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The status of our understanding of the weak decay mechanism for charmed mesons is 

discussed in the light of new, preliminary results from the Mark III at SPEAR, taken at the 

YF’ resonance. Branching ratios for several previously unobserved Cabibboallowed and 

suppressed decay modes of D+ and D' are presented. A new analysis of the Dalitr plots of 

decays to pseudoscalar vector channels is discussed. An analysis of the electron content of 

tracks recoiling against reconstructed hadronic D decays yields new measurements of D+ 

and D' semileptonic branching fractions and of the ratio of D+ and D' lifetimes. 

I. INTRODUCTION 

The last few years have seen a great deal of effort on both theoretical and experimental 

aspects of the weak decays of heavy quarks. This effort was stimulated, in large part, by 

work from Mark II(‘) and DELCO(r) at SLAC, which showed that the lifetimes of the 

charged and neutral D mesons were not equal, as bad been expected in the most widely dis- 

cd picture, the light quark spectator model. The Mark II also provided other 

surprises in hadronic D decays. The ratio of D' - Frt’ and D' - K-n+ branching frac- 

tions, expected to be less than a percent, was found to be 0.75 f 0.35, and the two 
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Cabibbo-suppressed modest’) D’ - K-K+ and D’ - n-t+, expected to occur with approxi- 

mately equal branching ratios, were found to proceed in the ratio 3.4. These unexpected 

results led to a long series of measurements at other laboratories which have indeed esta- 

blished that D’ and D+ lifetimes are not equal. These experiments, using emulsions, bubble 

chambers, siticon strip devices and high precision vertex chambers, have now accumulated a 

few hundred total examples of D decays. A compilation of these resultst4) is shown in Fii- 

ures 1 and 2. While uncertainties in individual measurements are large, agreement is, in the 

main, satisfactory, yielding world averages of 

and 

r(D3 - 3.7g:i x lo-” set, 

r(D+) - 8.9:/j x IO-l3 set 

for individual lifetimes. The world average ratio, excluding the new Mark III measurement 

to be discussed below, is thus 

r(D+)/r(D’) - 2.5 f 0.6. 

D meson lifetimes are indeed not equal. 

Measurement of the lifetime of the charm-strange F+ meson lifetime has had as check- 

ered a history as has measurement of the F+ meson mass. At this point, the only nliable 

measurement seems to be the 3 events from the ACCMOR collaboration which yield 

dF+) - 3.2-+t:q x lo-‘3 sec. 

Thus, with large uncertainty, the F+ lifetime appears to be more similar to the D’ lifetime 

than to the D* lifetime. 

The new, more precise Mark 111 measurements of the D+ and D’ semileptonic branch- 

ing ratios confnm the D lifetime difference, and further ahow us to understand whether the 

di5erence is due to an increase in the D’ decay width or an inhibition of the D+ width. The 
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Fig 1 Compilation of experimental results on D’ and D+ lifetimes 

a) D’ lifetime measurements and 
b) D+ lifetime measurements. 
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precision is such that the current measurement of the lifetime ratio is, by itself, an improve- 

ment on the precision of the previous world average. The new Mark III data also play an 

important role in increasing our experimental understanding of exclusive hadronic decays of 

the D mesons. Such an understanding is needed to choox among the several explanations 

advanced for the non-equality of the D meson lifetimes. 

Samples of D mesons produced in pairs at the ‘I”’ resonances provide several advan- 

tages for the study of weak decay processes. The first is that since the Y” resonance decays 

completely into DE pairs, a measurement of the Y cross section in principle allows the 

direct extraction of branching ratios, as opposed to the o x BR measurements done in 

hadron- or photo-production. In practice, however, normalization using this technique has 

proved difficult. The fact that the D mesons are produced in pain also allows the measure- 

ment of absolute branching ratios. The technique is straightforward: Having reconstructed 

a D” or D* via a hadronic decay mode (the tag), counting the fraction of recoil decays into 

a particular channel gives an absolute measurement of that branching fraction, independent 

of the production cross section. This technique was exploited by the Mark II in measuring 

the D semileptonic branching ratios, but the detection efficiency and sample size were 

insufficient to allow application of this approach to hadronic branching fractions. The Mark 

111 has been able to make measurements of absolute branching fractions for two D hadronic 

decay modes in this way. 

The improved precision of hadronic branching fractions determinations, together with 

the new Cabibbo-allowed and -suppressed modes seen by the Mark III makes it possible to 

deepen our understanding of the contributions of various decay attributes. By taking partic- 

ular ratios of branching fractions, it is possible to isolate the color suppression mechanism, 

QCD corrections to operator coefficients, W(3) breaking terms and the isospin content of 

the final state. New tight is also shed on the mechanism of Cabibb+suppressed decay by the 

observation of four new suppressed D+ hadronic decay modes. 

2. THE MARK 111 DETECTOR 

A major motivation for construction of the Mark III detector at SPEAR was the desire 

to gather a sufficiently large sample of D decays to lead us to a deeper understanding of the 

mechanism of charmed particle decays by the technique described above. It is this sample 

which will be discussed in this report. These studies require complete reconstruction of 

hadronic final states; the Mark 111 was therefore designed to cover a large solid angle with 

good tracking, good photon detection efficiency and the best possible particle identification. 

The magnetic field is a .4T solenoid. Charged particle tracking is provided by a small 

low mass drift chamber of four layers which also serves as a trigger chamber, and a large 

cylindrical drift chamber with 30 layers. The first twelve of these provide dE/dx informa- 

tion for particle identification. The following six layers are arranged in groups of three 

planes; four layers are axial, two provide z position measurements by small angle stereo. 

Charge division measurements on the trigger chamber and 3 additional layers provide addi- 

tional z information. The tracking system covers 85% of 4% with a momentum resolution 

of o@)lp - 1.5% Jl +p*(GeV2). Further particle identification is provided by 48 scintilla- 

tion counters, covering 80% of 4x, which have a time resolution of 180 psec. Photon detec- 

tion, covering 95% of 4n, is provided by a proportional chamber readout shower counter 

placed inside the solenoid. This consists of 24 layers of 0.5 radiation length lead, read out in 

12 depth samples. The energy resolution is a(E)/E - 18%/m. Most importantly for 

exclusive state reconstruction, the photon reconstruction efficiency is greater than 75% at 75 

MeV and reaches 100% at 100 MeV. Muon identification is provided by two layers of pro- 

portional tubes which cover 65% of 4~. Further details on the Mark III detector may be 

found elsewhere.t5) 

The Y” sample reported on here consists of 8.1 pb-’ for the hadronic decay studies 

and 8.6 pb-’ for the semileptonic branching ratio studies. This is -3 times the Mark II 

sample. Improved reconstruction efficiency has, however, resulted in a much larger increase 
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in the number of D tags. 

3. MODELS FOR D MESON DECAY 

3.1 Inclusive Decays 

Cabibbo-allowed semileptonic decays of D decays occur through p decay of the 

charmed quark as shown in Figure 3a, unambiguously characterized in first order by a 

decay width 

I-(c - /i&Y) - - 
192$ 

Cabibbo-suppressed semileptonic decays may also occur via this mechanism (Fii. 3b) 

or, in the case of the D+ only, via an annihilation diagram (Fig. 3~). F’urely leptonic decays 

are helicity-suppressed, and will not be discussed further here. 

To the extent that Cabibbo-suppressed decays may be neglected, the ratio of D' and 

D+ semileptonic branching ratios may be interpreted as the ratio of Lifetimes t6’: 

B D+ - e+X ) r(D+ - e+X)/r,(D+) 
- T(D’ - e+X)/T,JD3 

rmt(D9 a B-m 
B(D’ - e+X) r,dD+) WV ’ 

as both D+ and D’ Cabibbo-allowed semileptonic decays proceed via a spectator process in 

which the same c - s transition is involved. 

Cabibbo-allowed hadronic decays occur via an interaction described by the following 

et%ctive non-leptonic Hamiltonian (‘): 

Ha-$ V,:V&+O+ + C-O-), 

(b) 

Fig. 3 Quark diagrams representing inclusive semileptonic decays of D mesons: 

a) Cabibbo-allowed spectator diagram, 
b) Cabibbo-suppressed spectator diagram, and 

c) Cabibbo-suppressed annihilation diagram (D+ only). 
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The notation (f,q&. represents the appropriate V-A interaction for each @,qz pair. The 

Hamiltonian can be rewritten as 

In the absence of strong interactions, the coefficients c+ and c- are equal: 

c+ - c- - 1, so that only the first term in the effective Hamiltonian survives. This is the 

light quark spectator model, which leads to equal lifetimes for the D mesons, as weU as to a 

20% rmileptonic branching fraction. Strong interaction effects are expected to increase c- 

with respect to c+. Since the terms in H,@ which multiply c- transform as a 6 of W(3), 

which is contained in the 20 representation of SU(4), while the c+ operators transform as a -- 

15, which is contained in the 84 of SU(4), the increase in c- over c+ has come to be called -- -- 

6 dominance.(*) This is analogous to octet dominance in K meson decay, which is thought 

to be the origin of the Af - ‘/I rule. 

The calculation of strong interaction modifications to the couplings and their effect on 

inclusive and exclusive decays, suffers from technical limitations. QCD allows hard gluon 

corrections to be estimated, but soft corrections, which as we shall see may play a role, are 

leas tractable. 

The one loop hard gluon corrections may be summed using renormalization group 

techniqua.‘9l In Ieading log approximation the result is 

where the anomalous dimensions d- - -2d+ - $&q-, depend on the number of quark 
I 

flavors IVY, which will henceforth be taken as 6. Note that c-c! - 1. The exact 

renormalization point, n*, is somewhat uncertain for charm decay, as is the appropriate 

value of&n, which enters through the definition of a, (in one-loop approximation): 

The dependence of the ratio c-/c+ on u and Apcn (in the m scheme) is shown in Fii. 4, 

in leading log (LL) approximation. For p - 1.5 GeV and Amo - 250 MeV, we expect 

c-/c+ - 2.72. The cancellation of the second term in Hg thus no longer obtains. It is 

convenient to use a Fierz transformation and the octet algebra of the gluons to rewrite one 

of the fourquark operators: 

The renormahxation of c- and c+ thus explicitly leads to a non-leptonic enhancement, 

since 

rfc -dj- (zcf + c2)r(c -em , 

or 

B(c - ex) - I 
2 +2cf +ct 

For these values of )I and Aor-n, B(c - eU) is reduced from the naive value of 20% to 

16%. The lifetimes of 09 D+ and F+ mesons remain, in this picture, identical 

This picture is far too simple, for several reasons. Even granting the neglect of non- 

perturbative effects for the moment, several non-negligible corrections have not been inwr- 

porated. The first of these is the next-to-leading log (NLL) terms, which have been calcu- 

lated.oOl The results of this complex calculation can be summarized as 
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c*(NLL) -c*(U) 1 + as(la yJMh) p*] ( 1 

where pt depend on the number of quark flavors. For N/ - 6, p+ - -0.574, p- - 1.65. In 

the charm regime, these corrections are rather important. Figure 5 shows the ratio of c- to 

c+ with the NLL corrections included. At low p, there are substantial modifications, with a 

rapid dependence on the (uncertain) value of Awe. At u - 1.5 GeV and &o - 250 

MeV, we now have c-/c+ - 3.45, giving a semileptonic branching ratio of 

B(c - eX) - 12%. 

Radiative corrections have yet to be incorporated These corrections, due to real and 

virtual ghron emission, are different for hadronic and semileptonic decays and thus further 

modify the semileptonic branching ratio. These calculations have also been done.(“) The 

two-loop, radiatively-corrected non-leptonic enhancement factor is then 

with 

These corrections lower B(c - eX) to - 1 I %. 

The last correction to be considered involves the fact that quark masses have, to this 

point, been neglected. These corrections are sensitive to the values of quark masses used, 

through the sensitivity of the decay widths to the available phase space. They tend to 

increase the expected semileptonic branching ratio, since the hadronic width is a5ected more 

than the semileptonic width. These corrections, which can also be the source of slightly 

different semielectronic and semimuonic branching ratios, are not negligible. They tend to 

raise the expected value of B(c - eX) up to the range of 13-16%. Note once again, how- 

ever, that none of these effects has produced a difference between the expected D’ and D+ 

I I I 1 I I I I I I I 
- .- 

\ 

IO I- w In 0 m N - 0 

4 
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semileptonic branching ratios or lifetimes. 

It is worth remembering that the hard gluon estimates of the renormalixation of c+ 

and c- still neglect non-petturbative effects. w We will see later that there is indeed some 

experimental evidence that c- and c+ in fact differ from these estimates, even with all the 

effects enumerated above included. 

In order to produce differing charmed meson lifetimes, we must invoke additional 

effects. These are of two kinds, one pertinent to the D+ and one to the D’. As the spec- 

tator quark which accompanies the initial c quark differs in tbe two mesons, the final state 

after the weak transition is also distinct. Figure 6 shows the quark content of the tinal state 

in D’ and D+ hadronic decay resulting from the two terms in Ha. Note that for the D’, 

the two amplitudes are distinct, while in the D+ case, they are identical. This brings up the 

interesting possibility that the two D+ amplitudes can interfere destructively,(i3) thus 

lengthening the D+ lifetime ---- 

W+) - ~SL + ~NL + riot 3 

and increasing the D+ semileptonic branching ratio. This so-called “F’auli interference’ 

depends on the overlap of the quark wave functions: 

r,, - - (~1 - 2~:): hfj w(o)12 

The wave function at the origin can be evaluated in bag models or using QCD sum 

n&s. It is, of course, related to the D meson decay constant, /o. lo the model cited above: 

With plausible values offe - (200-300) MeV, and the renormalixed c+ and c- ccefficients, 

substantial changes in the D+ semileptonic branching ratio can occur: 

DO 

D” 

Fig. 6 

,” m+,p+, . . . P, i?;. 

c-dfs _ -0 dLL-d2” o o 
ii iJ 

K ,K ,.... 
u 

-r tp , ..” 
u 

" 7T+,p+..... 
a 

C --kc!? 
7?iF 

a 
,- * * 

d 
(b) - (d) 

Quark diagrams representing the hadronic decays of D’ and D+ mesons in tbe 
light quark spectator model. 

a)&) Amplitudes proportional to c- + c+. 

CM) Amplitudes proportional to c- - c+. 

(a) (b) 

Fig. 7 Additional amplitudes for D decays, which are suppressed by heticity consetva- 
tion in the absence of gluon contributions: 

a) W exchange diagram for D’ decay and 
b) Annihilation diagram for F+ decay. 
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B(D+-eX)- 
1 

,2+2(1+a)cf+(I-aJc2 

where. 

- . 

Thus, the Pauli interference effect increases B(D+ - e+X) and lengthens the D+ life- 

time. We will defer comparison of these ideas with data until after detailed discussion of the 

new Mark 111 results. 

The other possibility is that the D’ decay rate is enhanced, t”) since there is an ampli- ---- 

tude for D’ decay which is forbidden to the D +. This is the so-called W exchange diagram 

shown in Fig. 7a, which in lowest order should be small due to helicity suppression at the 

light quark vertex. There is also a related W annihilation diagram for F+ decay, shown in 

Fig. 7b. 

The contribution of the exchange diagram to the D’ width is then given by F,: 

As I’, is strictly positive, the D’ decay rate is enhanced and its semileptonic branching 

ratio is decreased by the W exchange diagram. 

Two distinct mechanisms have been advanced for the IiRing of helicity suppression. 

The tirst is the explicit radiation of soIt gluons, (I51 which produces a contribution to the D’ 

width given by 

rA 2X% (c+ + c-) fD -=- -- 
rNL I I 27 (2~2 +c?) m, 

’ _ oo3-o ,,9 
. . 

A rather larger effect is estimated in the second picture, which ascribes the removal of the 

suppression to a large intrinsic octet gluon component in the D’ wavefunction t’@: 

rA 4x2 (c++c-Y fo 2 
- = 3 (2Cj + C’) rNL - - - 0.2-0.6 . I I MD 

A still huger ratio (-1.5) has been estimated using a QCD multipole expansion formal- 

i.3m.W) 

Again, we will defer detailed comparison of them approaches until after discussion of 

the experimental data. It is important to point out, however, that the measurement of sem- 

ileptonic branching ratios as well as the D lifetimes is important in deciding whether the 

lack of equality of lifetimes is due to enhancement of the D’ width or suppression of the D+ 

width, or a combination of both. 

In summary, we have identified three possible contributions to nonequal D’ and D+ 

lifetimes: 

1) Pauli interference in D+ decay, 

2) Removal of helicity suppression of W exchange amplitudes in D’ decay and 

3) 6 dominance (c- >> c+) due to renormalization of the operator coefficients and 

non-perturbative effects. 

Roth 2) and 3) can result from pre-asymptotic, non-perturbative effects, which are 

di5cult to calculate, but whose existence can be established phenomenologically. 

3.2 Exclusive Decays 

Exclusive decays provide further information on the decay mechanism. The surpris- 

ingly large decay rate for D’ - &’ shows that color suppression (the dominance of ampli- 

tude a over b in Fig. 5) is not as effective as a naive estimate would indicate. The presence 

of color-octet gluons in the meson wave function, or the explicit radiation of gluons by the 

tight quark, could also be responsible for color suppression not being as stringent as 

expected. This dilution of the suppression can occur either through communication of color 
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over short distances within the meson wave function or through enhancement of non- 

spectator processes by removal of helicity suppression. A search for other decays which 

occur mainly through W exchange amplitudes, such as D’ - Fq* or i?K’ can shed light 

on this questionon 

Hadronic final state-s formed through spectator diagrams may be either I = f or 

I = $, while those produced by W exchange diagrams are purely I = f. The study of 

ratios of particular exclusive channels related by i-pin can be used to isolate the I = t 

and L contributions. 2 

The valence quarks produced in D - Kit, D - Kp and D - Pn decays are identi- 

cal. As the Kn states are L = 0 while the Kp and K*n are L = 1, ditferent matrix elements 

will govern each group. However, within the groups, ratios of branching fractions can 

shed light on the decay process. Three combinations of final state particles are possible in 

each group: 

(-+) = D’ - K-if+ , P-n+ , K-p’, 

(00) P D* - K’;r’ , K’;rr’ , K’pp’ and 

(O+) E D+ - KTz+, K--K+, Kyp+ 

Since the weak Hamiltonian changes isospin by one unit, the D meson decay ampli- 

tudes within each group must obey a triangle relation: 

A(-+) + aA(o0) = A(O+) . 

Each amplitude is a combination of complex I = L and I = 2 amplitudes tt9): 2 2 

A(-+) = -gA @i6’” + &Am&’ and 

A(O+) = JS.43nei6p 

In the absence of final state interactions, the A TV and A ~2 amplitudes are relatively real. 

If we neglect final state interactions for the moment, these amplitudes can be written 

in terms of the contribution of spectator diagrams (with coefficients C-J+) and the W 

exchange diagram (coe5cient g): 

A(-+) = f (2c+ + c- + g) A and 

RW)= $,A 

A distinct overall amplitude, ,4(P) or A(PiV,), of course applies for each of the three 

(KIT, K*n, Kp) groups. Note that the W exchange amplitude, g. contributes only to an 

I = f final state. 

Analysis of the ratios 

roe-F* _ rD’-K”lr 
r(D’ - K-r+) 

_ rD’-i? 
r(D’ - K*-if+) r(D’ - K-p+) 

and 

rD”-K-n+ 
r(D+ - i%+) 

_ rD’-P-tt+ 1 _ r(D’ - K-p+) 
r(D+-K n) -i; + r(D+ - Fp+) 
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_[2c+,;-+pl so-called “beam-constrained mass” 

-- 

can then serve to isolate particular coefficients. 

Note that in the unhkely limit of a pure W exchange process, which produces an 

I = i final state, these ratios are t and -, respectively. In a more conventional picture in 

which spectator diagrams alone contribute, the first group of ratios is sensitive to color 

suppression through the difference of c+ and c-. It is of course possible that the observed 

lack of color suppression in these decays can result both from the values of c+ and c- and 

from the W exchange amplitude which is not expected to exhibit this effect. 

4. EXPERIMENTAL RESULTS 

4.1 Cabibbo- allowed Non-leptonic Decays 

Reconstruction of a large sample of D non-leptonic decays has been a major goal of 

the Mark III effort at the I’. This sample is needed for the recoil studies of absolute 

hadronic and semileptonic branching ratios which are described below, but the improvement 

of the precision of hadronic branching fractions and the search for new decay modes is 

interesting in its own right. Comparison of rates for related decay modes can help to shed 

light on the decay mechanism since, for example, spectator diagrams produce I = $ and 

I = $- KR final states while exchange diagrams produce only I = - states i 

The existence of the ‘I”‘, which decays into 05 pairs close to threshold, allows recon- 

struction of D hadronic decays with mass resolution of a few MeV. The technique is to hrst 

identify tracks originating close to the primary event vertex as K’s or x’s by measurement of 

time-of-night (a assumed otherwise) and then to calculate the invariant mass for appropriate 

GIM and Cabibbo-allowed combinations. A loose cut on the D mass is next made, and the 

Mac-JzFs I 

is computed. The resolution in Mac (-3 MeV) is substantially better than that in invariant 

mass (-12 MeV), as the uncertainty in the storage ring beam energy is much smaller than 

that for the reconstructed Eh. This technique is applied to each of the charged particle 

decay modes. Decays wntaining K,’ are reconstructed through the K,’ - tt+rr- channel. 

For modes involving a x’, a 2C Bt is performed: the total energy of charged particlea and 

photons is wnstrained to EM, while the photons are constrained to the A’ mass. A similar 

approach is used for decays involving tl’s, which will not be discussed here. 

Figure 8 shows the beam-constrained mass distributions for five Cahibbo-allowed D’ 

and five D+ decays. Figure 9 shows the beam-constrained maas for the ram, although 

allowed, mode D’ - i?%‘. 

Table I shows the Mark III values of a. E for these seven D’ and five D+ modes, 

together with comparisons with previous measurements. In the case of certain small modes 

such as Fx* and pK+K-, branching fraction results will be quoted in the text as ratios to 

larger related modes. This approach is more precise, and it is the ratios which are of interest 

for interpretation in any case. Three modes, D’ -h’r-n’, D’ - K’K’K- and 

D+ - K-n+n+n’ have not previously been seen, while the important mode D’ - i?%’ bad 

been seen previously with only a few events. Where previous measurements exist, the agme- 

ment of o B values is generally quite good, especially between Mark II and Mark III. The 

increased integrated luminosity, and improved solid angle and n’ efficiency of the Mark III 

results in substantial improvements in the number of reconstructed events and the precision 

of o. B measurements, especially in decay modes involving II% The branching ratio 

values am extracted using an average of Mark @‘l and Crystal Etallt2’l parameters for the Y” 

resonance. A more detailed discussion of the extraction of D branching fractions will be 
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Fig. 8 Beam wnstrained mass distributions for five D+ and five D’ hadronic decays. 

TABLE I 

CabibboAllowed D Branching Ratios 

Channel 

This Expt. MKIIt ” LGW@’ 

Signal e OB (nb) mB (nb) WE (nb) Br (%)’ 

.h = 3.768 GeV 3.771 GeV 3.774 GeV 

K-n+ 809rkU .47 .2s*.o1*.03 .24 f .02 .25t.O5 3.7kO.6kO.7 

FK’ 68*11 .097*.017*.015 .18*.08 - 

FK+K- 12*4 .085~.028*.008 - 

FK+K- 281*22 .09 .40*.04*.03 .30*.08 46zt.12 5.3*0.9*0.9 

K-X+X’ 81Ozt62 .21 .53*.05*.10 .68*.23 1.4Oze.60 7.1k1.2k1.7 

K-n+r+n- 1016rU4 .23 .S6*.03rk.O6 .68*.11 .36*.10 7.5rtl.2*1.4 

FK+t+fK’ 126*22 .02 .76*.16*.13 - 10.2rtr2.6*2.: 

iFft+ 142~14 .12 .15~.02*.01 .14*.03 .14*.05 2.5ztO.5*0.4 

K-lt+lC+ 1085zt41 .32 .42*.02rt.O4 .38*.05 .36*.06 7.0*1.1*1.3 

FK+K’ 186*23 .05 .45*.07*.07 .78*.48 - 7.6*1.6*1.8 

~T+K+x- 187*23 .06 .38*.05*.04 51rk.18 - 6.3kl.3k1.2 

K-lC+lC+d 154i30 .07 .26*.06*&l - - 4.3*1.0*1.5 

*Assumes a(D+) = 6.0*0.9*1.0nb, a(Dp= 7.5kl.lre1.2. This is an aver- 

age of the values given in Table II for Mark I1(2ol and Crystal BalI(2’l resonance 

parameters. 

found in the section on absolute branching ratios. 

The decay D’ - Fir’ is expected to be highly color-suppressed. Indeed, with the lead- 

ing log values of c- and c+ it is expected to occur at a rate -l/200 that of D’ - K-n+. We 
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Fig. 11 Invariant mass of K+K- vs. mass of FR?K- with I APo I c 50 MeV. 
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Fig. 12 The ‘p mesons reconstructed inclusively via the K+K- decay mode at the 9”. The 
mass resolution is 4 MeV. 

TV’ is heavily suppressed by phase space. Compared to the related pseudoscalar-vector 

decay D’ - Fp (sea Section 4.3) the limit is 

B D.-F ‘1 < 1.9 at 95% confidence level 
B(D’ - Fpp) 

This ratio is expected to be 0.2 - 0.5 in the W exchange model and -3 x lo4 in the specta- 

tor model. 

4.2 Cabibbo-suppressed Decays 

The noo-equahty of the D’ - K-K+ and D * 4 u+u- branching ratios(‘) was one of the 

most surprising results to emerge from the Mark II. Many explanationso5) were proposed 

for the fact that these two modes did not, when conected for phase space differences, occur 

at equal rates. Within the spectator picture, the Kobayashi-Maskawa six quark scheme 

allows, in principle, for differences in tbe effective coupling constant to x+x- and 

K+K-. With the now well-established long b quark bfetime,‘X) however, communication 

between the light quark and b,t sectors is known to be minimal, and explanations for tbe 

effect must be sought within tbe light quark sector. Annihilation diagrams contribute to 

Cabibbosuppressed decays in a different pattern than they do to allowed decays. In addi- 

tion, penguin diagrams,w’) possibly important in the dominance of Al - i amplitudes in K 

decay, can contribute to Cabibbo-suppressed D decays. Possible amplitudes involved in two- 

body allowed and suppressed D decay&**) are summarized in Fiiure. 13. 

The goal of the Mark 111 work in this area has been to measure the branching ratios 

for additional Cabibbo-suppressed hadronic modes. With a larger number of decays meas 

ured, the hope is that a pattern will emerge which sheds light on the decay mechanism. 

The technique for the reconstruction of these modes is different from that employed in 

allowed decay modes. Since the signals are much smaller, the problem of K-x 
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misidentification assumes greater significance, and an approach which explicitly displays 

background due to incorrect assignment of particle type is used. The beam-constrained 

approach is not employed here, since, for example, a D’ - K-u+ decay with the kaon caged 

a pion would give the correct beam-constrained mass. Instead, particle assignments are 

made using the TOF weights, and the invariant mass is then plotted. Figure 14 shows the 

invariant mass plotted against the difference of the reconstructed momentum from the _ 

unique D momentum at the ‘I”‘, for Kk*, Kh” and n%* modes. A cut of IAPDI < 50 

MeV/c is then made, and the invariant mass distribution is plotted in Figure IS. While tbe 

mass resolution for this technique is a good deal worse than that for the beam-constrained 

approach, the advantage is that misidentified particles produce distinct peaks either above 

(K?Y*) or below (n%*) the D mass. The background shape can also be directly measured, 

using a cut on the sidebands with 60 < IAPe I < 1 IO MeV/c. The background so deter- 

mined is also shown in Figure 15. A maximum likelihood Et is then performed to extract 

the number of signal events for each mode. The mass and width of the D signal are Exed 

by fitting separately to the D' - K%* channel. The shape of the background, as deter- 

mined from the procedure above, is fixed in the tit, but the magnitude is allowed to vary. 

Thensultsare 

BD'-K*K ' B(D'-K)r*) - 0.125 t 0.018 f 0.010 

and 

BD'-rr%* ) 
B(D'-KKk*) 

- 0.038 f 0.010 f 0.005 

Thus the non-equality of these two Cabibbo-suppressed modes is indeed confnmed, 

with substantially improved precision. After correcting for phase space di5erences, the 

K*K%ate is -3.3~ above the tan% C prediction, while the n’x’rate is -10 too low. 
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reconstructed and expected D' momentum. 

Fig. I5 Invariant mass of K-K+, K-x+ and 
R-X+ with I APo I < 50 MeV. Note the sig- 
nalsattheD’massasweUasthoseabo”e 
and below the proper mass caused by 
K-x misidentitication. 

MOSS IGeVl 

Cabibbo-suppressed hadronic decays of the D* are of particular interest, in that expla- 

nations of the D./D+ lifetime difference which focus on cancellation of D+ amplitudes 

predict that particular exclusive Cabibbo-suppressed D+ decays would be quite large relative 

to their allowed partners. The invariant mass technique has therefore been used to measure 

the rates for the allowed decay D * - Frt* and the forbidden decay D* - FK”. The dis- 

tribution of invariant mass vs the nominal momentum of tire reconstructed D*, shown in 

Fig. 16, contains clear evidence for FK* decay of the D*. After cutting on APe and deter- 

mining background shape as was done above, the invariant mass distribution for the two 

decays is shown in Fig. 17. The ratio of branching ratios obtained is: 

BD*-i?K* 1 - 0.290 f 0.080 f 0.050 , 
B(D* -h*) 

a surprisingly large value! This could, of course, result from an enhancement in the 

Cabibbo-suppressed matrix element or from an interference between tbe two amplitude-s 

which contribute to the allowed decay. This will be discussed further below. 

The decay D' - J?K' is patticularly interesting in that it proceeds via W exchange. 

We observe one event consistent with this channel, and thus End the upper limit: 

BD'-i?K ’ 
B(D'-K-s+) 

< 0.11 at 95% confidence level 

It is also possible to utilize the invariant mass approach to march for three-body 

Cabibbosuppremed decays. Figure 18 shows the distribution in invariant maas vs AF’o for 

the three related decays D* -K%*n*,D* -K%*n* and D* -&*n*. In thiscase, 

in addition to the IAPo I < 50 MeV/c cut, it is necessary to exclude a+~- masses near Ma; 

resulting from the allowed decay D* - KS%*. The projected invariant mass distributions 

are shown in Figure 19. Signal and background are determined by a maximum likelihood 

tit analogous to that described above. The ratios of branching ratios so obtained are: 
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Fig. 19 Invariant ma!a of K-RC+x+, 
K-n+n+ and x-x+x+ with 

idpDl < 50 MeV. 

Fig. 20 Invariant mass of K-K+r+ 
vs mass of K-k. There 
is a clear enhancement, 
providing evidence for the 
decay D+ - cpn+. 

B(D* - K%*x* ) 
B(D* - K%*n*) 

- 0.072 f 0.024 f 0.015 and 

B(D* - ltflcflc 3 
B(D* - Kk*n*) 

- 0.059 f 0.016 f 0.010 , 

both of which are consistent with, but somewhat larger than tan% C. There are no detailed 

predictions for these three-body Cabibbo-suppressed decays, but nothing unu~uttl appears to 

be happening in this sector. 

The pseudoscalar-vector contribution to the three-body channels can also be isolated in 

these Cabibbo-suppressed decays. The PK- mass in the D* - K*K%* channel, plotted 

against the K*K?r* mass in Figure 20 shows a signihcant cp’ signal at the D mass. With a 

cut requiring M(K+K-) < 1036 MeV, the K*K%* channel shows a clear D* enhance- 

ment, leading to the result 

B(D l - cpk’) 
B(D* - Kk*n*) 

- 0.083 f 0.023 f 0.012. 

Note that the branching ratio for the K?K*x* channel previously quoted has had the 

‘p-x* contribution subtracted. No subtraction has been made for a possible small contribu- 

tion from D * - K+‘x*. The suppressed ‘p-x* mode shows a moderate enhancement above 

the naive expectation: 

B(D* -‘+*) -0.11 f 0.06 
. B(D* - K’p*) 

The decay D* - cpx* should naively be both Cabibbosuppressed as well as color 

suppressed. Thus we have here further evidence that color suppression is not operative in D 

decay. 

4.3 Pseudoscalar-vector Decays 

The quasi-two body decays D - Kp and 4 - K”n are governed by the same ampli- 

tude relations as are the D - Ka channels, and thus in principle the ratios of their branch- 
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ing ratios provide additional information on the decay mechanism. There are six possible 

PV allowed channels in D decay, which may be populated in different ways from three D’ 

and two D+ three body final states. This allows an important experimental consistency 

check. Table 11 shows the pattern of D - PV decays, and previous experimental results. 

The Mark II was able to extract Kp and K*n fractions from D’ - K)r*rc’ and 

D’ - ~x*n’channels and the K%*n’ decay has also been studied by the Tagged Photon 

Spectrometer at FNAL. These results, both with low statistics, agreed on the K*n frac- 

tions, but disagreed on the K-p+ fraction. The Mark III has been able to study these chan- 

nels with improved statistics and has been able to measure some new PV channels. While 

these results are still incomplete, they provide a significant new opportunity to check the 

isospin content of the PV decay amplitudes. Since the I - f and $ amplitudes contribute 

to these decays in the same way they do to the PP amplitudes the following triangle reIa- 

tions must obtain: 

A(K*-n+) + fi A(i%) - A$%+) - Cl , 

A(K-p+) + x@iA(i?pp’) - A(Fp+) - 0 . 

To extract the K* and p content from the Km Dalitt plots, a maximum likelihood fit 

is performed. The matrix dement used includes the relevant P wave Bteit-Wigner curves 

with energy-dependent widths and arbitrary phase, and a non-resonant phase space contribu- 

tion. Background under the D peak, accounted for by scaling sidebands of lower mass, is 

included in likelihood fit. In the K-x+x- case, ahowance is made for the presence of two 

identical bosons. Figures 2 1-23 show the Dalitx plots of three Km decays and the relevant 

projections. 

Do - K’n’nO 

=7 

Fig. 21 Dahtz plot of the decay D’ - K-a+~‘, with projections. 
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TABLE II 

D - Pseudoscalar-Vector Branching Fractions 

Channel 

D-K% 

D’ - K*-rr+ 

D * - F*,f 

D+ - ji&+ 

SOUrCe 

K-X%+ 

FiT-iT+ 

K-lC+n’ 

KTx?t. 

K-U++rr+ 

FX*K+ 

Branching Fraction (%) 

Mark IIt’ TpswJ) NA I Ito1 

3.6 f 1.3 3.4:j:g 

3.2 f 1.0 f 1.0 

1.4-‘T:j 0.9$$ 

c3.7 at 90% CL. <l.O 

D-Kp 

D’- K-p+ 

D’-K’pp’ 

D+ - Fp+ 

The results of these fits, still preliminary, are quoted here as percentages of the 

appropriate Km decay mode, as studies of the normalization are as yet incomplete. Table 

III shows the K* and p fractions extracted by this preliminary tit for three of the Km 

decays. The D” - K-n+n’ decay shows a large K-p+ component, consistent with the Mark 

II measurement, but with substantially improved errots. This result is in poor agreement 

with the TPS value. A significant K*-rr+ fraction and a smaller K**K’ fraction are also 

observed. The D’ - K”n+n- decay, on tbe other hand, is dominated by K.-x+, with a 

smaller K6pp’ contribution. The D+ - ‘Ir+n’ mode shows a very strong K”pp’ contribution. 

TABLE III 

F’reliminary Mark III Results on Three D - PV Decays 

Mode 

D’ - K-n+n’ 

D’ e j&+f 

D+ 4 K’x+n’ 

PV Channel Percent of Total 

K-p+ 77.1 f 4.9 f 5.0 

K*-It+ 17.5 l 3.0 f 2.0 

K*‘K* 5.4 f 2.0 f 2.0 

3-body 0.0 f 4.5 f 3.0 

Fp- 16.4 f 5.1 f 2.0 

K.-K+ 66.6 f 8.0 f 5.0 

3-body 17.0 f 8.1 f 3.0 

Fpp+ 84.0 f 8.5 f 4.0 

i%+ 8.6 f 4.7 f 4.0 

3-body 7.4 f 5.4 f 4.5 

As these results are quite preliminary, and the results of the D+ - K-rr+n+ analysis are 

not yet available, we will not at this time attempt to analyze these data in terms of the quan- 

titativeI-L 3 - content of the Km final state. In Section 5, however, we draw some con- 2’ 2 

clusions on the question of color suppression. 

4.4 Absolute Branching Ratios 

Measurements of the ratios of hadronic decay amplitudes are generally sufficient for an 

understanding of the weak decay mechanism. An understanding of charm production 

processes by hadrons or photons, however, requires knowledge of at least a few absolute D 
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decay branching ratios, in order that production cross sections be extracted from the mea.+ 

ured o E for a particular channel. In the case of D studies at the Y”, the measurements of 

particular channels have in fact also been of o B, but the clear ‘I”’ enhancement in the 

e+e- hadronic cross section has made it possible to extract the resonance parameters, and 

thereby deduce branching ratios. This procedure is in principle straightfonvard, but it has in 

practice been limited by precision of the measurement of the I” resonance parameters. 

Measurements of these parameters have been made by four groups. These are sum- 

marized in Table IV. The ratio of on. to oo. is derived on the assumption that the matrix 

elements for D’ and D* pair production are equal, but that, since the ‘I”’ is very close to 

DE threshold, the observed cross sections are influenced by the D.-D* mass difference 

through a PA phase space dependence. 

TABLE IV 

Resonance Parameters and D Cross Sections of the Y” (3770) 

LGW”) DELCo’32’ crystal Ball@‘) Mark II@) 

Mass (MeV) 3712 f 6 3770 f 6 3764 f 5 

Width (MeV) 28 f 5 24 f 5 24 f 5 

r, &eV) .37 f .09 .I8 f .06 ,276 f ,050 

JW W) 11.5 f 2.5 6.8 f 1.2 8.0 f 1.0 f 1.2 

Q+ bb) 9.1 f 2.5 6.0 f 1.1 6.0 f 0.7 f 1.0 

It &(MeV) - 3174 3771, 3771 

The Mark III did not attempt a measurement of the I” resonance parameters, prefer- 

ring to gather the largest D sample possible in the running time available at & - 3768 
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MeV. Thus extraction of D branching ratios from the measured o B values (Table I) was 

done by using cro. - 7.5 f 1.1 f 1.2nbaodoo.- 6.0 f 0.9 f 1.0 nb, the average of the 

Crystal Ball and Mark II measurements. Since the values of o. B obtained are generally in 

good agreement with those previously measured, albeit with improved precision, the derived 

branching ratios are also in agreement. 

The large discrepancies in the measured oo* and op. values, however, prompted us to 

turn to a new technique, which allows an absolute measurement of the D hadronic branch- 

ing ratios. The data sample is sufficiently large and the D reconstruction efficiency of the 

Mark III is sufficiently high, that it is possible to measure branching ratios using completely 

reconstructed Do events. These are termed “doubly tagged” as opposed to events in which 

a single D hadronic decay is reconstructed, which are termed “singly tagged: By taking the 

ratio of doubly tagged to singly tagged events, it is possible to extract the absolute branching 

fraction, independent of oo. Final results using this technique wilI employ all possible com- 

binations of different decay modes in which the signal to background ratio is sulficiently 

high. The preliminary results presented here, however, require that the D and 6 decay into 

the same final state. The doubly tagged channels used are 

and 

The number of single tagged events into a particular channel is 

NI - W’,m+xd x B(D -tag) x ~(tag) , 

while the number of doubly tagged events into that channel is 
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The branching fractions so obtained are completely independent of oo, having errors 

given by statistics and the uncertainty in the recoil tag efficiency, which is estimated by 

Monte Carlo. These branching fractions are larger than those extracted by the conven- 

tional technique, shown in Table I, which used an average of Mark II and Crystal Ball 

valua for oo. Given the di5culty in measuring the D production cross section at the \r’, 

the absolute determinations are likely to provide the more reliable values. It is interesting to 

combine the absolute branching fractions of Table V with the o E determinations of Table 

I to independently derive the D production cross sections. The values so obtained am 

clg.- 5.7 f I.1 f 0.9, 

uD. - 4.6 f 0.8 f 0.7 , 

at & - 3768 MeV. These cross sections are substantially lower than those from any of the 

direct measurements, although the errors on the two techniques am, at this point, cornpar- 

able. 

Table VI is a comparison of the D branching fractions for the K-K’ and K-x+x+ 

modes derived from the older o B measurements and the new absolute method described 

above. 

The following points should be noted. AlI three determinations of o. E for these 

modes show excellent agreement, the diBerence between Lead Glass Wall and Mark II 

values of E arising essentially from differences in UD. The Mark III branching frac- 

tions determined by the o. B method are larger than previous measurements for two 

reasons: the actual o. B values are very slightly larger, and difIerent values for oo, derived 

from averaged Mark II and Crystal Ball determinations, were used to extract the branching 

fraction. Note also that the two determinations by the Mark III are consistent within expeti- 

mental error. Despite the relatively good agreement among individual measurements, if 

viewed in historical progression, the net result of the new Mark III measurements of 

TABLE VI 

Comparison of Two Methods of Measurement of D Radronic Branching Fractions 

Mode 

D.-K-K+ - K-K+ Jw) JW) 

u E(nb) u E(nb) 

- K-K+K+ E(%) 

a B(nb) 

o~EMethod 

LGW Mark II 
PDG 

Mark III 
Value 

2.2 f 0.6 3.0 f 0.6 2.4 f 0.4 X7:8:? 

.25 f 0.05 0.24 f 0.02 0.28:l:j’ 

3.9 f 1.0 6.3 f 1.5 4.6 f 1.1 7.0$/j 

‘.36 f 0.06 0.38 f 0.05 0.42:t 

Doubk Tag 

Method 

MarkUl 

.9 f 0.9 f 0.5 

.I f I.5 f o-9 

absolute branching &actions is dramatic: charm production cross sections in both hadron 

and photon beams, if extracted from o. B measurements using the Particle Wta Group 

averages of LGW and Mark II data, must he reduced by more the a factor of two. 

4.5 8emiIeptonic Decays 

Semileptonic decays of hadrons have historically provided important tests of our 

understanding of weak decay mechanisms. Matrix demerits for these decays, being the pro 

duct of a lepton and a hadron current, are simpler to calculate than those for hadtonic 

decays.(“) In the case of K decays, the semikeptonic modes have provided tests of the 

AS - AQ rule, CP invariance, p-e universality and chiral symmetry. Charmed parti& 

semileptonic decays provide a similarly rich array of possibiities, although experiments to 

data have been limited to studies of inclusive lepton spectra and semileptonic branching 
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ratios. In the near future, Mark III studies of D,, and D,, Dalitx plots will provide informa- 

tion on branching ratios to specific hadron final states, such as D - K/v and D - KYv, as 

well as information on the 9* dependence of some of the form factors governing these 

exclusive decays. The results presented here, however, will be limited to improved measure- 

ments of individual branching fractions and inclusive electron spectra for the D' and D+ 

semileptonic decays. 

Semileptonic branching ratios yield direct insight into the charm weak decay process. 

Naively, one would expect an-20% semileptonic branching ratio just from counting lepton 

species and quark colors. As an enhancement of the non-leptonic sector is an established 

feature of K decays, such an enhancement is also expected in D decays, and the renormali- 

zation of the c+ and c- operator coefficients indeed, as we have seen, predicts this. With the 

corrected leading log values, this enhancement, however, is relatively small, so that 

E(c - (e or u) + X) is predicted to be 13-1696. In this picture, the semileptonic branching 

ratios of the Da, D+ and F+ am, of course, identical. Should the lifetimes of charmed parti- 

cles differ, however, then their semileptonic branching fractions will differ in the same pro- 

portion. To the extent that the semileptonic decay is a spectator process, we expect equal 

semileptonic decay widths and thus the ratio of semileptonic branching fractions is just the 

ratio of the lifetimes. 

It is important to note that as long as measurements are limited to inclusive electron 

tagging, the Cabibbosuppressed D+ semileptonic decay process (Fig. 3b) can contribute to 

r(D+ - e+X), and the equality of the ratios described above is valid only to the extent that 

this additional decay process can be ignored. The new measurements of Cabibbo-suppressed 

D+ hadronic decays described above make it certain that the Cabibbosuppressed De sem- 

ileptonic width is much less than 10% of the allowed semileptonic width, and thus, at the 

level of precision of current experiments, can be ignored. Figure 26 shows the.dominant 

Cabibbo-allowed and -suppressed exclusive decays which contribute to the inclusive 
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semileptomc decay width. 

The technique employed for scmileptonic decay studies in the Mark III is similar to 

that used to measure absolute hadronic branching factions. That is, a hadronic D decay 

is fnst reconstructed, thus determining unambiguously the charm of the so-called tagged 

state, and then, taking advantage of the dominance of 05 production at the ‘I”‘, the recoil 

spectrum is studied to isolate leptons of the correct sign which originate from a semileptonic 

decay of the recoil D meson. This technique was first employed by the Mark II, which 

showed that the D’ and D+ semileptomc branching fractions were not, as expected, equal. 

The Mark III analysis offers increased statistics and improved electron identification, leading 

to a substantially improved measurement. 

The tag sample, reconstructed using a total of 8.6 pb-’ collected at the ‘I”‘, consists of 

three D’ channels (K-K+, K-K+K’ and K-K+K+K-) and two D+ channels (FK+ and K-K+K’), 

reconstructed using the beam-constraint method described earlier. In each of these mass 

plots a signal region centered on the D mass and a control region used to correct for back- 

ground events other than the signal, are defined. The number of background events under 

each signal is determined by a fit to the mass plot. The D’ signal contains 4541 events, of 

which 1106 f 34 are background, while the D+ signal contains 2062 events of which 333 f 

20 are background. 

Tracks recoiling against these reconstructed D’s are then classihed as electrons or pions 

by a binary tree algorithm. Candidate recoil tracks must have p > 150 MeV/c, ori- 

ginate near the primary vertex and lie in a fiducial region lws6 I < 0.77, which permits 

charged K’s and p’s to be rejected by time-of-flight measurement. Further cu’ts remove Dal- 

itx decays and photon conversions. Electron/pion separation is then accomplished in vari- 

ous momentum intervals by a series of cuts on time-of-flight and shower development 

profiles which have been optimized using pure e and K samples from the J/V. Actual 

misidentihcation rates, which average about 2.5%. were measured using a pion sample from 

KS’ decay and an electron sample from radiative Bhabha events at the ‘I“‘. 

The charm of the reconstructed D unambiguously determines the charge of the recoil 

electron. It is thus possible to use this fact to wrrect for backgrounds. Correction for 

charge symmetric sources such as remaining Dalitx decays and photon conversions are made 

by subtracting the number of “wrong-sign” candidates from the number of “right-sign” candi- 

dates, i.e., those with the expected charge. The background contributed by pion 

misidentification rates to unfold the actual number of electrons from the observed number 

of electron and pion candidates of each sign. This background amounts to 20% for the D+ 

and 14% for the D’. Further corrections must then be made for background events under 

the hadronic D signals, TOF misidentification of K and x in the D’ - K-K+ channel and 

K,J decays. The efficiency of this process is 70% for electrons from both D+ and D’. Table 

VII summarizes the electron identification procedure and the wrrections discussed above. 

The electron spectra so determined are shown, after background subtraction, in Fig 27, 

along with the spectra expected from D - Kev and K*ev decays,031 

TABLE VII 

Recoil Electron Identification 

3435 f 39 193 f 13.9 57.0 f 7.5 5.2 f 4.5 136.6 f 20.4 251.7 f 37.9 

1729 f 20 177 f 13.3 14.0 f 3.7 2.5 f 2.9 158.2 f 17.6 294.0 f 32.6 

The number of correct sign recoil electrons observed leads to the branching fractions: 

B(D+ -e+ +X) - (17.0 f 1.9 f 0.7)% 

and 

ND’+- e+ + x) - (7.5 e 1.1 CIC 0.4)%, 
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and thus to the ratio 

Fig. 21 Electron recoil spectra in D’ and D+ decays after efficiency correction, together 
with spectra expected for D - Kev and D - K*ev. 

B(D+ - e+ + xl - 2.3?#j?&/ . 
B(D' - e+ + X) 

Note that several sources of systematic error cancel in the ratio of branching fractions. 

The new Mark 111 measurements thus yield an average D semileptonic branching ratio 

at the ‘I”’ of (I 1.7 f 1.0 f O.S)%. This is consistent with the Mark II valuetll of (10.0 f 

3.2)%, derived using the same absolute normalization technique, but substantially higher 

than the DELCtiz) ((8.0 f IS)%) and the LGw(“l ((7.2 +z 2X)%) determinations, which 

retied on normalization of the electron signal to the measured ‘I“’ cross section. As shown 

above, absolute measurements as made by the Mark III for hadronic branching hactions 

also yield larger values. These changes are significant, not only for an understanding of the 

weak decay process, but also for the effect they have on extraction of the charmed sea com- 

ponent measured in neutrino interactions. 

The likelihood function for the ratio of semileptonic branching fractions is shown in 

Fig. 28. Interpreted as the ratio of D+ to D' Lifetimes with the assumptions discussed above, 

the new Mark III measurement thus excludes equal lifetimes at the 4.3 standard deviation 

level. The ratio of 2.3 agrees well with the world average of less precise separate measure- 

ments of the D+ and D' lifetimes. 

5. DISCUSSION 

The new Mark III results on inclusive and exclusive D decay processes aIlow us, at 

least in broad outline, to describe the weak decay for charmed particles in a consistent 

WY. Many of these results are preliminary, so an exhaustive analysis will not be 

attempted here. Let us focus tirst on inclusive phenomena. 

It is now quite clear that the D+ lifetime is longer than the D' lifetime by more than a 

factor of two. The D+ semileptonic branching ratio is close to that expected with 
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Fig. 28 Likelihood function for the ratio of semileptonic branching fractions. 

renormalixed operator coefficients, radiative corrections and quark mass corrections. 

Indeed, were we to use only leading log values of c+ and c- and neglect the Pauli interfer- 

ence, we would conclude that the D+ width was essentially the expected value. Rgure 29 

compares the Mark III measured value of B(D+ - e’X) with that expected for differing 

values of c Jc+, with the interference term parametrized by a coefficient a as defined in Sec- 

tion 3. We see that the data is well represented with either LL values of c- and c+ and 

a - 0, or with c-/c+ - 3.5 and a - 0.5. The relation between a and Jo is, of course, 

model dependent, but an fo of 200-300 MeV, only somewhat larger than most expectations, 

would typically generate a - 0.5. The value of c-/c+ is quite plausible when next-to- 

leading log terms are included. (Soft gluon e5ect.s not calculable by QCD perturbative tech- 

niques also tend to increase c-/c+.) Thus D+ decay appears to be relatively “normal”, 3 it 

is well described by a spectator model, providing expected corrections to the naive model are 

accounted for. 

The D' semileptonic branching ratio, on the other hand, is much smaller than can be 

accounted for in the spectator model. It is more than a factor of two smaller than the naive 

spectator prediction with leading log renormalization of c- and c+. It is nonetheless possible 

to arrive at a consistent picture for the D' width. With the inclusion of NLL modifications 

to c-/c+, it is possible to bring down B(D' -e+X) to the region of ll-12%. If we also 

include the contribution of the exchange diagram, parametrized in Fig. 30 in a model in 

which lifting of helicity suppression is ascribed to the intrinsic &on component of the 

meson wave function,(r6) it is possible to increase the D' width su5cientIy to account for the 

measured D' semileptonic branching ratio with values of/o again in the range of 200-300 

MeV. Thus, the ratio of D+ to D' lifetimes can be understood in a consistent way. We 

require that the QCD hard gluon corrections to c- and c+ be calculated beyond the leading 

log approximation, that Pauli interference in D+ decay be included and that the gluon con- 

tent of the D meson wavefunction be sufficiently large to negate the helicity suppression of 

the naive spectator model, allowing W exchange amplitudes to contribute to D' decay. 
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Fig. 29 The D+ semileptonic branching fraction as a function of c-/c+ for different 
values of the parameter a which governs the amount of Pauli interference. The 
Mark 111 experimental result with statistical and systematic uncertainties is super- 
imposed. 

’ 2 3 4 5 6 7 0 9 

c-/c+ 

Fig. 30 The D’ semileptonic branching fraction as a function of c-/c+ for different 
values of/n in a model which parametrizes the lifting of helicity suppression of 
the exchange amplitude in terms of the singlet component of the &on wave 
function of the D’. The Mark III experimental result with statistical and sys- 
tematic uncertainties is superimposed. 
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As this picture is only semiquantitative, no attempt has been made to extract the 

overall best values of/n and c-/c+ by fitting simultaneously to the measured D+ and D’ 

semileptonic branching ratios. It is possible, however, to ensure ourseIves of the consistency 

of these ideas by looking at exclusive D decays. 

Three ratios which are sensitive to the existence of color suppression and the isospin 

content of the final state may be extracted from the new Mark III hadronic branching ratios. 

These are 

R(Kn)- ( TD’--‘n 3 
I.(D’ - K-n+) 

- 0.35 f 0.07 f 0.07, 

rD’-i% R(K*n) - IiD. _ K*-x2) - 0.15 f 0.09 , and 

l-D--i? 
WKP) - r;D. _ K-;?j - 0.16 * 0.07 

InthelimitofapunI-+ final state, these ratios would be i. Were color suppres- 

sion operative, alI three ratios would be very small. As there is no evidence for IV 

exchange amplitudes in exclusive channels (cf. D’ - Frp) we will henceforth assume that 

the amplitude 8 of Sec. 3.2 is zero, leaving only the contribution of spectator diagrams, 

characterized by c- and c+. These experimental ratios are then very sensitive to the value of 

c-k,. Figure 31 shows the three ratios R(Kx), R(K*n) and R(Kp) as a function of 

cJc+. The naive spectator model (c-/c+ - I) predicts l/18. The LL prediction is actually 

less. As cJc+ increases beyond 2, R increases. While there is no point at which the three 

ratios are compatible with a single value of c-/c+, it is clear that values in the range needed 

to explain the semileptonic data are consistent with the large R values observed. Since the 

pseudoscalar-vector decays are L - I, the enhancement here would be expected to be less 

than that for i?%‘, in accord with observation. Should exchange diagrams contribute, they 

would also be expected to be larger for L - 1 than L - 0. 
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Recall also that the Cabibbo-suppressed decay D+ - rpx’, which is also naively color 

suppressed, occurs at a normal suopressed rate. Again, color suppression is not operating 

strongly. 

A final comparison will serve to further bolster the argument that the physical value of 

c-/c+ is not properly given by the leading log calculation. Consider the ratio of allowed 

decays 

I-D--K-K+ ) 2c+ + c- 2 
rp+ - Fit+) 

-- 
I 1 4c+ ’ 

and the ratio 

I-D+-K';Y+ ) 
I-(0+ - I?%+) 

Both are dependent on SU(3) breaking and the interference of color-mixed and -unmixed 

amplitudes (Fig. 5). Both ratios are far larger than expected in the LL picture. Figure 32 

compares these experimental ratios with predictions as a function of c-/c+. In both cases, 

large values of c-/c+ are required to explain the observations. 

We thus are led to a consistent picture of the weak decay mechanism for charmed 

mesons. When all expected effects are properly incorporated, the nonequality of D+ and D' 

lifetimes and the ratios of a large number of exclusive branching fractions are most simply 

explained by a picture in which the ratio of the operator coe5cients c- and c+ is larger than 

that calculated in leading log QCD, at least part of the increase being due to the next-to- 

leading log terms, which increase c-/c+ to -3.5. It is further possible that non-perturbative 

soft gluon effects also play a role in increasing c-/c+ beyond this value. While precise c&u- 

lations do not exist, estimates show that these effects itxieed increase c-/c+. 

As the results presented here are largely preliminary, no attempt has been made to 

extract a best value of c-/c+ through a global fit to the inclusive and exclusive data. Several 
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Fig. 32 The 
T(D+ - FK+)r(D+ - K-n+) (right scale) as a function of c-/c+ 

ratio T(D'- K-n+)lT(D+ -i%+) (left - de), and 
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discussions of these preliminary Mark I11 results have, however, already appeared in the 
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