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LBL-9247 

RECENT RESULTS FROM THE LEAD-GLASS-WALL EXPERIMENT 

A. Barbaro-Galtieri 
Lawrence Berkeley Laboratory 
University of California 
Berkeley, California 94720 

ABSTRACT 
Recent results from LGW experiment are discussed. They include: 1) Study 

of the i|> •+ 2gy -»• Y + h decay mode, accessible through the analysis of the 
inclusive Y spectrum; 2) the semi-leptonic decay mode of the O's, specific
ally the K-e correlation; 3) the measurement of R_r, the cross section over 
°uu* ^ o r " production up to 7.8 GeV; 4) the study of the charmed quark 
fragmentation function accessible through D meson spectra. 
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I. INTRODUCTION 

In this talk I present recent experimental results of the Lead Glass Wall 
(LGW) experiment at SPEAR. These results cover unrelated aspects of e e" 
collisions and are presented in four separate sections. 

In Section I we discuss data relevant to direct photon decay of i|>(3095). 
The hadronic decay of the <J> is expected to proceed through an intermediate state 
consisting of three color-octet gluons. In addition to this process, QCD also 
predicts a non-negligible rate for a process in which one of the three gluons 
is replaced by a photon. This is what we call a direct photon decay. The 
photon spectrum of 60,000 ip decays is analyzed and compared with this hypothesis. 

Section II deals with the semileptonic decay of the charmed D mesons. In 
particular, we study the K-e correlations for D mesons produced at different 
energies in an attempt to separate the D •*• K*ev and I) •* Kev decay modes. We 
also summarize all our results on D meson decays. 

Section III summarizes the D production cross section in e e ~ collisions 
from threshold up to 7.8 GeV. The energy dependence of the D production follows 
the shape of the observed total hadronic cross section anc explains all the 
structure in the A to 4.5 GeV region. 

Section IV deals with momentum and energy spectra of the produced D mesons 
at 7 GeV e +e" energy. These distributions are compared with those from TT and K 
production and provide information on the charmed quark fragmentation function. 

2 The data were taken in the Mark I magnetic detector at SPEAR, modified 3 with the addition of a lead glass detector for Y and e identification. The 
detector is schematically shown in Fig. 1. The charged particle momentum is 
measured using the information from the spark chambers and two MWPC that 
surround the beam pipe. K identification is achieved by measuring the time of 
flight, TOF, between the e e~ interaction region and the trigger counters 
positioned just inside the magnet coil. The flight path varies between 1.5 and 
2 meters. The y energy is measured in the LGW and ir-e separation is obtained by 
studying the shower development in the LGW. For more details see Refs. 2 and 3. 

II. DIRECT PHOTON DECAY OF *(3095) 
All the experimental data on the ifi(3095) are successfully explained with 

4 the charmonium model which expects the if»(3095) to be a cc bound state. The 
decay modes of the t|> can be represented by the diagrams of Fig. 2. 

Figure 2a represents the leptonic decay of the i|>. For a vector meson the 
levtonic width has been calculated to be 

r ( v . t V , .Haft,«.,,»(„£)(,-£)" <„ 
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Fig. 1. The SPEAR magnetic detector as seen looking along 
the beam line. The proportional chambers around the 
beam pipe and the trigger counters are not shown. The 
lead glass system (LGW)^ ±s shown on the left side of 
-the figure. 

(c) 

hadrons 

hadrons 

(d) 

Fig. 2. Schematic diagrams of i|) decays into lepton pairs (a), 
hadron decay* (b) and (c), and d.'rect y decay (d)„ 
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where M i« the aass of the vector neson, Q is the charge of the quark, |<K0)| 
is the square of the wave function at the origin and m. is the mass of the 

+ -lepton. The last two terms become important for decays into T T for the more 
massive vector mesons. 

The electromagnetic decay into hadrons can be computed from the diagram 
of Fig. 2b. In fact, it is 

r(v -»• Y * h) - 3 • I Q* * r<V * e +e~) 
+ - ( 2 ) 

where the summation is over all types of quarks that can produce hadrons, and 3 
is a color factor. 

The next two diagrams, 2c and 2d, represent tlie OZI-forbidden hadronic 
decays via annihilation into gluons. For the three-gluon decay the width has 
been derived to be: 

Tfn -j. 1™ -̂  u\ — 
81TT M. 

r(V-3g^h) - ^ (ir2-9)-f |R(0)|2 (3) 
9 9 

where a is the running coupling constant of QCD and |R(0)| - 4TT|IJI(0)| . The 
rate for vector meson decay directly into a photon plus hadrons can also be 

7 8 calculated from gluon counting; the result is ' 

rCv * Y2g - Y + h) - T̂ f <»*-»> 5 — |R(0)| (*) 

where all the symbols have already been defined. 
9 10 The leptonic and hadronic widths of the t|> have been measured, but no 

evidence has been reported yet for the process of Fig. 2d and Eq. (4). The 
values for T e and T. from Ref. 9 are 

T e - (4.8 s 0.6} keV (5) 
T h - (59 4 14) keV . (6) 

From these two measurements and Eqs. (1 - 4) we can derive an expression for the 
expected fraction of ̂ (3095) decay into direct y + badrons. Taking the ratio 
of Eqs. (4) and (3) and doing the necessary algebra we get 

rpfr •» 2gy) 0.0234 
1 r(U> - 3g) ' ' a 8 

Next we express Tty + 3g) as a fraction of the total hadronic decay of the V). 
It is 

r(* •-* h) - r(* * 3g) + r(<|/ •* 2gy> + r(* •* Y • h) 
9 then using the value 
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!"(• *• Y * h) - 12 ± 2 keV (8) 

and Eq. (7) we get: 
0.(0.797 ±0.059) 

r(* •* 3g) - r. —•= (9) 
W * h 0 - + 0.0234 w 

which leads to the expression 
r(tf> •» 2gy) 0.0186 ±0.0014 (10) 
T(* * h) * o s + 0.0234 

Therefore, the direct Y process of Fig. 2d is inversely proportional to o s, 
since ag is of order 0.2 or larger. 

The value of O s can also be computed from the experimental measurements of 
Eqs. (5-6), the expressions for T in Eq. (1), Tty •*• 3g) in Eq. (3), and 
the relation between T(ty •*• 3g) and T. in Eq. (9). We obtain the following 
expression for a s 

a 2(a + 0.0234) - 0.00825 s s 

This value of a g uses only information on the if) width. Other analyzes have 
used information from the whole charmonium spectrum and find values in the 
a s « 0.4 to 0.5 range. Of course, in order to preserve agreement with the 
experimental values for T and I"., higher order QCD corrections will have to 
be included in the calculated widths. 

In conclusion, the expected fraction of hadronic decays Into direct Y is 
dependent upon the value cf a s and, apart from higher order QCD corrections, 
can be calculated from Eq. (10). We get: 

BY • l i t z hf } • 8- 6 z f ° r ° « - °-2 ( i i > r < * - 2«Y> m 8.6Z r e * -*• h) 
m 8.6Z 

m 4.5% for a s - 0.4 . (12) 

The spectrum of the direct photons has been estimated for massless gluons 
in Ref. 8. It is expected to increase nonotonically as x+1, where x • ZV^/H^. 
This characteristic cf the spectrum is very important because it allows us to 
experimentally check the existence of this decay; in fact, the spectrum of Y 
obtained as decay products of ordinary hadrons is expected to peak at low values 
of x and decrease monotonically with x. For a 8«0.2 we expect to have a ratio 
•ignal/noise » 8/1 for the Integrated spectrum at x > 0.8. 

A. Data Analysis 
otal of 80,300 aves 

hadrens were collected in a sample corresponding to an integrated luminosity 
1. Photon Spectrum. A total of 80,300 events of the type e e~ •* i> •+ 
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of 70 pb~ . The Y'S are detected and measured in the LGW (see Fig. 1) which 
consists of 266 lead glass shower detectors distributed in two layers, the first 
one (AC) 3.3 X Q thick and the second one (BB) 10.5 X Q thick. In addition, there 
are three planes of magnetostrictive spark chambers positioned ahead of the 
system and in between the two layers. These chambers are used to improve on 
the direction measurement of the Y, as well as to Identify the y'e that have 
converted in the 1X Q of Al coil and that need energy correction. For more 
details, see Refs. 12 and 13. 

The energy resolution of the LGW is: 
g E 8% 
E * /E" 

where E is in GeV. Figure 3 shows the Y energy measured in the LGW for events 
of the type e e~ •* YY at beam energy E b « 1.89 GeV. The position resolution is 

x for gamma-gamma, 1.89 GeV 

Fig. 3. Ratio of the measured 
energy over the beam 
energy for Y rays in the 
lead glass wall for the 
reaction e +e~ •* YY« Data 
are at the iji(3772); the 
energy resolution is 
cyfZy - 5.82. 

o 
O ig 
<D 

01 
> 

determined by the size of the lead glass blocks, positioned at a distance between 
2.2 and 2.6 meters from the interaction region. The AC are 10.3 cm wide, the BB 
are 15 cm wide. This information along with the spark chamber measurements 
provide a resolution: cr - ±2 cm or A8 - 0.5°. 

The efficiency for detecting Y'S is shown in Fig. 4. Curve 1 shows the 
efficiency for detecting Y'S in the whole system, curve 2 is the efficiency for 
those Y that have a shower in both the first and second layer of counters. This 
second category has practically no background and we have chosen this sample for 
this analysis. The solid angle, after fiducial volume cuts, is 4.9Z of 4n. 

We normalize the Y spectrum to the total hadronic cross section in order to 
measure the branching fraction By of Eq. (10). Therefore, we have to know the 
trigger efficiency and geometrical acceptance of the apparatus as a function of 
Xy = py' Eb" T h e P r o d u c t o f t h e t w o factors is shown in Fig. 5. It is obtained 
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Fig. -i. Efficiency for detecting 
Y rays in the LGW. The 
curve labeled 1 is the 
overall efficiency, the 
curve labeled 2 is for 
the category of events 
with the best energy 
resolution and the least 
background, that is, for 
those showers seen in 
both the AC and the BB. 05 1.0 

py (GeV/c) 
S.5 

XBL 79S-I676 

(37±a% 

50% 
-"i+++ j++rf+r 

0% 

IT ^ M i . 1 _, _ • J U » 

. . . 1 . . . . 1 . . 
0.5 10 

Fig. 5. The total efficiency 
(trigger * geometrical) 
\ acceptance / 
for detecting an event 
versus x » Ey/E. . 

13 

by using the Y converted in the material ahead of the spark chambers (0.06 X ), 
so that an e +e~ pair is detected by the tracking system of the detector. The 
method is explained in Ref. 13; It provides an efficiency which is model indepen
dent and therefore more reliable, although the statistical errors are large. 

The Y spectrum thus normalized is shown in Fig. 6 by black dots, the curves 
in the figure will be explained later. The raw spectrum contains 7020 photons. 

In order to detect the process of Eq. (4) we have to evaluate what Y 
spectrum is expected from the ordinary decay of ty •*• hadrons, since Tr°,n and 
other mesons decay into Y'S. To determine the background to direct photon decay 
we have followed the following procedure: 

a) We determine the experimental n 0 spectrum; 
b) We compare the ir° spectrum with the measured ir~ spectrum to verify 

that they are similar; 
c) Since the statistics on the Ti spectrum are much larger, after step b, 



Fig. 6. Inclusive Y spectrum 
normalized to the total 
hadronic cross section. 
The • represents the data 
in both (a) and (b). 
(a) The solid lines are 
labeled, the dashed line 
is the sum of the "v° 
inclusive" and the "ir°p°" 
curves, (b) The Y spectrum 
shown in (a) after back
ground subtraction (dashed 
line in (a)). The dashed 
line represents the 
contribution to the y 
spectrum from $ decays 
into 7T°Y, TTY, n'Y. fY-

XBL 795-1679 

we can use th<> charged IT distribution to produce ir°-*YY decay and 
therefore predict the y spectrum from this source; 

d) Estimate the effect of n, decays. 

2. Background Determination. Using the events with two or more Y's in the 
LGW we can study ir° production. Only Y with momentum P > 100 MeV/c have been 
included to eliminate background. The overall efficiency for TT° detection in the 
solid angle subtended by the LGW, as a function of momentum, is shown in Fig. 7. 
The maximum is at 1.4 - 1.5 GeV/c, which is also the maximum momentum that a TT° 
can have from ifi decay into hadrons. All the possible YY invariant masses are 
constructed and background is subtracted under the TT° peak. This background is 
estimated by combining Y pairs where each Y is from a different event. The 
invariant mass distribution obtained for P > 0.6 GeV/c is shown in Fig. 8, the 
background is represented by the smooth curve. The background is smaller at 
larger P values. This is clearly seen in Fig. 9, which shows the M . distribution 
for pairs with P > 1 GeV. The TT° spectrum, corrected for LGW efficiency as well 
as for trigger efficiency and acceptance of the apparatus is shown in Fig. 10. 
It includes a total of 276 ir°'s. 
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EFF VS MOMENTUM OF PIZERO 

u 

0.000 
0.0 0.5 1.0 1.5 

F PIZRRO 

Pig. 7. Detection efficiency for tf° versus ir° momentum 
in GeV/c. The solid angle factors are included. 
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1 1 i 

P y y >0.6GeV 
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Fig. 6. The YY invariant mass for events with Pyy>0.6 GeV/c. 
The background under the ir° peak has been calculated 
by combining Y from different events. 
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Fig. 9. The YY invariant mass for 
events with Ry Y >1 GeV. The 
resolution of the distribution 
is a-15 MeV. 

Fig. 10. The dots represent the ir° 
inclusive spectrum measured 1 3 

in the LGW at the 1^(3100). 
The triangles represent the 
DASP charged ir spectrum 
normalized to the LGW ir° 
spectrum. The dashed line 
is an eyeball fit of the 
charged ir spectrum. 

i -

10" 

io-: 

^(3100) —ir°+onylhing 

• •fr" thiswpt. 
* et(ir«+ir)DASP 

0.5 
I I • 
1.0 

XBL 795-1678 

Next we have to compare this spectrum to the charged ir spectrum. The 
Mark I detector has Krir-p separation only for P K < 0.9 GeV/c and P < 1.8 GeV/c, 
therefore the measured charged particle also includes K and p. The DASP 

± 14 
collaboration has reported the ir and the charged particle spectra separately. 
Since our charged particle spectrum agrees (apart from an overall normalization 

4 
factor) with the one of Ref. 14, we have used the DASP ir spectrum for the 
comparison. This spectrum, normalized to our ir spectrum, is shown in Fig. 10. 
The shapes ci" the ir1 spectrum and the ir° spectrum agree reasonably well. The 
curve represents a'fit to the charged ir spectrum. For more details the reader 
is referred to Ref. 13. 
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Having established that the charged IT'S are a good model for the IT0 produc
tion, we use the curve of Fig. 10 to predict the Y spectrum from ir° decays. The 
curve so calculated, normalized to the region of 0.2<x<0.4 is shown in Fig. 6, 
labelled "ir° Inclusive." It clearly leaves some excess of events at large values 
of x . The dashed curve is the sum of the "n° inclusive" and the i|i •*• ir°p° curves. 

As for n production, very little information is available. In this experi
ment the solid angle is too small to detect n's and no other measurements have 
been reported so far. If some n's were produced with the same momentum distri
bution as the ir0,s, the resulting Y spectrum woul'.'. be softer than that from ir°. 
The presence of n's would have the effect of increasing the slope of the Y 
expected from hadronic decays, thus Increasing the excess at high x. 

B. Results 
We have calculated the background for ordinary hadronic decays to the best 

of our knowledge. Figure 6 shows an excess of events at high x. The expected 
Y spectrum from the decay mode ty •* ir°p°, which is (1.2 ±0.2)2 of all the <JJ 
decays is not sufficient to explain the excess. We have made a maximum 
likelihood fit of the data to the sum of IT0 inclusive, ir°p° and ty •+ 2gY 
proce.,jes. The fit obtained is the curve labeled "total" in Fig. 6. After 
correction for a (1 + cos 6) angular distribution, we obtain 

\ " r r J V ? h ) } • < * - 9 ± 0 - 7 > * <13> 
to which a systematic error of ±1.3% should be added. This corresponds to a 
value of a 

a « 0.35 + 0.12 (14) 
s 

where the systematic error is included. 
Figure 6b shows the spectrum of Y after background subtraction for x>0.5 

with the fitted curve for ^ •* 2gy. If we just take the excess of events for 
x>0.6, without a fit we obtain 

B - (2.7±0.4)Z for x>0.6 

where the systematic error is now ±0.72. 
Can these events have a source other than the direct Y decay? We have 

considered two alternatives: 1) Msidentified ir°. As mentioned earlier, the 
position resolution of the LGW system is A6-0.5". The opening angle of the 
two Y'S for a 1.5 GeV/c ir° is 15°, which, according to Monte Carlo calculation, 
allows us to separate the two showers. 2) Other direct Y processes. Four 
different decay modes involving Y'S have been measured and summarized in 
Table 1. These represent 0.542 of all the * decays, or 0.632 of the hadronic 
decays. With our resolution these decay modes produce a spectrum like the 
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TABLE 1. Measured branching fractions for t/> •*• y + meson decay modes. 

Mode Branching Fraction Reference 

\j> •*• i r ° Y (0.0075 ±0.0048)Z 16 
tf» + TIY (0.083 ± 0.012) X 17 
ty + n'Y (0.254 4 0.059) Z 18 
u> -»• fY C0' 20 * 0-07) Z 19 

dashed line of Fig. 6b, not enough to explain the excess. However, these 
processes can originate from a diagram such as that of Fig. 2d, where the two 
gluons produce a IT , n, n' or f. 

In conclusion, we have analyzed our y spectrum and found an excess of 
events at large values of x. This excess is consistent with what is expected 
from the QED process tp ••• 2gy •*• hadrons for a value of a «0.35. However, we 
cannot prove that the excess is exclusively due to this process. 

III. D MESON DECAY PROPERTIES 
In this section we discuss the semileptonic decay mode of the D mesons and 

a possible method to measure the branching ratio 
. r(D - Kev) 

T(D * K*ev) ' U D ; 

In addition we summarize the information on D decays obtained in the LGW 
experiment. 

A. Semileptonic Decays of the D Mesons 

Some of the Cabibbo favored decay modes of the D mesons are shown in the 
diagrams below: 

C e S 

cos 2e *-< r̂"" w cose 

» + - f K ° D + d d K° 
C c S c _ 8 

COS a6 7 ,« ~" " TT+ C O s O ^ " * 
d 

where 6 is the Cabibbo angle and the amplitudes for each diagram are propor
tional to coi.6 or cos 26 factors as shown. The favored semileptonic decays are: 



D° - K"e+v, 

-13 -

K*~e+v, K'ir°e+v . . 

D + -•• P e + v , K*°e +v, K~it+e+v 

(16) 

(17) 
and charge conjugate reactions. For both D° and D the final state includes 
an e + and a K - or F. The decays with extra pions are suppressed by phase 
space considerations and by the fact that the matrix elements vanish in the 
limit that any of the pions is soft. 

The branching ratio of the D semlleptonic decay into electrons has been 
20 21 22 23 

measured by the LGW experiment ' as well as by DASP and DELCO and agree 
with each other very well. The values are shown in Table II, the average value 
(excluding the DASP result at 4.03 GeV) for the combined D° and D mesons is: (8.3 + 1.1)% (18) 

TABLE II. The branching fraction for D semileptonic decay into 
electrons as measured by various experiments. For 
E>4.08 GeV other charmed particles may contribute 
to the measurement. 

E 
(GeV) 

Electron 
events 

Background 
events 

Branching 
fraction 

(%) 
Reference 

3.772 61 25 7.2 + 2.8 LGW 2 0 

3.90-7.38 448 155 8.2±1.9 LGW 2 1 

3.99-4.08 _a _a 8.0±2.0 DASP 2 2 

3.99-5.20 182 27 7.2 + 2.0 22 DASP 
3.77 238 b _6 10 + 2 23 DELCO 

This determination is not independent of the following one. 
The number of events and backgrounds for the most recent 
analysis of this experiment are not available. 

In principle the separation of KeV and K ev decay modes can be done by 
studying the electron spectrum. Figure 11 shows the spectra obtained by our 

+ - 21 
experiment for D produced in e e collisions at three different energies. 
The data is not sufficient to determine the ratio r of Eq. (15) because of 
statistics limitations and also because at energies above the ty(3772) uncer
tainties in the D momentum spectrum lead to uncertainties in the predicted 
electron spectrum for the two modes. The D * K*ev peaks at lower P e than the 
D •+ KeV, the decay D •+ Ktrev peaks at even lower P e. In measuring r the 
assumption is made that the D •+• Kirev is smaller than the K*ev, so that the 
difference between the K*ev spectrum and the sum of the two is negligible. 

A better method for separating the K*ev and Kev decay modes is the study 
of the Ke invariant mass spectra. It contains more information than the single 
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Fig. 11. The •omentum spectrum for 
electrons produced in events with 
n c n > 3 in three different energy 
intervals as obtained by the LGW 
experiment.21 The curves are 
labeled In (a) and the energy 
intervals are indicated in each 
graph. 

•M«sE„£S.7IG«V 

6.Jl < Ee_5 7.38 GeV 

e spectrum, in addition it allows us to 
combine data from different D momenta, 
since it is ar. invariant. Therefore, 
data obtained at different e +e~ energy 
can be combined assuming that the D 
meson is the source of the Ke pair. 
Of course, it is necessary to combine 
the electron with the kaon that comes 
from the same D, that is, from tqs. 
(16,17), the e and the K must have 
opposite charge. As a consequence the 
K° modes cannot be used because the K° 
cannot be distinguished from the K . 
Using only charged K's the Ke spectra 
include only K*ev for the D and both 
decay modes for the D . 

In this experiment the electrons are —•—••» 
20 21 identified by studying the shower development, in the LGW ' and the K by 

TOF. The Ke invariant mass in four e e~ energy intervals are shews in 
Figs. 12 and 13. The curves represent the spectra expected for the decays 
D •*• KeV and D •+ K*ev and each curve was normalized to the observed number of 
events. All the effects due to acceptance and backgrounds have been included 
in the Monte Carlo simulation that produced the curves. Each distribution has 
been fitted to a combination of Kev and K*ev decay modes using a maximum like
lihood fit. The results are shown in Table III. 

25 TABLE III. Results of the fits to the Ke invariant mass 
distributions of Figs. 12 and 13. 

<0) 
- i — i — i — i — i — i — i — i — i — i — ' — i — i — r " 

3.90s£tA<«.««etV 

D-K*«», •T-t<-,r, 

X— • » • t r contribution 

• T ^ - ^ 

pt <G«V/c) 

ECM interval 
Fraction of 

Kev 
Fraction of 

K*ev 
¥(3772) 

3.90-4.44 
4 .44-5 .71 
6 .31-7.38 

0.00 ±0.12 
0.52 ±0.14 
0.83 ±0.19 
0.00 ±0.04 

1.00 ±0.12 
0.48 ±0.14 
0.17 ±0.19 
1.00 ±0.04 



-15-

0—K'e* 

E c m = 3 76-3 79 GeV 
(ij/(3772)) 
D-*Ke* 

Fig. 12. K~e 7 invariant m&ss 
spectrum for the ̂ (3772) 
and the 3.90-4.44 GeV 
regions. The dashed 
line shows the back
ground from hadrons 
misidentified as 
electrons. 

0'—>-
I0f—r 

6 

2-

D-—K'e* 

0 05 

E c m =39-444 GeV 

D—Kev 

M K± e* (GeV/c2) 

XBL 791-298 

8r 

6-

4-
D—K'ev 

i /—1—T 

I 

i 

Ecr n =4.44-571 GeV 

Fig. 13. K=e* invariant 
mass spectrum for the 

D — K V 
E c m = 6.31-7.38 GeV 

'D-^Kei' 

6CM 4.44-5.71 GeV and 
E Q , - 6.31-7.38 GeV 
regions. The dashed 
line is the background 
from hadrons misidenti
fied as electrons. 

M K± e? (GeV/c2) 
XBL 791 - 297 
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Theae results seen to indicate that r changes with E CM" Before discussing 

this effect it ia necessary to clarify the relation between r and the fraction 
of Rev or K*ev we observe. In fact for D + only two-thirds of the K*ev events 
will contribute to the plots of Figs. 12 and 13; for D c all Kev and only one-
third of K*ev contribute (because only one-third of K*~ goes into '*."). there
fore if the R * D +/D° production ratio changes with energy we expect N R*/N K 

(observed) to change with energy, 
by: 

More precisely the observed ratio is given 

J} 
N„ 

K* (observed) - ( 3 + | R

p

R

t j ) r (19) 

where R. is the ratio of the D /D° semileptonic decay branching fractions. 
One additional effect is due to the fact that there may be contribution 

to the Ke pairs from other charmed particles like the F meson or, above 5 GeV, 
charmed baryons. Notice, however, that in Table II the measured branching 
fractions of semileptonic decays are consistent with no energy dependence, 
indicating either a small contribution from other charmed particles or that the 
semileptonic decays are close in values. 

We now discuss the results shown in Table III. At the i|>(3772), Rp"' 1 a n d 

there are no other charmed particles produced. The K*eV is favored at this 
energy indicating either that r is large or that R. is large. At the next 
two energies the increase in Kev fraction may be due to the observed increase 
in D° production (see Section IV), but then we are at a loss to explain the 
6.31-7.38 GeV region where the result seems to be the same as at the ip(3772), 
although we know that D is more copiously produced than D (see Section IV). 

In conclusion, the method just described may be a good way to measure r of 
Eq. (15), but it seems to be very difficult to use it with the present data. 
The problem, apart from statistics, may be due to the presence of charmed 
particles other than D. Good statistics on the Ke mass spectrum at the 1^(3772) 
is certainly the best way to measure r. 

Recen -esults from the DELCO 
23 detector on the electron spectrum 

at the 4/(3772) are shown in Fig. 14. 
The curves show the result of a fit 
to the different decay modes. The 

Fig. 14. The electron momentum 
spectrum from D •f,CvX as 
measured by DELCO 2 3 at the 
i/»(3772). The curves shown 
are the result of a fit 
(see text). 
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results are: 

B(D + Kev) - (3. 7 ± 2 . 1 ) % 
B(D * K*ev) - (6.0± 2.3)Z 
B(D -> irev) < 2% (902 C D , 

that is, the K*ev is favored over the Kev. 
B. Summary of D Decay Modes 

In this experiment we have measured exclusive (see Refs. 20,21,24,26) and 
27 inclusive decay modes of the D mesons. Table IV summarizes the results of 

the exclusive measurements done at the <J>(3772). 

TABLE IV. Summary of D decay modes and branching 
fractions measured by the LGW experiment. 

Mode B (%) 

D° •* K"ir+ 2.2 ± 0.6 
K V " I T ~ 4.0 ± 1.3 
K~ir+ir"iT+ 3.2 ± 1.1 
K~f+ir° 12 ± 6 
K07r+iT~ir+ir~ seen 
e + X a 7.2 ± 2.6 

D + •* K°T + 1.5 ± 0.6 
K ' T T V 3.9 ± 1.0 
K°TT TT~7T seen 
e + X a 7.2 + 2.6 

The quantity measured is an average value for the D and 
D° mesons. Here we assume that the two branching fractions 
are the same. 

We note the following: 
a) The semileptonic decay is 7.2% (the average of all the experiments is 

(8.3 ±1.1)%, Eq. (18)), smaller than expected from quark counting factors 
alone. In this case we expect, 

e : u : hadrons - 20% : 20% : 60% 
28 instead of 8% : 8% : 84%, which indicates that there is an hadronic enhancement 

of about a factor 3. 
b) Only a small fraction of all hadronic decays have been measured. From 

Table IV we find V" 1 » /~o .. „ v ,„, . ̂  , „. _ 
> , Bi(D •* hadrons) • (21.4 ± 6 . 3 ) % 

measured modes 

J ^ B 1 ( D + + hadrons) - (5.4 ± 1 . 2 ) % 
measured modes 
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This means that the majority of the decay modes have not been detected yet. 

29 The GIM model predicts that at least 952 of the D decays should include a 
K, since the Cabibbo forbidden decays are expected to be -5%. At: the iK3772) 

27 we have been able to study the inclusive decay of D into K mesons. This was 
possible because the D's are produced in pairs and no higher mass charmed 
particle can be produced, so we can use the events of the type D •* K TT and 
D •* K~1T v to "tag" the D 3 and D~ respectively. The results are shown in 
Table V. 

TABLE V. Fraction of charged and neutral kaons 
<n D° and D + decays. 7 

Mode Branching Fraction 

D° •• KTC 0.35 ± 0.10 
D° - K°X 0.57 ± 0.26 
D + •* K~X 0.10 ± 0.07 
D + -* K +X 0.06 ± 0.06 
D + -* K°X 0.39 ± 0.29 

We note the following: 
a) The total fractions of K per D meson decay are: 

D° * rr,K° 0.92 ± 0.28 
D + + IT.K 0 0.55 i 0.30 

not in disagreement within errors with the expected 0.95. 
b) For D the K and K° decays are, within errors, in agreement with 

30 expectations from the statistical model of Quigg and Rosner, which predicts 
the K 3 to be more copious than the K - (52% and 48% respectively). 

c) For D + the statistical model predicts 33% K~ and 672 K°. The measured 
D -• K~ ratio of 0.10 ±0.07 seems to be somewhat low. The statistical model 
as formulated expects a charged multiplicity for D decay of (n . > « 2.7, 

27 larger than the observed value of <n , > - 2.3±0.3. A reduction of the 
+ <n . > in the model tends to reduce the expected fraction of D •+• K decays 

from 0.33 down to 0.25. The measured value is still lower than the new 
estimate and should be measured again with better statistics before drawing 
any conclusions on this point. 

IV. CROSS SECTION FOR D MESON PRODUCTION 
31 We have studied the D meson production cross section as a function of 

energy in the 3.7 to 7.8 GeV region. The D were identified through the 
D •* K~ir ir decay mode, the D° through the D° •+ K~TT decay mode. The K* were 

33 identified by TOF, using the weight technique, that is, each particle is 
assigned a weight proportional to the probability for It to be • it, K or p. 
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For each parti.de the weights are normalized to one. 
the K~ir+ and K~ir IT combinations are shown in Fig. 15 

The invariant mass for 
Clear D signals are 

Fig. 15. Invariant mass spectra 
of weighted K Tff 4 and K'TT^TT1 

combinations for several 
center of mass energy regions. 

observed in the intervals 4.0-4.2 GeV 
and 4.4-5.0 GeV, smaller signals are 
present at the other energies. The 
number of D events for each e e~ 
energy interval has been determined 
by fitting a gaussian superimposed 
to a smooth background to the data. 
The results of the fits, along with 

24 34 our results at other energies, ' 
are shown in Table VI. 

The results indicate that the 
D cross section is systematically 
lower than the D cross section. At 
the (Ji(3772) we expect the D 0 ^ decay 
mode to be 56% of the total D 

32 production from barrier factors 
in the Breit-Wigner resonant form 
due to the D +-D° mass difference 
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of 5.0±0.8 MeV. The results are consistent with expectation. At higher 
energy the effect is larger and is probably due to the fact that a large 
fraction of the D's are decay products of D*. The D*'s decay predominantly 

o ft * + 
into D since the D and D mass splittings allow D 

D°TT + and forbid 
**° D 4TT". 

The last column of Table VI shows R_=, defined as 

*DD " 20, V + V (20) 
W 

where the factor two takes into account the fact that a D and D are produced 
in association, either directly or as decay products of D*. The values of 
R - are plotted in Fig. 16. They show the same behavior as the total hadronic 

24 35 cross section, ' that is, large production at the <Ji(3772) and ̂ (4.03) and 
dips at 3.8 and 4.3 GeV total e e~. 

We now compare in detail the D production cross section normalized to a , 

http://parti.de
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TABLE VI. Cross sections for D° r..A D production at different e +e~ 

energies 3 1 (the charge conjugate states are included, i.e., 
a n 0 means a n o + Crgo-). The last column gives the D contri
bution, Rpg, to the total hadronic cross section expressed 
as a ratio to o u l J . 

E Interval <E > 0 0 (nb) 
( G e V > (GeV) 

V (nb) _. V + V 
*DD 2aw 

3.73-3.76 3.74 <1.7 
3.76-3.79 a 3.775 11.512.5 
3.79-3.84 3.81 <0.7 
3.84-3.89 3.87 2 . H I . 4 
4.028fc 4.03 24.2 + 7.0 
4.0-4.2 4.15 16.515.0 
4.2-4.4 4.28 3.512.1 
4.414b 4.41 12.614.2 

4.4-5.0 4.68 10.91 3.8 
5.0-5.8 5.36 5.614.4 
6 .0-7 .8 C 7.0 3.2 10.9 

<1.9 
9 .H2.0 
<0.8 
1.1H.1 
9.612.9 
6.212.5 
6.012.9 
7.813.0 

10.113.5 
2.012.0 
1.710.7 

<0.29 
1.75 10.27 

<0.13 
0.2810.16 
3.16 10.73 
2.3310.57 
1.0310.40 
2.2910.60 
2.6410.65 
1.2610.83 
1.34 10.33 

The D cross sections at this energy, measured in Ref. 32, 
have been reported by I. Peruzzi et al, 24 
These values are calculated by using the 0«B values measured 
by Piccolo et al33 and the branching fraction B measured 
by Peruzzi et al 24 

C 34 
From Rapidis et al. 

r"-r 

ty-ii*r 

Inclusive 0 meson production 

f 
5 

E (GeV) 
x3i na-atx 

Fig. 16. The cross section for the reaction e e" + DD + 
anything expressed in units of Dyy, R ng, as a function of energy. 31»24 The s o n d jots (•) represent the data 
of the LGW experiment, the squares ($) are calculated 
from the 0*B measurements of Piccolo et al. 33 
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Eq. (20), to the expectation for charm production. The total hadronic cross 

24 35 section, that is, R •> 0. /o,„, as measured ' in the Mark I detector is shown h W 
in Fig. 17. Since there is a high density of points in the figure we have drawn 
by hand a curve.that we can compare with the sum of the different parts that 
have been measured. This curve is shown in Fig. 18. The individual contribu

te 

7 8 
XBL 7812-13697 

Fig. 17. The ratio of the total hadronic cross section to the U pair 
production cross section, R » Ô /o,,,,, as a function of the.center 
of mass energy. The plot is taken from Ref. 
the i(i(3772) have been added to it. 

35, the data 2 4 at 

JBLB»9( 

18. A composite graph 
illustrating the various 
contributions to R, the 
total hadronic cross 
section over a u u . The 
top curve is a sketch of 
R, hand drawn over the 
data of Fig. 17. The 
following contributions 
are progressively added 
starting from R»0; R 0J,J 
is a constant as inferred 
by the data points below 
charm threshold; R T+ T- is 
th» heavy lepton contri
bution as calculated from 
QED; Rpj is the charmed 

baryon contribution as inferred by the data of Ref. 36. Finally we 
fldd £ h a r n n t - « . 4 H i i * 4 n n ^ l A f P_ — ma «iat>a n n f n f e * a l r a n f-rnm 1 M » I f i a m add the contribution 
Table VI 

of R Dg as data points, taken from Fig. 16 ana 
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tions to R were arrived at as follows: 

1. These data indicate R • 2.5 below charm threshold, so we will assume 
that this is the contribution of the old quarks u, d, and s. 

2. The heavy lepton contribution to R can be calculated from QED to be 
R T + T_ - B(3-B 2)/2. 

3. The charmed baryon contribution to Rgg has been observed as a step 
in R with a value that rises from 0 to *t(0.64) • 0.32 between 4.4 
and 5 GeV (the n + n contribution is assumed to be the same as that 
of p + p ) . Above S GeV it is assumed to be constant as indicated by 
the data of Ref. 36. 

4. Finally, the R^- values of Fig. 16 ~nd Table VI have been added to 
the above as points with error bars. 

The sum of these contributions appears to saturate the measured values of R. 
However, the uncertainties of the R_- and R_r measurements are such that h unit 
of R of F production or some other process could easily be accommodated. 

V. D MESON PRODUCTION SPECTRA 

There is considerable interest in the dynamical mechanism for fragmentation 
of heavy quarks into hadrons. The production of D mesons in e e annihilation 
provides a clean way for studying the charmed quark fragmentation. For this 
purpose we have measured the D and D° spectra at the highest SPEAR energy, 
in the E_, region of 6-7.8 GeV. CM 

The D's are produced in a process that can be schematically represented by 
the accompanying diagram. In the simplest case just DD are produced, more often 

D*C*, DD*TT, DS*mr, etc. The relevant variable to 
describe D production are 

„ _ 2 P D 2 E D 
ECM ECM 

for our E_, region these variables cover the range CM 
0 < x < 0.84 and 0.54 < z < 1 

The analysis used a sample of 222,000 hadronic events, corresponding to an 
Integrated luminosity of 22.5 pb~ at an average CM. energy of 7.0 GeV. The 
D events are selected by taking the appropriate mass region in the K v 
invariant mass distribution, the D by taking the appropriate region in the 
K~ir IT combinations. The K's are identified by TOF as mentioned in Section IV 
(see Ref. 33). The weighted invariant mass distributions for four bins in z are 
shown in Fig. 19. The curves are the result of fits of the data to the sum of 
a gaussian at the expected mass and width of the D and a polynomial background. 
The numbers of D for each bin that resulted from the fits are shown in the 
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Fig. 19. Weighted invariant mass spectrum for K*ir" and K?ir"ir" 
combinations in four different regions of z « 2E D/E_ M. 
The curves are the result of fits (see text). 

figure. Similar fits have been made for the distributions in bins of x. 
After efficiency corrections and taking into account the known branching 

ratios (see Section III) for D° -* K~ir+ and D + • K~ir+ir+ we obtain the 
inclusive D spectra shown in Fig. 20. The same spectra are shown In Fig. 21 
together with the n and K° inclusive spectra ' for comparison. The D 
production is similar to the n production and considerably higher than the 
K production In the z interval 0.6 to 1.0. All three are decreasing functions 
of z and have approximately the same slope. The y and it0 inclusive spectra in 
e e annihilation, that we have recently published, also show similar 
behavior. 

There have been many forms proposed for the quark fragmentation function 
D(z). We have fit the data to some of these forms. For the Feynman and Fiald 
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Fig. 20. Inclusive production spectra 
for charged and neutral D as a 
function of x and z. The error 
bars include the relative system
atic uncertainties. 

Fig. 21. Inclusive spectra for 
D° and D + compared with n 
and K° spectra from Refs. 
37 ani 38. , 
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D(z) - i f i f ^ , a - 0.42 t jj;g . (21) 
40 For Gronau et al we have 

D(z) - b(l-z) 6 , 6 "= 0.63 +°^° . (22) 0.24 
41 Finally for the exponential form we get 

D(z) - c e Y z , Y - -3.6 + J|J . (23) 

All of these forms are in reasonable agreement with the data. However, even if 
the errors are quite large, our data is in disagreement with a D(z) increasing 
with z. A similar conclusion can be drawn from the D meson spectrum obtained 

42 in neutrino reactions.̂  
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