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I. Introduction 

These lectures' will attempt to review what we have learned about 

charmed particles in the little over a year since they were definitively 

identified. 2,3 The recent discovery of the $(3772)4y5 has given us a 

powerful tool for the detailed study of D mesons. By studying its decays 

we have been able to measure D meson masses and absolute branching ratios 

with an accuracy that only a fewmonthsearlier had been though to be beyond 

our reach. Accordingly, the emphasis of these talks will be on this re- 

cent work. 

Figure 1 shows the ratio R of th e total hadronic cross section to the 

muon pair;production cross section in the threshold regions for charmed 

meson production. 496 Most of the work on charmed mesons has been done at 

the prominent peaks at 3.77, 4.03, and 4.41 GeV. The $(3772) (or 4") is 

just above DD threshold and below DE" threshold. The peak at 4.03 is just 

above D*E* threshold. 

Section II will discuss the accurate determination of D meson masses 

and their consequences. Section III will cover the determination of D meson 

branching fractions for hadronic decay modes and their use in measuring the 

amount of charm production in e+e- annihilation at various energies. Semi- 

leptonic D meson branching ratios will be the subject of Section IV. Section V 

will explore some of the uses of tagged decays at the $(3772). Sections VI 

and VII will cover D meson spin and parity determinations and the study of 

Do-E0 mixing. Finally Sections VIII and IX will discuss what little is known 

about F mesons and charmed baryons. 

*Work supported by the Department of Energy 
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11. Masses 

A. Do and D+ Masses 

To calculate a mass one uses the formula 

m=(E2-p) . 2% (1) 

The advantage of studying e+e- -t DE is that the energy E must equal E b' 

the energy of one of the incident beams. Eb has an rms spread, due to 

quantum fluctuations in synchrotron radiation, of only about 1 MeP, 

and its central value can be monitored to high precision. 8 For DE pro- 

duction near threshold, as in JI' decays, we have the additional advantage 

-that p2 is small, about 0.08 (GeV/c)2. Thus any error in p is demagnified 

in its effect on the determination of the mass. The final result is 

that we measure masses in $" decays with an rms resolution of about 3 MeV/c2, 

which is a factor of 5 to 10 better than they can be measured at higher 

energies. 

In the SPEAK MagneticDetector charged kaons are identifed by time-of- 

flight measurements 2,3 and neutral kaons are identified by measurement of 

the dipion mass and the consistency of the dipion vertex with the assumed 

kaon decay. 9 For each particle combination we first require that the 

measured energy agree with Eb to within 50 MeV and then calculate the mass 

from Eq. 1 with E = Eb. The results, 10 given in Fig. 2 in 4 MeV/c2 wide 

bins, show clear signals in five modes including the previously unreported 
+ + 

mode D- + KsT-. Figure 3 shows the D+ and Do mass spectra for the sum of 

all observed modes in 2 XeV/c2 bins. The mass difference of about 5 MeV/c2 

between the D+ and Do is clearly visible. Fits to the mass spectra give 

and 

M 
DO 

= 1863.3 ? 0.9 ??eV/c2 

M 
D+ 

= 1868.3 2 0.9 MeV/c2 . 

(2) 

(3) 
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The errors are dominated by systematic uncertainties such as the absolute 

momentum calibration and the stability of Eb monitoring. The D+-Do mass 

difference is determined to be 5.0 2 0.8 MeV/c2; it is known more precisely 

than either D mass because several systematic errors cancel in the mass 

difference. The theoretical estimate of this mass difference has been 

2 11 widely discussed with estimates ranging from 2 to 15 MeV/c . 

B. D *o Mass 

To obtain the D *0 mass we employ the same trick with D *0*0 D pro- 

duction at 4.028 GeV with the following differences: 

a) We observe the Do from D *0 -t Dono decay. Since the Q value of 

the reaction is small, the Do carries off most of the D *0 momentum. Thus 

the detection of the Do rather than the D *0 causes no real problem. 

b) There is contamination from D *+ o+ 
+DlT and D *0 -+ Day decays. 

Figure 4a shows the contributions to the Do momentum spectrum. The pro- 

blem here is to determine the center of peak B[D JXO 0 0 
+D7r 3. in the presence 

of peaks A[D*+ +DlT ' '1 and C[D *o + Day 3. 

The data and a fit to the data are shown in Fig. 4b. 12 The D *0 mass 

is determined to be 2006 t 1.5 MeV/c2. The uncertainty is larger here 

than it was for the Do or D+ because of the difficulty of extracting the 

signal and because the fit is not perfect. 

C. D *+ Mass 

There are insufficient statistics to enable us to observe D 
*+ *- 

D pro- 

duction at 4.028 GeV (see Fig. 4c), so another method is used to obtain the 

*+ 
D mass: We observe the D *+ 

-f DOIT+ decay directly. Since the Q value 

is small the IT+ momentum will be only m,/mD* (%7%) of the D* momentum. It 

is thus necessary to use high momentum D*' s from high energy data ( EC m = . . 

6.8 GeV) to obtain pions with enough momentum to be visible in the magnetic 

detector. 
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The kinematics in this case are not as transparent as they were in the 

previous cases, but the essential point is that the Q value determines the 

kinematics and even a crude measurement of the Q value translates into a 

very precise measurement of the D *+ Figure 5 shows the D 
*+ 

mass. -Do mass 

difference in 1 MeV/c2 bins. 13 The Q value is determined to be 5.7 2 0.5 MeV 

which, when combined with the Do mass, yields a D *+ mass of 2008.6 2 1.0 MeV/c*. 

D. Mass Differences and Q Values 

We previously gave the mass difference 

6 - %+ - %. = 5.0 f 0.8 MeV/c2 . (4) 

We can now add 

and 

6* : - m,p+ %ho = 2.6 2 1.8 MeV/c2 (5) 

6-6* = 2.4 I!I 2.4 MeV/c2 (6) 

The quantity 6-6* is an electromagnetic hyperfine splitting for which theo- 

retical estimates vary between 0 and 3 MeV/c 2 11 . The error given in Eq. 6 is 

somewhat larger than would be naively expected from Eqs. 4 and 5 due to 

correlations in the errors. 

The Q values for D* + DIT and D* -+ Dy are given in Fig. 6. The decay 

D *0 -f D+IT- appears to be kinematically forbidden in the limit of zero D *0 

width. Even allowing for finite D* width, it cannot be an important decay 

mode. 

E. D* Branching Fractions 

The D *o branching fractions have been determined from the Do momentum 

spectrum at 4.028 GeV by fitting the relative contributions of curves B and 

C in Fig. 4a. 12 The result is B(D *o -+ D'y) = 0.45 + 0.15.14 The D *+ 

branching fractions were not well determined from the 4.028 GeV data due 

to insufficient statistics, but we can now calculate them using the D' + DX 

Q values and a few reasonable assumptions. 
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The inputs are: 

a> D and D* masses, and 

b) B(D*' -t DO-y). 

The assumptions are: 

a> Isospin conservation in D* + DK decays, 

b) T(D* + Dv) is proportional to p3 where p is the D momentum in 

the rest frame, and 

c> the quark model prediction for lY(D* + Dy): 15 

r(D 
*+ 

-t D+-y) 

r(D 
JXO 

+ Day) 

= , (7) 

where p is a quark magnetic moment which we assume is inversely proportional 

to the quark mass. Thus, 

2&l\ 
2 

r(D*+ + D+y) _ C 

r (D*O -+DOY) \2%+ 2,’ 
/ 

m 
C 

(8) 

taking m = m 
d u' The quark masses are not real masses and cannot be de- 

termined with any real accuracy. We will thus take two extreme cases to 

-test the sensitivity of this assumption: mu/m = m /m 
C P VJ 

and mu/me = 0. 

We obtain 

1 
m m 

r (D*+ -+ D+Y) =' 

l/25 for $ = $ 
C IJ 

, 
r (D 

*0 
+ D'Y) 

J 

m 
l/4 for $ = 0 . 

C 

(9) 

The results are given in Table I. Independent of the details of 

assumption (c), B(D *+ -t D+y) is small, and B(D *+ -+ DOT+) is about twice 

as large as B(D *+ -t D+r'); By accident, the total D 
*o width is about 

equal to the D Jc+ width. The best experimental information on D* widths 
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comes from Fig. 5 from which we can deduce that rDk+ < 2.0 MeV/c2 at 

the 90% confidence level. 13 

III. Branching Fractions into Hadronic Decay Modes 

A. Modes With All Charged Particles 

The cross section times branching fractions (a-B) for inclusive D 

production in various modes involving only charged particles have been 

determined at Ec m = 3.774, 4.028, and 4.414 GeV. The data from the $" . . 

(i.e. 3.774 GeV).are shown in Fig. 2 and the data from 4.028 and 4.414 GeV 

are shown in Fig. 7. 16 The results are given in Table II. 17 The relative 

Do branching fractions from 3.774 GeV and 4.028 GeV are in good agreement. The 

data from 4.414 GeV are not in as good agreement, but as can be seen from Fig. 7, 

there are higher backgrounds at 4.414 GeV than at lower energies and it is more 

difficult to extract the signal. No conclusive evidence for Cabbibo suppressed 

decays has been seen at any energy. There are upper limits given in Table II 

for Ec m = 4.028 GeV which are consistent with the expected degree of . . 

suppression. 

B. Modes With a 71' 

The addition of a wall of lead-glass blocks (LGW) 18 to the SPEAR Magnetic 

0 19 Detector allows us to search for D hadronic decay modes containing a n . 

The LGW subtends about 10% of the solid angle covered by the detector's spark 

chambers and counters, as is shown in Fig. 8. 

Figure 9a shows the reconstructed yy mass spectrum for minimum y momentum 

of 100 and 150 MeV/c. The K' signal is clearly visible in both cases, although 

the mass resolution is poor for low energy photons which can lose a large 

fraction of their energy in the aluminum solenoid coil which preceeds the LGW. 

The acceptance for TT" s in the LGW is shown in Fig. 9b. At 600 MeV/c, the 

region of interest for D decays, the acceptance is about 1%. 
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Photon pairs detected in the LGW at the $" are combined with charged 

particles found in the detector and the combination is fit with two constraints: 

that the total reconstructed energy equal the beam energy and that the yy in- 
-+ 

variant mass equal the r 0 masss. The invariant mass spectrum for K+IT-IT" com- 

binations which given acceptable fits is shown in Fig. 10. A signal of 7.3 

events over an estimated background of 1.7 events is seen at the Do mass. This 

corresponds to a 0-B of 1.4 2 0.6 nb. 

No significant signals are seen in other possible decay modes. The upper 
- 

a limit on o*B for Do -f K'IT' plus D + K".rro is 0.7 nb at the 90% confidence level. 

C. Absolute Branching Fractions 

In the $" we have for the first time a situation in which charm pro- 

duction is sufficiently simple that we can use measurements of the total cross 

section and of o-B for D decay modes to calculate absolute branching fractions. 

The inputs are 

a> a-B measurements at the JI" which we have just discussed, and 

b) the total cross section measurements in the vicinity of the $'I. 4 

The assumptions are 

a> The I/J" is a state of definite isospin, either 0 or 1. This 
- 

.assumption gives equal partial widths to DoDo and D+D- except for phase 

space factors. 

b) The phase space factors are given by 

P3 

1 + (rp12 

where p is the D momentum and r is an interaction radius. 20 The value of 
- 

r is not known, 21 but as r varies from 0 to infinity, the fraction of DoDo 

changes from 0.59 to 0.53. We can thus take this fraction to be 0.56 ? 0.03. 

The error due to the uncertainty in r is small compared to other systematic 

errors. 
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c) DE is the:only substantial decay mode of the $I'. The rationale 

for this assumption is that the $' and $" differ in mass by only 88 MeV/c2 

and thus should have similar decay modes to channels which are open to both 

states. However, the total JI" width is two orders of magnitude larger 

than the $' width. The most reasonable explanation for the difference in 

widths is to attribute most of the $" width to the DE channel, which is 

accessible to it, but not to the $'. This is a dramatic example of the Okubo- 

Zweig-Iizuka rule. 

The results are given in Table III. The Eon+ decay mode of the D+ is 

-comparable in size to the Do -t K-n+ decay mode. This decay does not appear 

to be suppressed as was suggested from the analogue of octet enhancement in 

strangeness changing decays. 22 

D. Comparison to the Statistical Model 

It is instructive to compare the absolute branching fractions given in 

Table IIIto the predictions of a statistical model. This model, due to 

Rosner, 23 
uses a Poisson multiplicity distribution and, within each multi- 

plicity, equal contributions from each isospin amplitude. There is no real 

theoretical justification for this model and one should probably view its 

predictions with a certain degree of skepticism. Nevertheless, it can serve 

as a crude guide to the reasonableness of the measurements. 

The statistical model predictions are given in terms of the ratio of 

a given state to the sum of all states of the form K + n?r. Therefore we 

will define f Knn to be the ratio 

f = CB(D +K+nIT) 
Km B(D+all) l 

(11) 

In addition to K + nr, "all" will include Kn + nr, semi-leptonic decays, 

and Cabbibo suppressed decays. In Table IV we list the prediction times 

f Kn~ divided by the measurement. We would expect fKnn to have a value of 
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around 0.6 to 0.7, if, as we will soon see, the semileptonic branching 

fractions are of the order of 0.2 for the sum of electronic and muonic modes. 

The value of fKnr seems smaller than this if deduced from modes with all charged 

particles, but, with sizeable errors, larger than this if deduced from the 

K-.rr+.rr' mode. 

E. Charm Production at 4.028 and 4.414 GeV 

With the absolute branching fractions from Table III we are now in 

a position to calculate the amount of charm production at two of the pro- 

minent peaks in the 4 GeV region. 

The inputs are 

a> o*B from Table II, and 

b) B from Table III. 

There are no additional assumptions to those already used in constructing 

Table III. 

We define \ = CID/20 
Lw- 

The factor of 2 in the denominator takes 

into account the fact that charmed particles are produced in pairs, so that %I 

can be directly compared to the total hadronic R. In particular, we compare 

it to 

R Z R - Rold - RT (12) new 

where R is taken from measurements of the total hadronic cross section, 
6,17 

R old (2.4) is taken from measurements of the total hadronic cross section 

below charm threshold,4 and R is the theoretical expression for the pro- 

duction of a 1.9 GeV/c2 mass lepton. 

RT = %f3(3 - p2) . (13) 

If D's and 't's are the only new particles being produced then Rnew should 

equal % If the production of F's, charmed baryons, or even other new 
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particles are sizable, then Rnew will be larger than RD. 

The results are given in Table V. RDo is calculated from all ob- 
-+ 

served Do modes and also from just the better-measured K+IT- mode. At 

4.028 GeV these two measurements are consistent and R is consistent new 

with being equal to R D' At 4.414 GeV the two measurements differ some- 

what, but nevertheless it is clear that whatever else may be happening 

at 4.414 GeV, most of the excess cross section is going into D production. 

Note that the fraction of charged D production at 4.028 GeV is signifi- 

cantly smaller than that at 3.774 GeV where we have assumed y/s = 

-0.44 2 0.03. In the near future one should be able to combine this 

result with inclusive lepton production at 4.028 and 3.774 GeV to calculate 

the ratio of D+ to Do semileptonic branching fractions. Since semileptonic 

decays are I = 0 transitions, this rate is the inverse of the ratio of D + 

to Do lifetimes. 24 

IV. Branching Fractions into Semi-leptonic Decay Modes 

The general technique which has been used to measure the semi-electronic 

branching fraction of D mesons is to count the number of electrons in events 

in which three or more charged particles are detected, correct for backgrounds 

and losses, and divide by the total cross section for charm production. There 

are several problems inherent in this approach: 

a> It is necessary to subtract garden variety backgrounds such as y con- 

versions, Dalitz pairs, and $ and $' decays. This is straightforward 

but these backgrounds canbecome large at low electron momentum and limit the 

statistical accuracy in this region. 

b) Around 15% of T decays involving an electron are expected to occur 

in events with more than two charged particles, and these decays must be sub- 

tracted. This is not a serious problem in practice since this -c contribution is 

relatively small and relatively well known. 25 
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c> Some D decays involving an electron will not be counted because 

they occur in events with only two charged particles. This correction is 

relatively small, but somewhat model dependent. 

d) Each experiment has some momentum below which the cannot detect 

electrons. Accordingly, a correction must be made for that part of the 

electron spectrum which is below this threshold. This correction is also 

model dependent, but fortunately this model dependence partially cancels 

that of the correction for two-prong D decays. 26 

e> One must determine the total cross section for charm production 

in order to divide by it. Curiously, at present it appears that discrepancies 

between different experiments are due more to differences in the total cross 

sections they measure than to the number of electrons they count. 

f) Finally, what is measured is a natural average of charm particle 

semi-leptonic decays. As we have seen, at 3.772 GeV there are roughly 

equal numbers of neutral and charged D's, while at 4.028 GeV, there are pro- 

bably slightly over twice as many neutral D's as charged D's. At higher 

energies F's and charmed baryons will contribute to the average. As we have 

already mentioned, in the future we will be able to use these differences to 

unfold the various particles decays. For the present, however, they only con- 

tribute some additional uncertainty to the measurements. In order to concentrate 

on the D meson branching ratios and to reduce as much as possible the model 

dependence of the results, we will study only the measurements at the lowest 

possible c.m. energies. 

Three experiments have now measured the average D meson semi-electronic 

branching fractions. Table VI lists these epxeriments, the electron detection 

technique, the solid angle, the lowest c.m. energy, and the average semi-electronic 

branching fraction measured at that energy. 26-29 The DELCO experiment at SPUR ? 
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is shown in Fig. 11, is exceptional in having excellent electron detection 

and an order of magnitude more solid angle than the other two experiments. 

Its statistical power is shown in Fig. 12 where the (J" line shape is clearly 

seen in the cross section for electron production as a function of c.m. 

energy. 

The three experiments are in good agreement given the sizeable statistical 

and systematic errors. The world average of about 9% is about a factor of two 

smaller than the 20% which would be expected from naive quark and lepton. 

counting. 

Each of the three experiments has measured the electron momentum spectrum, 

shown in Figs. 13-15. All of the spectra agree with the relatively soft spectra 

expected from Kev and K*ev decay modes, and all of the experiments can obtain 

good fits to their spectra if they include sizeable fractions of these two 

modes. None of the experiments has had the sensitivity to study the V,A structure 

of the K*ev decay mode. This remains probably the single most interesting out- 

standing question in the study of D meson decays. 

V. Tagged Events 

With the discovery of the Jo", it becomes possible for the first time to 

if we detect a Do decay into 
-+ 

"tag" charmed particle decays. For example, K r 

-G 
in a $" decay, then we are also looking, essentially without bias, at a D 

-E 
decay where the D has a momentum of 300 MeV/c in a known direction. In this 

section, we will give some examples, based on a preliminary analysis, of the 

type of studies which are possible with tagged events. In the future this tech- 

nique will probably become the prime method of studying D mesons. 

A. Decays With All Charged Particles 

In section 1II.C. we determined absolute D branching fractions by employing 

some very reasonable assumptions about the nature of I)". We can now check 

these assumptions by using tagged events to measure D branching fractions. 

We use the five decay modes shown in Fig. 2 as the tagging decays and 
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look for events in which all or all but one of the decay products of the other 
+ 

D are detected. There are 194 tagging Do decays and 82 tagging D- decays. 
-+ -+ 

We find eight cases of K+,- or kn-IT+IT- decay opposite the tagging 

decays. These eight cases come from six events because in two cases both halves 

of the event tag each other, and such events must be counted twice. Correcting 

for detection and triggering efficiencies, these events give 

B(D" + K-IT+ or K-IT+IT-IT+) = (6.2 -f 2.7)% (14) 

which is consistent with the value of (5.4 + 1.5)% from Table III. 
:++ + 

There are two cases of a K K-T- decay opposite a tagging D- decay. 

each from a separate event. These two events give 

B(D+ -+ K-~+a+) = (3.4 -f 2.4)% , (15) 

which is in good agreement with the value of (3.9 2 l.O)% from Table III. 

We can now turn these results around and use them to calculate $" 

branching fractions without the aid of any assumptions. 

The inputs are 

a> a-B for D decays at the $" (Table II), 

b) B for D decays from the tagged events (Eqs. 14 and 15), and 

c> JI" total cross section measurements. 4,17 

The results are given in Table VII along with the values which were 

assumed in section 1II.C. The agreement is excellent, but given the enormous 

errors, clearly fortuitous. 

B. Decays With One Missing Neutral 

We can also look for events with a charged kaon, another charged par- 

ticle, and a missing, near zero-mass, neutral particle opposite a tagging 
-+ -+ -+ 

Do decay. These decays could be Do 3 K+'K-IT ', Do + K+e-v, or D 
0 -f K+p-V 

modes, which we shall designate as D D lT3' e3' and D 113 for short. There are 
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ten cases of these events, which leads to 

B(Dn3) + B(De3) -I- B(Du3) = (11.7 -I 4.1)% . (16) 

Unfortunately it is quite difficult to distinguish between Dr3, D 
e3' and 

D 
113 

decays in the magnetic detector because 

a> the leptons often have low momentum and are not discriminated from 

pions, and 

b) low energy rol s are difficulty to detect. 

However, we can obtain some information on D e3 decays by subtracting 

the measured branching fraction for Dr3 decays, (12 ? 6)% 19 and setting 

-B(De3) = B(DU3). This gives 

B(D" -t K-e+v) < 3.6% at lo c.1. (17) 

Dividing by the world average given in Table VI, 

B(D" -t K-e+v) 

B(D" -+ e+ 
< 39% at 

+ anything) 
lo c.1. (18) 

By fitting Kev and K*evspectra to their measured electron momentum spectrum 

(see Fig. 13), the DASP group obtained (35 2 30)% for the ratio given in 

Eq. 18.27 

C. Charged Multiplicity in D Decays 

To determine the charged multiplicities in D decays, we count the 

charged particles opposite a tagging decay and use a Monte Carlo Cal- 

culation of efficiencies to unfold the true distributions from the observed 
-+ 

distributions. In this preliminary analysis we have used only the K+IT- 
-++ 

and K+n-r- modes as tagging decays. Backgrounds, which are typically about 10% 

have been explicitly subtracted from the data. No attempt has been made to 

identify neutral kaons so that a K s decaying to two charged pions will count 

as two charged particles. 
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The raw data are displayed in the top portion of Fig. 16 and the 

unfolded data are displayed in the bottom portion. Do's decay primarily 

to two charged particles, while D +, s decay to roughly equal numbers of 

one end three charged particles. The mean charged multiplcities are 

<nc > = 2.3 + 0.2 (19) 
Do 

<nc > = 2.3 2 0.3 . (20) 
D+ 

The statistical model assumed somewhat higher charged multiplicities, 

-typically about 2.7. 
23 

D. Two-prong DE Decays 

Events in which only two charged particles are produced are of 

special interest experimentally because 

a) there is background in two-prong events from QED processes, 

b) they have a much lower detection efficiency in the magnetic 

detector and most other detectors, and 

c> -c+r- decays occur primarily in two-prong events. 

We can calculate thetiaction of DE decays that go into two charged 

particles-directly from the data in Fig. 16: 

- 
DoDo : 2fof2 = (11 rt 7)X 

D+D- : f; = (17 I! 8)% . 

(21) 

(22) 

Here fn represents the fraction of decays to n charged particles. The 

fractions of two charged particle events given by Eqs. 21 and 22 are not 

vastly different from the overall fraction of two prong events. We thus ex- 

pect to see the same type of variation with energy in the two prong cross 

section as in the mutliprong cross section. 
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Semileptonic decays of D's and leptonic decays of 'c's are often se- 

parated experimentally by multiplicity: the D's are presumed to decay 

primarily into events with four or more charged particles while T'S are 

presumed to decay primarily into events with two charged particles. It is 

thus important to measure the extent to which semileptonic D decays can occur 

in two-charged-prong events. We do not presently have enough information to 

determine this but we can set upper lim its by assuming that semileptonic 

decays always occur in the lowest possible charged multiplicities. 
- 
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For DoDo decays the lowest charged multiplicity is clearly two, there- 

-fore 
- 

DoDo 2-prong lepton fraction < f. 

< 13% at lo c.1. (23) 

For D+D- decays one might expect that the upper limit is just fl. 

However we can obtain a better limit if we assume that Cabbibo suppressed 

decays are unimportant. Then the simplest semileptonic decay is D+ -f K'R+L 
- 

The K" looks like zero prongs two-thirds of the time and like two prongs 

one-third of the time. Therefore 

D+D- *-prong lepton fraction < 0.66 fl 

< 34% at la c.1. (24) 

VI. Spins and Parities 

If the D meson family is similar to other mesons, then we would expect 

the lowest lying statetobe a pseudoscalar (Jp = O-) and the second lowest 

lying state to be a vector particle (Jp = I-). Although a combination of the 

experimental data and our theoretical prejudice that low lying states should 

have low spins strongly favor this choice, it is worthwhile to state precisely 

what we have determined about D meson spins and parities from experimental 

measurements alone: 
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a> The absolute D parity cannot be measured. This is simply because 

in reactions in which charm is not conserved, parity is also .not conserved. 
30 

We are thus free to define the D parity, 

PD = -1 . (25) 

If the D is a bound s-wave state of two quarks, then this definition sets 

the parity of the charmed quark equal to the parity of the other quarks, 

b) If either the D or D* has spin 0, then from the observation of 

D" -t DT, 13 

PD" = (-1) 
JD + JD* 

. (26) 

c> Both the D and D* cannot have spin 0. If they did then from Eq. (26), 

the D* would be a scalar particle. But the reaction 

+- e e -f DD" (27) 

has clearly been observed 
12 +- and e e annihilation through a single virtual 

photon cannot couple to a scalar plus a pseudoscalar by parity conservation. 

d) The next simplest hypothesis is that the sum of the absolute value 

of the two spins is one. There are two possibilities: 

Jz = O- and Ji+. = l- 

or 

P 
JD = l- and Ji* = O- . 

Three independent measurements 'strongly favor the former of these 

possibilities: 

i) The angular distributions for 

+- e e -+ DD* 

are of the form 

-p(q) m 1 + cos20 

(28a) 

(28b) 

(29) 

(30) 
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for hypothesis (28a) and of the form 

P(O,0) @C sin26 (1 + cos2@) (31a) 

for hypothesis (28b), where 0 is the angle between the DD* production 

direction and the incident beams, and 8 is the angle between the K71 decay 

direction and the D momentum in the D center of mass. It is clear from Eqs. (30) 

and (31a) that one should look at the 0 dependence. This is done in Fig. 17b, 

for 4.028 GeV data. 31 Equation (30) has a confidence level of 51% while 

Eq. (31a)has a confidence level of 0.6%. 

Another way of studying these same data with different systematic errors 

has also been used. First Eq. (31a) is expanded to include the dependence on 

the azimuthal angle between DE* production plane and the D decay plane, : 

P(0, 8, 4) = sin20 (cos2$ + cos20sin2$). (31b) 

Then the events are divided into two groups depending on whether the right 

side of Eq. (31b) is greater or less than 0.32, and a KIT invariant mass spectrum 

is constructed for each set of events. The number of events in each group is 

extracted by fitting the spectra, as shown in Fig. 18. For hypothesis (28a) 

there should be roughly equal numbers of events in the two groups, while for 

hypothesis (28b) there should be more than twice as many events in Fig. 18b as 

in Fig. 18a. The data are consistent with hypothesis (28a) with a confidence 

level of nearly 100% and inconsistent with hypothesis (28b) with a confidence 

level of only 0.35%. 

ii) Additional evidence favoring hypothesis (28a) over (28b) comes from 

measurements of the production angle, for,D*D* and DD final states. Here the 

dependence on Omust be 

P(0) a 1 + 2 cos 0, (32) 

where I4 < 1 in general and ~1 = -1 for spin 0. For DAD* production at 

4.028 GeV31 the 0 distribution is shown in Fig. 17~ and 

uD*o = -0.30 + 0.33 . (33) 
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This represents a 2% confidence level for the D* spin to be zero. 

In contrast the 0 distributions for D?j production at 3.774 GeV 10 is 

shown in Fig. 19. The fits to Eq. (32) give 

and 

a*0 = -1.00 -r 0.09 (34a) 

a D+ = -1.04 + 0.10 , 

in complete agreement a spin zero assignment for the D. While these data 

do not prove the D spin is zero, it seems unlikely that a particle of higher 

spin would give u 2 -1 by accident. 

Thus, to conclude, if \JDi + b,*l < 2, the data allow only the assignment 

given in (28a). In addition, there is circumstantial evidence that independent 

of the D* spin, the D has spin zero. 

VII. Do 
-E - D Mixing 

0 In principle, the Do and D could mix in much the same way as the K" 

0 and K mix to form the KS and FL' If the GIM mechanism works for charm then 

the time scale for mixing should be long compared to the Do lifetime and there 

should be a negligible amount of mixing, around 0.2%. On the other hand, if 

there is even a small charm-changing neutral current, then the time scale for 

mixing should be small compared to the Do lifetime and there should be complete 

a Do-D mixing -- that is, Do's should decay equally to states of positive and 

negative strangeness. 32 

-6 Two independent measurements find no evidence for Do-D mixing in agree- 

ment with the standard model. One technique has been to find Doe K - r+ decays 

in the 4 GeV region in which the kaon is well identified by time of flight 

and search for additional well identified charged kaons. 
12 Of 77 events, in 62 

the kaons appear to have opposite charge and in 15 events they appear to have the 

same charge. However 16 events with kaons of apparently the same charge are ex- 

pected in the absence of mixing from IT-K misidentifications. Thus, there is no 
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evidence for mixing and the fraction of events containing a Do which exhibit 

strangeness violation is less than 18% at the 90% confidence level. 

The second technique has been to study D *+ -+ D"r+ decays. In these 

decays the sign of the cascade pion tags the charm content of the Do. One 

can then measure the sign of the strangeness, that is, the fraction of the 

time the Do decays to K+IT- instead of K-IT'. A glance at Fig. 5 shows that 

D 
*+ -+ (K-?)n' decays (Fig. 5a) are much more common than D *+ -+ (K+a-).ii- 

decays. To obtain a more sensitive measure, we can eliminate events in which 

the kaons are not well identified. There remain 26 events in the peak in 

Fig. 5a and only three events in the same region in Fig. 5b, two of which 

are expected from backgrounds and misidentifications. Thus again, there is 
- 

no evidence for Do-Do mixing and the fraction of Do's which decay to states 

of positive strangeness is less than 16% at the 90% confidence level. 

VIII. F+ Mesons 

Compared to the detailed information which has been compiled on D mesons, 

we have only a few hints concerning the F + mesons, cs bound states. The DASP 

group has reported four events at 4.4 GeV which can be fit to the hypothesis of 
-* *-* 

either an FF or F F final state. 33 In these events they observe the decay 
* 

F + Fy. .The mass of the F is determined to be 2039 + 60 MeV/c2. The large 

uncertainty in mass comes partially from the ambiguity of whether the final state 

was FF* or F*F*. 

The second hint comes from SPEAR magnetic detector data at 4.16 GeV. There 
+ + 

is a peak in the invariant mass spectrum for the sum of K+K-71-, KsK'-, and 
+ 

K+K- TT+ IT- IT- final states fit to be hypothesis of FF production. 34 The mass is 

accurately determined (by the same technique which was used for D mesons) to be 

2039.5 2 1.0 MeV/c2 The significance of this result is still being investigated. 

Either or both of these results may turn out to be correct, but in both 

cases the level of significance is certainly less than that of the original data 
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which showed the existence of D mesons. 293 Second generation detectors such as 

the Mark II at SPEAR should be able to easily confirm or deny these results in 

the near future. 

IX. Charmed Baryons 

Our experimental information on charmed baryons is also somewhat meager. 

There have been two reports of observation of the n-f, the isosinglet cud bound 

state. The first is a single neutrino event in the Brookhaven 7-ft bubble 

chamber of the form 35 

vp + u-n"+lT+?T+lr- . (35) 

This event violates the AS = AQ rule and thus is likely to have a charm baryon 

decay in the final state. The mass of one AIT+IT'IT- combination is 2.26 GeV/c2. 

The second report is of a peak in the inclusive XT-T-~+ mass spectrum 

at 2.26 GeV/c2 from high energy photoproduction at Fermilab. 36 Although the 

authors do not give a production cross section corresponding to this peak, 

it is clear that it is sizeable and that it implies the exciting possibility 

of a rather large photoproduction cross section for charmed particles, perhaps 

close to 1 pb. An improved version of this experiment is currently running at 

Fermilab and results should be available soon. 

No peaks in invariant mass spectra corresponding to any charmed baryons 

have been seen in e+e- annihilation. Upper limits have been set which are 

about an order of magnitude lower than typical 0-B measurements for D meson 

production at the same energies. 34 The only positive indication in e+e- 

annihilation is a sharp rise in inclusive baryon production from around'4.4 GeV 

to 5.0 GeV, 37 the threshold region for charmed baryon production. The proton 

and h data are shown in Figs. 20a and 20b. The statistical accuracy of the A 

data is too low to establish the precise region in which the rise occurs. How- 

ever, the most significant feature is that the A cross sections are consistent 

with being between 10 and 15% of the proton cross sections at all energies. 
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This low value tends to indicate that charmed baryons may preferentially decay 

into final states containing protons and kaons rather than states containing 

strange baryons. 
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TABLE I 

D* branching fractions and widths. See the text for a dis- 
cussion of the input data and the assumptions which were used. 

*o *+ ,k+ 
D D D 

m 
U mP -=- 

m 
C "dJ 

m 
U -= 0 m 
C 

B(DA 
+ 

-f Dv-) 

B(D* + Dn') 

B(D* -+ Dy) 

r(D*')/r(D*+) 

0 0.68 f 0.08 0.63 + 0.09 

0.55 + 0.15 0.30 I! 0.08 0.27 + 0.07 

0.45 + 0.15 0.02 + 0.01 0.10 -r 0.05 

--- 1.0 -r 0.3 0.9 + 0.3 

TABLE II 

a*B in nb for various D decay modes at three values of EC.,. 
See footnote 17. 

E (GeV) c . m . 

3.774 4.028 4.414 
-+ 

K+C 0.25 'r 0.05 0.53 2 0.10 0.28 + 0.08 

o+- K IT 'IT -+ c.c 0.46 -r 0.12 1.01 + 0.28 
+ 

0.85 - 0.32 
-+ 

K+lT-?T+lT- 0.36 -r 0.10 0.77 + 0.25 0.85 + 0.36 

+- IT TT --- < 0.04 --- 

K+K- 
--- --- < 0.04 

Total Do 1.07 + 0.21 2.31 + 0.39 1.97 + 0.49 
observed modes 

D+ K07Tr+ + c.c 0.14 * 0.05 < 0.17 --- 
-++ 

K+Y-IT- 0.36 + 0.05 0.37 + 0.09 0.31 2 0.11 
-L -L+- 

KRTI --- < 0.03 --- 
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TABLE III 

D branching fractions for hadronic decay modes. See the text 
for a discussion of the input data and the assumption which were used. 

Mode 

Do K-v+ 

Ko?T+lT- 
K-lT+lTO 

K-'TF+GT + 

-E+ 
D+ K~F 

KYTr+7Tr+ 

Branching fraction (X) 

2.2 + 0.6 

4.0 + 1.3 

12 + 6 

3.2 + 1.1 

1.5 + 0.6 

3.9 + 1.0 

TABLE IV 

Comparison of the D branching fractions from Table III with 
the statistical model of Ref. 23. See text for the definition of 
f Kn?r' 

Mode prediction/measurement 

Do K-n. + 

KOT+lT- 

K-7T+lT" 

(2.7 + 0.7) fKnT 

(3.0 f 1.0) fKnr 

(0.8 + 0..4) fKnT 

KYT+.rr-.rr+ (2.2 2 0.8) fKnT 

D+ FIT+ (8.7 -L 3.5) fKnT 

K-'TF+?T+ (2.6 + 0.7) fKnT 
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TABLE V 

Charm production at 4.028 and 4.414 GeV. See text for defi- 
nitions and a discussion of the input data and assumptions which 
were used. 

4.028 GeV 4.414 GeV 

-+ -+ 
all Do modes K+IT- only all Do modes K+IT- only 

R 2.3 f 0.6 2.2 + 0.8 2.3 + 0.8 1.4 
DO 

+ 0.6 

-%I* 0.9 k 0.4 0.9 + 0.4 0.9 + 0.4 0.9 + 0.4 

% 3.2 2 0.7 3.1 f 0.9 3.2 + 0.9 2.3 + 0.7 

R 3.1 -r 1.0 3.1 + 1.0 2.5 + 1.0 2.5 -r 1.0 
new 

S-lr/RD 0.28 + 0.09 0.29 ? 0.10 0.38 + 0.11 0.39 2 0.13 

TABLE VI 

Semi-electronic D meson branching fractions. 

Experiment technique i-2 lowest Ec m . . {Be) (%> 

DASP 27 Cerenkov and 7% 3.99 to 4.08 10 + 3 
shower counters 

-LGW 26 Lead glass 6% 3.774 7.2 + 2.8 

DELC028 Cerenkov and 60% 3.774 11 -t3 
shower counters 

World average 9.3 I! 1.7 
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TABLE VII 

4J " branching fractions in per cent. See the text for a 
discussion of the input data 

B measured B (assumed in Sec. 1I.I.C.) 

dJ OT "+DD 49 + 25 56 + 3 

IJ ” + D+D- 50 f 38 44 f 3 

4J ” -+ DE 99 + 48 100 
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FIGURE CAPTIONS 

1. R in the threshold region for charmed meson production. 

2. Invariant mass spectra for various D decay modes at the $I'. 

3. Invariant mass spectra for the sum of all observed (a) D+ and 
(b) Do decay modes decaying into all charged particles. 

4. D-momentum spectra at 4.028 GeV for 
i+ 

&T*?T*. 
(b) Do -+- K v and (c) Ds + 

The solid curves represent an isospin constrained fit 
to the data. (a) shows the various contributions to the fit in 
@I. A, B, and C are contributions from D*$ production with A: 
D*+ + DOIT+, B: D'ko + D%o and C: D*o -f Doy. D, E, F, and G 
are contributions from D*E and Dg production with D: D*+ -t 
D".rr+, E: D*O + Dora, F: direct Do,and G: D*o + Doy. H is the 
contribution from Do% production. 

5. Dr - D mass difference spectra for (a) D"rr+ and 7~~ combinations 
and (b) !%+ and Dar- combinations. 

6. Q values for D * -f D transitions. 

7. Invariant mass spectra for various D decay modes at 4.028 and 
4.414 GeV. 

8. The SPEAR magnetic detector as seen looking along the incident beams. 
The proportional chambers around the beam pipe and the trigger counters 
are not shown. The LGW is shown on the left of the detector. 

9. (A) Two photon invariant mass distribution for photon pairs detected 
in the LGW. A photon energy cutoff of 150 MeV is required for events in 
the shaded region. (b) r" acceptance in the LGW as a function of n 

0 

momentum. 

-+ 
10. K+7T-T" invariant mass distribution for constarined events. 

11. The DELCO apparatus at SPEAR as seen (a) perpendicular to the incident 
beams and (b) alongthe incident beams. 

12. R,, the ratio of the cross section for inclusive electrons in multi- 
particle events to the theoretical cross section for p pair production, 
in the vicinity of the $I'. 

13. The momentum spectrum of inclusive electrons in multi-particle events in the 
E c.m. range 3.99 to 4.08 GeV as measured by the DASP collaboration. Curves 
show theoretical spectra expected for K*ev and Kev D decay modes. 

14. The momentum spectrum of inclusive electrons in multi-particle decays of 
the $" as measured by the LGW experiment on the SPEAR magnetic detector. 
Curves show theoretical spectra expected for K*ev, Kev, and rev D decay 
modes. 

15. The momentum spectrum of inclusive electrons in multi-particle decays of 
the $" as measured by the DELCO experiment. The solid and dashed curves 
show theoretical spectra expected for K*eu and Kev D decay modes. The 
dot-dashed curve indicates the estimated background remaining in the data. 
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16. Observed and true (unfolded) charged multiplicities for D decays. 

17. (a) 8 distribution of Do in reaction (27). Solid curve corresponds 
to hypothesis (28a) and dashed curve corresponds to hypothesis (28b). 
The dot-dashed curve corresponds to spinless D's and D*'s. (b) 0 dis- 
tribution in reaction (27). Curves as in part (a). (c) 0 distribution 
for DO's from D*3 production. Curve is a fit to Eq. (32). 

18. 
+ 

Invariant mass spectra of K%- decay modes in reaction (27) for (a) low 
and (b) high values of the right side of Eq. (31b). 

19. 0 distributions for (a) K%r' and (b) KFv%* decay modes from DE pro- 
duction. The curves represent Eq. (32) with c1 = -1. 

20. The ratios of cross sections for (a) inclusive p plus 5 production, 
(b) inclusive A plus x production, and (c) hadron production to the 
theoretical cross section for 1-1 pair production. 
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