

cannot be readily detected unless the Do momentum is 1.5 GeV/c or greater. For 

this reason some 160,000 hadronic events in the EC m range 5.0 GeV to 7.8 GeV . . 
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were searched for Do candidates decaying to K7r with net momentum greater than 

1.5 GeV/c. A peak in the Kr invariant mass spectrum at the Do mass was clearly 

visible. Do candidates were combined with an additional pion to give the Dn-D mass 

difference spectrum shown in Fig. 7. In this figure, the designation Do indicates a 

K-r’ combination while go is a K+,- combination. These data show a strong D*+ 

peak in the channel Don+ while there is essentially no signal in the Do*- channel. The 

observed width of the D*+ peak in Fig. 7 is consistent with that expected from experi- 

mental resolution alone; at the 90% confidence level, the decay width of the D*+ is 

less than 2.0 MeV/c’. 
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From these data the D*+-Do mass difference is measured to be 145.3 f 0.5 

MeV/c2, or equivalently the Q-value of the decay is 5.7 f 0.5 MeV/c2. The error is 

dominated by systematic uncertainties. The implications of these data on questions 
- 

of Do-b0 mixing are discussed below. 

Mass of the D States 

In order to measure more precisely the masses of the charged and neutral D and 

D* states and to study D* decay modes we have examined, 11) in detail, the observed 

Do and D* momentum spectra at EC m = 4.028 GeV and compared them to a model of . . 

D and D* production. The Kr decay mode of Do and Kr7r decay mode of D’ were 

selected by x2 TOF techniques and invariant mass cuts. Even though a relatively 

large fraction of Kn candidates have been assigned the incorrect choice of K-r 

masses, the resulting error on the measurement of their net momenta is negligible. 

The spectra are shown in Fig. 8. While the recoil mass spectrum would be equiva- 

lent, we chose to fit momentum spectra because momentum is the directly observed 

quantity and the resolution in this variable (*18 MeV/c) and detection efficiency vary 

by less than &lo% over the allowed momentum range for both the Kr and Knr systems. 

The model assumptions are: 

a. All D and D* production occurs through the two-body reactions 

e+e- - Db 

e+e- - Da* + DD* 

e+e---r J)*b* 

b. The allowed D* decay modes are 

j-J*0 - *‘Do 

D*O - yD” 

D*+- ,‘D+ 

(1) 

(2) 

(3) 

(4) 

(5) 

(6) 

(7) 

(8) 

D*+ - yD+ 

D++ -c n+D” 
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. Fig. 8. (a) Illustrative example of the 
contributions to the expected Do 
momentum spectrum near 
threshold: 
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The unlabeled c!as+hed curve corresponds to the smoothed background of 
ycorrelated K x combinations. (b) Do - K-n+ momentum spectrum at 

c,m. =4.028 GeV. The solid curve is a typical fit described in text. 
(c) D+ - K-r+*+ momentum spectrum at EC m = 4.028 GeV compared to 
a typical fit. 

. . 
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C. D* decays are isotropic in the D* rest frame. 

Assumption (a) was tested after completing the fits to the spectra discussed 

below by including in the assumed Do spectrum a D”no7ro phase space process. This 

gave a very broad peak centered near 400 MeV/c that is not seen in the data. We 

estimate that less than 10% of the Do signal is from such a process. Reaction (8) 

complicates the momentum spectra because it couples produced D*+ events to 

observed Do events. The corresponding D*’ - D’r- reaction is kinematically for- 

bidden on the basis of our results. Assumption (c) affects only the shape of momentum 

spectra for D’s produced by reactions (5) and (7) because of their relatively large Q- 

values. It was found to have a negligible effect on the results by generating Monte 

Carlo events with the correct angular distributions for the favored D and D* spins 

(see below) and fitting the simulated spectra with the simplified model. Fitted 

parameters agreed well with Monte Carlo input parameters. 

Do and D* momentum spectra expected under these assumptions, folded with 

detector resolution, were fitted simultaneously to the data by varying mass, cross 

section, and branching ratio parameters. The Q-value for decay mode (8) was fixed 

at 5.7 MeV through our direct measurement of this process. The momentum spec- 

trum for background events was estimated by smoothing the spectrum observed in 

candidate background events selected by methods discussed previously. Figure 8a 

illustrates the contributions to the D’spectrum from the various processes that were 

considered in the fits. 

The limited statistics, particularly in the D+ spectrum, preclude the possibility 

of determining all of the independent parameters describing processes (1) - (8). 

Therefore, a second fit to the data was performed with the additional assumptions 

d. D and D* are produced at EC m = 4.028 GeV in states of pure isospin . . 

and the phase-space corrections to reactions (l), (2)) and (3) follow a 

p3 law where p is the center-of-mass momentum. 
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e. Isospin is a good quantum number in pionic decays of D* and the 

transition probability for decay mode (7) is one quarter that of 

decay mode (5). Phase-space corrections for D* decay also 

b^ehave like p3 where p is now the momentum of the D in the D* 

rest frame. 

The data were fit under both sets of assumptions with various starting points, 

background functions, and resolutions in order to study the stability of the results. 

The solid curves of Figs. 8b and 8c show the results of a typical fit of the second 

type. 
The Do contribution due to decay mode (8) is highly model dependent. In fits of 

the first kind, only 6% of the observed Dots can be attributed to D*+ production fol- 

lowed by decay mode (8). In the isospin constrained fits this fraction increases to 

29%. Because of this large value, the isospin constrained fit forces the D*O and D*+ 

masses to be nearly equal in order to match the narrowness of the peak near 180 

MeV/c in Fig. 8b. It is important to note that the population at low momenta in 

Fig. 8c is too large to be interpreted as just background. Indeed, if one restricts the 

Knr invariant mass analysis to combinations having momenta less than 320 MeV/c, 

there is a 3 standard deviation peak at the D+ mass. The natural interpretation of 

this result is the presence of significant D *+D*- production followed by decays via 

modes (6) and/or (7). 

Decay mode (5) is well established by the data of Fig. 8b. The characteristic 

triangular momentum spectrum below 300 MeV/c and overall structure between 400 

MeV/c and 700 MeV/c demand this reaction. The value for BR(D*o-+ -yD”) deter- 

mined from the isospin constrained fit is a sensitive function of the assumed ratio 

S 
= I7 @*+ - rD+) 

I? (D*O --c yD”) l 

We have assumed s=1/4, but theoretical estimates range from 

l/4 to l/25. As s decreases from l/4 to l/16, the fitted value of BR(D*O - yD”) 

increases from 0.75 to 0.90 while no other parameters change appreciably. Values 
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in excess of 0.75, however, no longer fit 

the triangular portion of the Do momen- 

tum spectrum below 300 MeV/c. Our 

final value for this branching ratio in- 

cluding estimated systematic errors is 

BR(D*O --Do) = 0.55& 0.15 . 

The final mass values determined 

from these fits including estimates of 

systematic errors are given in the fol- 

lowing table. 

Table I. Masses of D and D* mesons. 

State Mass (MeV/c) 

DO 1863 f 3 
D+ 1874 zk 5 

D*O - 2006 f 1.5 

D*+ 2008 f 3 

Masses and observed decay modes for the D meson family are summarized in Fig. 9. 

Spin Analysis of Do and D*’ 

The analysis described in the previous section indicates that D production near 

E c m = 4.03 GeV is dominated by two-body reactions involving D and D* mesons. . . 

Considerable information 12) on the spin and parity of the Do and D*’ comes from 

angular distributions of DoTs produced through reactions (2) and (3) and from the ob- 

servation of decay modes (4) and (5). Both the observation of radiative D*O decay, 

reaction (5), and DD* production, reaction (2)) followed by the no decay mode of D*O, 

reaction (4), imply that the Do and D*O cannot both be spinless. The existence of the 

pion decay mode of D*O, reaction (4), implies that the D and D* must have even rela- 

tive parity if one meson has spin 0 and the other has spin 1. Because charmed 
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mesons are associatively produced by strong or electromagnetic interactions, and 

they decay weakly with parity violations (see below), the absolute parity of the Do 

cannot be determined and thus may be set to -1 by convention. These obse.rvations 

allow um<ue predictions to be made for the production and decay angular distribu- 

tions of Kn combinations arising from the decay of Dofs produced through reaction (2) 

under the two spin assignments of greatest interest, namely, JD= 0, JD* = 1 or the 

reverse spin assignments. 

The expected joint Do production and decay angular distribution can be expressed 

in terms of 3 angles 0, 6, $ where @ is the polar production angle of the Do with 

respect to the annihilation axis, and (0, Cp) are the polar and azimuthal angles of the 

decay kaon in the Do helicity frame. In the limit of nonrelativistic D*O motion, the 

two possible angular distributions are the following: 

d30 2 
dcos@ dcose d$ Oc ‘+ ‘OS @ (9) 

d30 
d cos 0. d,cos 8 dr$ a sin2 8 (cos2 Cp + cos2 @ sin2 c$) (10) 

Equation (9) is for the case JD = 0, JD.+ = 1 and Eq. (10) is for the case JD = 1, JD* = 0. 

A relatively clean sample of Dots produced in association with r>*O through 

reaction (2) was obtained by selecting Kn events on the basis of invariant mass and 

recoil mass. Using hadron events produced in the EC m range 3.9 GeV to 4.15 GeV . . 
but predominantly at the fixed E c m = 4.028 GeV, a sample of 15 3 Do candidates . . 

having a recoil mass between 1970 and 2030 MeV/c2 was obtained. Approximately 15% 

of this sample is estimated to be background a-prong combinations. Furthermore, we 

estimate that 64* 4% of the real Dots within this cut are primary Do’s recoilmg against 

b*O. The remaining Dots come from either pion or gamma decays of the D*’ or pion 

decays of the D*+. The primary fraction exceeds 50% because direct Dots are par- 

tially resolvable from secondary decay DoIs on the basis of the recoil mass cut. The 
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4% error on this primary fraction is mainly 

due to uncertainties in the number of D”?s 
30 

arising from D*+ decays. 
- 

Figure 10 shows the observed angular 20 

distributions for these Dots candidates. 

The normalized distributions expected for 

the two possible spin assignments are also 

shown. In both figures the solid curve is 

computed from Eq. (9) and the dashed 

curve is computed from Eq. (10). The 

theoretical distributions have been cor- 

rected for detector acceptance, resolution, 

the presence of background events, and 

the presence of secondary decay Dors. 

This last effect is expected to be quite 

small; we estimate the direction of Dots 

arising from no decays of D*’ lies within 

5’ of the DD* axis. 

Both possible spin assignments give 

acceptable fits to the data of Fig. 10a. 

The third curve shown in Fig. 10a is the 

sin2 @ distribution appropriate for the case 

of spinless D and D*. This spin assign- 

ment is clearly ruled out by the data of 

Fig. 10a with a x2 of 74 for 9 degrees of 

freedom. The main discrimination be- 

tween the two sets of spin hypotheses 
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Fig. 10. (a) Production polar distribu- 

sponds to JD = I* and J& = O*. 
Dashed and dotted curve corre- 
sponds to spinless D and D*; here 
nthetatV = @ (see text). (b) Heli- 
city polar distribution for Do in 
reaction (2). Solid curve corre- 
sponds to Jp = 0* and Jp- - 1’ 
Dashed cu$e correspo%s to l 

Jg = l* and J& = O** here rYheta!l 
6 . (c) Productio; polar distri- 

b=ution for Do in reaction (3). 
Solid curve is deduced from a fit 
to the form 1+ Q cos2 @ where 
cr=-0.3+0.3; here “theta” = 0. 
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comes from the kaon polar helicity distribution shown in Fig. lob. The solid 

curve is consistent with the data, having a x2 of 8.2 for 9 degrees of freed.om, while 

the dashed curve is inconsistent, having a xz of 23 for 9 degrees of freedom 

(CL = 6; 10B3). On the basis of this analysis the expected spin assignment, 0 and 1 

for D and D*, respectively, is preferred over the alternative assignment. 

A second method for discriminating between the two possible spin assignments 

makes use of all three angular variables simultaneously and handles background 

differently. The technique is to divide the space of angular variables by a surface of 

constant I= sin2 e (c0s2 f$ + cos2 0 sin’ $), 

such that, the relative populations of 

‘events in the two regions offer m&mum 

discrimination between the two spin 

hypotheses. Figures lla and lib show the 

Kx invariant mass distributions for events 

satisfying I < 0.32 and I > 0.32, respec- 

tively. The fits shown in ‘Fig. 11 used a 

Gaussian signal over an exponentially 

falling background and give 58 +8 events 

and 73 f 10 events for the two regions. The 

difference in a number of signal events 

divided by their sum is 0.11 f 0.10 which 

is in excellent agreement with the value of 

0.11&O. 01 expected for spin 1 D*‘s. The 

data are inconsistent with the value 

0.41&O. 03 which is expected for spin 1 

20 

IO 

0 

a-77 m ( KT) ( MeV/c2) 3247A5 

I I I 

‘i (a) 

I 

(b) 

1800 1900 2000 

D’s and spin 0 D*‘s. The errors on the ex- Fig. 11. Invariant mass spectra of 
K*7? system for I < 0 32 . 

petted asymmetries under the two hypotheses and1 > 0.32. 
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mainly reflect errors on the fraction of primary Dots in the data. 

Finally, in Fig. 1Oc the production angular distribution of Dots from reaction (3) 

is shown. This reaction can be chosen by selecting Dots of the appropriate momen- 
4 

turn.. To a good approximation the observed Dots follow the initial D*O direction and 

their measured angular distribution is inconsistent by 2.1 standard deviations from 

the distribution expected for spinless D*‘s. 

In summary, Do production near Ec m =4.028 GeV provides a great deal of . . 

information on the spin and parity of D and D* states all of which is consistent with 

the conventional spin parity assignments O-, l- for D and D*, respectively. The data 

rule out the alternative spin assignment l-, O-, for D and D*. 

The possibility of significant Do-a0 mixing arising from charm-changing neutral 

currents has received wide theoretical speculation. 13) We have searched for this 

effect in two ways. The first method lo) relies on decay mode (8). Since this decay 

_ - mode conserves the charm quantum number C, the sign of the decay pion is a tag for 

the value of C for the Do system. Thus, if there were no Do-B0 mim, the sign of 

the decay pion is correlated with the charge of the kaon arising from the Do decay. 

The data of Fig. 7 clearly demonstrate this correlation. In order to minimize back- 

ground events from time-of-flight misidentifications, even more restrictive TOF cuts 

were placed on the data of Fig. 7. Specifically, events within 2.5 MeV/c2 of the 

center of the charged D* peak in Fig. 7 were required to have time-of-flight weights 

for the chosen combination that were three times greater than the weight where the K 

and r were interchanged. These criteria left 26 events of the expected sign correla- 

tion and 3 events of the opposite sign. These 3 events are consistent with coming 

from backgrounds. It is estimated that 1.4 events arise from uncorrelated combina- 

tions of particles and 0.6 events come from Kr double misidentification. Thus, at the 
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90% confidence level, the fraction of the time that a Do decays as if it were a b” is 

less than 16%. 

The second method for studying Do-b0 mixing 11) is a search for apparent 
- 

strangeness violation in events containing a Do identified through its K7r decay mode. 

In the full sample of data taken in the 4 GeV region 77 events were found containing a 

Do candidate and an additional charged kaon. We estimate that 39% of these events 

correspond to uncorrelated background. In 15 of the events the recoil kaon has the 

same charge as the Do candidate. After background corrections, the fraction of like 

charges is 12 f 9% which is consistent with 

that expected on the basis of residual TOF 

misidentification with no Do-b0 mixing. 

We thus estimate that at the 90% confidence 

level less than 18% of events containing a 

Do exhibit an apparent strangeness viola- 

i tion. 

Production Cross Sections 

The weighted mass spectra 14) - of K*7;‘, 

KS=+*-, 
- - 

K*n’$ and I?T+T+~~- at 4.03 and 

4.41 GeV are shown in Fig. 12. To im- 

prove the signal to background ratio, only 

those events for which the recoil mass is 

larger than 1.8 GeV/c2 are plotted. All of 

these channels exhibit significant peaks 

near 1.87 GeV/c’ with widths compatible 

with the experimental resolution. Figure 

13 shows the weighted mass spectra of ,‘7r-, 

K+K-, K+,“,, dr+r-, K+K-, 7;1.7;, Ksn+ 
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Fig. 12. TOF weighted invariant mass 
distribution for various par- 
ticle combinations at 
E = 4.028 GeV and 4.414 
GEVrfl. A recoil mass cut at 
1.8 GeV/c2 has been applied. 
The curves represent fits to 
the data. 
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Fig. 13. TOF weighted invariant mass distribution for 
various particle combinations at Ec 44.028 
.GeV. A 1.8 GeV/c2 recoil mass cut as been Ti 
aDplied. 

at 4.03 GeV. The only significant peaks are in the r+n- spectrum at 1.74 GeV/c’ and 

in K+K- at 1.98 GeV/c2. These events come from Kr decays of Do in which the K or 

‘lr have been misidentified. In decay modes with 3 or more particles, this problem 

does not arise because misidentifications do not yield sharp peaks. 

To evaluate D meson populations we have fit each of the mass spectra of Fig. 12 

with an adjustable Gaussian superimposed on a polynomial background. The x2 per 

degree of freedom in each case is less than 1. To obtain upper limits for D decay into 

the channels of Fig. 13, we have to fit each of them with a Gaussian of specified cen- 

tral value and width superimposed on a smooth background. 

To go from the weighted event populations to cross sections and branching ratio, 

a Monte Carlo simulation incorporating all known experimental effects was performed. 
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In this simulation, production models for Do and D+ which reproduce the observed D 

momentum spectrum and multiplicities at 4.03 and 4.4 GeV were used. 

Table II gives real event populations, efficiencies and values of aB, the product 
-cI 

of the D cross section times branching ratio, for the decay modes studied at 4.03 and 

4.41 GeV. For those channels in which no significant signal is observed a 90% confi- 

dence level upper limit is quoted. 

Table II. Event populations, efficiencies and values of oB 
for several Do, Do and D’, D’ decay modes. 

Decay Mode 
Cross Section x 

c.m. Energy Number of Detection 
WW Events Efficiency Branching Ratio 

aB (nb) 

2,” 
goT+r- + K’?r+n- 

K%**+r- 

K”**,’ 

ff”,* + K”,” 9.5 f 6.5 

T-n+ 

K-K+ 

r+K+K- 
- 

K+r+r- 

4.03 182 f 18 

61* 14 

95 f 23 

82* 14 

+ 8.8 
5*4 - 4.5 

+ 7.5 
5*2 - 5.2 

+ 8.0 
OS0 - 0.0 

2 7+7.1 . - 2.7 

0.0 + 4.7 
- 0.0 

0.25 f 0.04 

0.044 f 0.007 

0.09 *II.02 

0.16 f 0.03 

0.07 -f 0.01 . 

0.27 f 0.04 

0.24 z+z 0.04 

0.22 kO.03 

0.13 f 0.03 

0.16 f 0.03 

0.57 * 0.11 

1.09 f 0.30 

0.83 * 0.27 

0.40 f 0.10 

<0.18 

<0.04 

<0.04 

<0.03 

<0.06 

<0.02 
------__-_---__-__----------------------------------------------------------- 

K%* 4.41 92 f 18 0.19 f 0.04 0.30 * 0.09 

&+r- + K’lr+r- 55 f 14 0.037 f 0.010 0.910.34 

K+7T*n+n 119 f 41 0.08 f 0.02 0.91 f: 0.39 

K+r*r* 67 f 19 0.125 f 0.03 0.33 f 0.12 
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The ratio of D* production cross sections at 4.41 GeV to 4.03 GeV, determined 

through its single identified decay mode is about 0.8. The three identified Do decay 

modes exhibit relative values of aB at 4.41 and 4.03 GeV which do not agree well 4 
although the inconsistencies are not outside the level of a reasonable statistical fluc- 

tuation. Consequently, we conclude that the ratio of Do cross sections at 4.41 GeV to 

4.03 GeV is in the range 0.5 - 1. These ratios do not appear surprising because the 

hadronic cross section is less at 4.41 GeV than at 4.03 GeV and the cross section for 

producing new particles other than D mesons may be larger at 4.41 GeV. 

If one assigns the total excess cross section of the 4.03 and 4.41 GeV bumps to 

pair production of charmed mesons, the observed D meson decays amount to roughly 

10% of all charmed mesons produced. This low fraction is not surprising because 

hadronic modes involving neutral mesons other than K” and semileptonic decays can- 

not be identified in the present detector and decays to higher multiplicity are difficult 

to detect because of limited solid angle and increasing background. 

Decays of the Do to final states of zero strangeness are suppressed relative to 

states involving a single K meson as can be seen by comparing Figs. 13 and 12. We 

find that BR(D’--) ?r+r-)/BR(D’ -L KT) < 0.07 and BR(D’ -. K+K-)/BR(D’ - Kn) < 0.07 

at the 90% confidence level. From weak interaction theory these rates are expected 

to be suppressed by tan2 Bc N 0.05, where Bc is the Cabibbo angle. The same 

mechanism doubly suppresses the decay of the charged D to nonexotic final states. 
- - 

Cur 90% confidence level upper limit for the ratio BR(D+ - K+,‘r-)/BR(D+ -c K*$T’) 

is 0.05. 

A byproduct of the detailed fits to the Do momentum spectrum at EC m ,~4.028 . . 

GeV is the relative cross sections for the various two-body Do and D*O reactions. 

Since reactions (l), (2)) and (3) are all expected to couple to the virtual photon in a 

p-wave, a p3 phase-space factor is removed from the relative cross sections in order 

to compare them. The relative importance of reactions (l), (2) and (3) for the Do, D* 
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channels can therefore be expressed as 

DObO DOD*0 + DOD*’ : D*Ob*’ 

0.2 f 0.1 : 4.0 f 0.8 : 128 -+ 40 

These rgtios are to be compared with the spin counting estimates 15) of 1:4:7 which 

are in strong disagreement with the data.* Various 

been discussed in the literature. 
15,16) 

Decay Properties of D Mesons 

In one of our early studies of D meson prop- 

. - 

ertiesl’) we observed parity violation in hadronic 

decays of D mesons. This result follows from 

-the observation that the K7r decay mode of Do 

necessarily forms a state of natural spin-parity 

(P = (-1) J). If some other decay mode can be 

shown to be incompatible with natural spin-parity, 

then parity violation is established. In our pre- 

vious study it was explicitly assumed that the D+ 

and Do intrinsic parities were the same. Then 

the K7rr final state of D+ was examined for its 

spin-parity. 

The Dalitz plot for I? 1r”7r’ events in the D+ 

mass range is presented in Fig. 14a. There are 

126 events in this Dalitz plot of which it is esti- 

mated that 58 are background. In Fig. 14b, a 

background Dalitz plot is presented consisting 

of 112 nonexotic K~WT combinations satisfying the 

same mass and recoil mass cuts. Both signal 

and background are consistent with uniform 

explanations of this behavior have 

0.5 [I 

Fig. 14. Dalitz plot (folded 
around the y-axis) for 
the Krr system with 
the invariant mass cuts, 
1.86 GeV/c2i MKrr 2 

1.92 GeV/c’. 

(a) F;g;ombinations 

(b) nonexo&c combina- 
tions K*$r- . 
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population density. A uniformly populated Dalitz plot is incompatible with a K7rn 

final state of pure natural spin-parity; in the case of a natural spin-parity state 

decaying into three pseudoscalers, one expects a depopulation along the boundary. 18) 

S&i three pseudoscalars cannot be in a O+ spin-parity state, l- and 2+ exhaust 

natural spin parity combinations for spin less than 3. In order to make quantitative 

comparisons, sample matrix elements for these two natural spin-parity states were 

constructed. The Dalitz plot was then divided into two regions separated by contours 

of constant density according to the assumed matrix element. The boundary was 

chosen to give equal population for phase-space decay. These Dalitz boundaries are 

indicated in Fig. 15 along with the invariant mass spectra of Krr combinations within 

the indicated regions. In both cases the data nearly equally populate the two regions 

of the Dalitz plot whereas the expected distributions for natural spin-parity strongly 

favor the central region. These results are summarized in the following table. 

Table III. Summary of Dalitz plot analysis of K’n*7r* system for 
three choices of spin-parity assignments. . 

Spin-Parity Dalitz Plot Ratios Observed Event Ratios 
Hypothesis (center/periphery) (center/periphery) x2/1 DF 

1- 8.2:1 18.1 
38 f 9134 f 8 

0- 1:l 0.1 

2: 5.6:1 9.4 
35 f 10/31 zk 9 

0- 1:l 0.1 

Thus, the distribution in the Dalitz plot is incompatible with the zeros expected 

for spin and parity l- or 2+ for the Knr state and parity nonconservation follows. 

The uniform Dalitz plot density shown in Fig. 14 rules out a significant K*(890)n 

component to charged D decays. Similarly it is found 14) that within the limited 

statistics, the Do -. Ks$r- decay mode does not exhibit either K* or p signals at a 
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1.6 1.7 1.8 1.9 2.0 1.6 1.7 1.8 1.9 2.0 2.1 

Fig. 15. Kr7r invariant mass spectra for events selected from 
different regions of the K7r7~ Dalitz plot (a) “peripheral” 
and (b) “central” regions for a contour of constant in- 
tensity for a 1’ matrix element as indicated by the 
shaded regions of the inserts, (c) “peripheral” and 
(d) ~~central~~ regions for a contour of a 2+ matrix ele- 
ment. The solid curves are fits to a Gaussian signal 
to extract numbers of events. 

substantial level. However, we find that the Do -. K*7;‘n’n decay is dominated by 

the intermediate state K?r’c’. 

Figure 16a shows the invariant mass for K3r combinations having at least one 

of the two neutral dipions within a o ’ cut defined from 650 to 850 MeV/c2. Figure 16b 

shows the invariant mass for K3n combinations which have no neutral dipions within 

the p” cut. We estimate that 85 f 15% of the total K3n signal resides in Fig. 16a. 

This p” fraction is substantially larger than the 47% predicted by K3n phase-space but 

consistent with the 81% predicted by a pure Knp” final state. 

To search for the presence of K*(890) we define a K*O mass region from 820 to 

960 MeV/c2. We evaluate the fraction of events in K37~ signal which have at least one 

of the two Kn combinations in this K*O region and also the fraction of events which 
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have both a Kr in the K*O band and the remaining ~7r in the p region. 

Assuming that the K3n signal is the sum of the four decays, direct K37r, K*O7?7r-, 

K ?;Fp’, K*Op’, we unfold the signal fractions by comparison with Monte Carlo cal- 

ciations4‘for each mode. The results of the fit are summarized below. 

Table IV. Summary of the fractions of resonance and nonresonance 
production in K3n decays of Do. 

Phase-Space lx? 7-O 
r’p K* 7&- K*po 

0 05+O*l . - 0.05 
0.85 + 0.11 + 0.2 

0.22 o*oo~o.o 

o 
l 

1o+ 0.11 
- - 0.10 

400 
‘c 

300 

300 

100 

a-7, 

+ 
(a) 

+’ + 
++++++ 

- +++++ 
+++++ + 

++++++ 

1.6 1.8 

EFFECTIVE MASS 

Fig. 16. 

mass spectra for (a) combin- 
ation with at least one 7r+7r- 
pair in the p” mass region 
650-850 MeV/c’, (b) com- 
binations where no Y$T- pair 
is in the p” mass region. 

Remarkably enough, there is no signifi- 

cant K* production whereas K*r’p” seems 

to be the dominant mode. We find no evi- 

dence of A2 and set a 90% confidence level 

upper limit of 0.06 for the ratio of eAz 

to total KIT rates. Theoretical expecta- 

tions for resonance production in D decay 

have been discussed in the literature. 19) 

Summary 

In summary, the first year of experi- 

mental charmed meson physics has yielded 

important information on the masses, 

spins and other properties of charged and 

neutral D and D* mesons. This general 

body of data is in excellent agreement with 

the theoretical expectations of the charmed 

quark theory. 
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Observation of Another New Resonance 

at SPEAR 

.- The group of physicists from SLAC/ 

LBL, NGthwestern University and the 

University of Hawaii that added the lead 

glass wall to the SLAC/LBL magnetic 

detector has recently observed 20) a 

resonance in the total cross section for 

producing hadrons by e+e- annihilation 

in the shadow of the $I. The experi- 

mental methods and analysis techniques 

used to determine R in this energy 

range are essentially identical to those 

used previously by the SLAC/LBL 

-. - 21) group. 

Their values for R the ratio of the 

total hadronic cross section to the point- 

like muon pair cross section at energies 
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Fig. 17. R vs. EC., in the region above 
the I)‘. Solid points are from the 
new measurement of Rapidis 
et al. 20) Other points are from 
zeylder SLAC/LBL measure- 
ments. 21) 

f 
I I I I 1 

just above the +’ mass are presented in Fig. 17. A clear resonance at a mass of 

3772 f 6 MeV/c’ having a total width of 28 & 5 MeV/c’ is evident. The data of Fig. 17 

have been corrected for radiative effects arising from the continuum, the tail of the 

z), the tail of the et, and the resonance at 3.77 GeV itself. The parameters of this 

resonance are compared with the other isolated + resonances in Table V. 

The parameters of the $(3772) are in excellent agreement with those predicted by 

Eichten et al. 22) 
-- for the 3D1 state of charmonium. In a nonrelativistic approximation 

a D-state does not couple to e+e-. It can obtain a leptonic width, however, by mixing 

an S-state. It is normally assumed that the 3Dl mixes primarily with the $‘. In this 
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approximation one can calculate from the data in Table V that the mixing angle is 

23 f 3’. 

Table V. Summary of resonance parameters for the isolated Z/J resonances. - 

State Mass I? B 

(MeV/c2) (MeV/c2) 
ee 

$ww 3095 f 4 0.069 f 0.015 4.8 f 0.6 0.069 f 0.009 

$(3684) 3684 f 5 0.228 i 0.056 2.1 *0.3 (9.3kl.6) x 1O-3 

$W’W 3772 zk 6 28 f 5 0.37 f 0.09 (1.3kO.2) x 1o-5 

tw414) 4414 f 7 33 f 10 0.44 f 0.14 (1.3*0.3) x 1o-5 

This resonance is immediately above Db threshold yet preliminary indications 

are that D meson production is copious. As in the case of the peak at 4.028 GeV, the 

$(3772) should provide important information on the properties of Do, D* without the 

complications due to D* decays. 
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