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·STUDY OF CHARMED MESONS AT SPEAR 

. Gerson Goldhaber 

Department of Physics·and Lawrence Berkeley Laboratory 
University of California, Berkeley, California 94720 

I, PRODUCTION AT SPEAR 

The data I will discuss here comes from the SLAC-LBL magnetic detec-

tor at SPEAR, This detector as well as event selection techniques have 

been described e~rlier, 1 
and I will thus confine myself to some details 

about the time-of-flight system only,. 

Early in May 1976 we observed a narrow peak in two neutral decay 

modes2 Ktc( 1865) and K3n( 1865) based on the study of 29,000 hadronic 

events from the E region 3; 9- 4. 6 GeV. .In this talk I will discuss em 

this data as well as new data from two additional runs at SPEAR at 

E em 4.o28 GeV and E = 4. 415 GeV, taken during May- June 1976. em 

These consisted of 25,000 and "' 26,000 hadronic events respecfi vely. 

The energies were chosen to lie at the two prominent peaks of the R plot 

(R = 0 hadron/ 0 1-Lft) 
shown in Fig. 1. 

In June 1976, from a study of the 4. 028 GeV data, for which the 

ratio of signal to background for the new mesons is considerably improved 

over the earlier 3. 9- 4. 6 GeV data, we observed the charged decay mode3 

- + ± 
K \r-:n: ( 1876) . 

The entire sample analyzed here thus corresponds to - Bo,ooo hadronic 

events identified in the detector. In the present analysis we have con-

fined ourselves to hadronic events with three or more observed prongs. 

E (GeV) em 

3·9- 4.6 
pre-May 1976 

4.028 

).<)- h.G all 

Summary.of Data Sample (Preliminary) 

Hadronic·Events Integrated Luminosity ( nb-1) 

29,000 1830 

- 25,000 128o 

26,ooo 1630 

Go,ooo 47l~o 
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The Particle Identification Methods by Time of Flight 

An important innovation used in this study was the application of 

time-of-flight (TOF) information to help identify hadrons, The TOF system 

includes 48 2.4 em X 20 em X 26o em Pilot Y scintillation counters 

arranged in a cylindrical array immediately outside the tracking spark 

chambers at a radius of 1, 5 m from the beam axis. Both ends of each 

counter are viewed by Amperex 56 DVP photomultiplier tubes (PM); anode 

signals from each PM are sent to separate TDC's, ADC's, and latches. 

Pulse height information is used to correct times given by the TDC's. 

The collision time is derived from a pickup electrode that senses the 

passage of the o. 2 ns long beam pulses; the period between successive 

collisions is 780 ns. Run-to-run calibrations of the TOF system are 

+ - +-perfonned with Bhabha scattering (e e ~ e e ) events, The nns resolu-

tion of the TOF system is at = o. 4 ns. 

Typical time difference between a n and a ~ in the Kn signal is only 

about 0.5 ns. We have used the following two techniques to e~ract the 

best possible information on particle identity. To apply these methods, 

tracks are required tohave good timing infonnation from both PM's, con-

sistent with the extrapolated position of the track in the counter. 

A, Direct Particle Identification by TOF 

In this method we calculate two x2 values for each observed track. 

The first is related to the probability that the track is a 

2 the second to the probability of the track being a K,(XK). 

defined by: 

n,(X
2

) and 
:Jt 

Here X~ is 
~ 

where i :n 1 K; t. is the time calculated for mass i from measured momen­
~ 

tum; tM is measured TOF, If the track satisfies the criteria x; < 3, 

x; < x; the track is called a K. If x; < ~ the track is called a n; 

the track is also called a 1t when no reliable TOF information is available 

as when, for example, more than one track hits the TOl·' counter, There are 

also a small number of nucleons and antinucleons which have been identified 
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but these do not play a part in the present analysis. 

B. The Weight Method 

In the weight method each track is assigned a weight corresponding 

to·its probability of being an and a second weight corresponding to its 

probability_of being a K. These ar~ determined from the measured momentum 

and TOF assuming a Gaussian probability distribution with standard devia-

tion o.4 ns. Tracks with net (n plus K) probability less than 1% are 

rejected. (Thi5 eliminates most of the nu.cleons.) Then, the relative 

n-K probabilities are renormalized so that their sum is unity, and two-

particle combinations are weighted by the joint probability that the 

particles satisfy the particular n or K hypothesis assigned to them. In 

this way, the total weight assigned to all nn, Kn 1 and KK combinations 

equals the number of two-body combinations and no double-counting occurs. 

To be more specific, we define 

and 

with the normalizing condition 

W1t + WK = 1 

In the study of the two-body syste~ for example, each pair of particles 

with. total charge zero gets entered into three graphs: 

+ -
in M(rr-rr+) we enter w w 

11 1 11 2 
+ -

in M(K-n+) we enter w w and w w 
K1 n2 11 1 K2 

in M(K±K+) we enter w w 

earlier publications21 3 
Kl K2 

In our we have used method B, the weight method. 

'\ 

This method allowed us to give a quantitative assessment of the reliability 

of the K particle assignments in Kn(l865). In what follows we will use 

method A which lends itself more readily to the study of scatter plots. 

We will also show a comparison between the two methods which demonstrates 

that for the study of mass plots they do not differ in any essential 

features. 
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c. Summary and Nomenclature 

At the moment we have no "rigorous proof" that we are indeed dealing 

4 with charmed mesons. However, every clue we have uncovered, so far, 

points in the direction_of charm. It is becoming clear that we are 

dealing with those particles which are correlated with the broad 11'(4.1) 

resonance and thus very likely with the property that is still "hidden" 

at the lower energies corresponding to the 11'/J and 11''· 

I will discuss the following about the new particles we have 

observed: 

a. Observation of a threshold: Eth > 3.1 GeV. 

b. Associated production: the particles are produced exclusively in 

association with another particle of equal or larger mass. 

c. Exotic final state: the charged particle decays into an exotic 

final state. Incidentally, this is the first clearly established 

case of an exotic final state. 

d. Experimental width: from the direct mass measurement of Kn(l865) 

we showed that the width is r < 40 MeVjc2 ; by including informa-

tion on the recoil system this can now be reduced to r < 5 MeV. 

e. !-spin multiplet: the proximity in mass of the neutral and charged 

particles in both the ground state and first excited state is evi-

dence that we are dealing with I-spin multiplets. 

f. Parity violation in the decay: from a comparison of Knn and Kn we 

give evidence for parity violatio~ and hence weak decay. 

g. Search for Cabibbo forbidden decay modes: we note an indication, 

+ -in then n channel, at the 1.5 standard deviation level (i.e., not 

statistically significant). 

h. Semi-leptonic decay modes: evidence for these from work at DESY 

was presented at this Topical Conference.5 

I could now proceed and call these new particles M0
, M+, M

0 *, M+l<-, etc. 

where M stands for a new meson, but I will not do so. For clarity and 

ease of comparison I will use the nomenclature D0
, r/, etc. introduced 

.. v 
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for charmed particles: with the understanding that we do not have complete 

6 . 
proof as yet that our observed particles are indeed the mesons of charm 

theory. Our situation is somewhat analogous to the case of the discovery 

of. then-. The observed particle has most of the properties predicted 

for the loth baryon of the ~-decuplet while to date no spin and parity 

measurements are available to check the theoretical prediction 
p. 

J 

II. THE ESTABLISHED DECAY MODES 

- + 
A. Threshold Behavior for the K+n- Decay Mode 

- + 
In Fig. 2 we show the K+n- mass distribution for three energy 

regions: the o//J, the o/', and the. E em 3. 9- 4. 6 GeV region. The 

K*(890) signal shows up clearly in all of them; however the Kn(l865) 

signal occurs only for the 3. 9- 4. 6 GeV region. Figure 3 shows the 

M = 1500- 2500 MeV/c
2 

region in detail. In these figures the o/ data 

corresponds to ~ 150,000 hadronic events and the o/' data to 350,000 

hadronic events. We note that of these 72,000 hadronic events 

correspond to second-order electromagnetic interaction and these at 

least could be a source for the Kn(l865) signal. We consider the absence 

of any such signal a clear indication that the Kn(l865) does not get 

produced below a threshold energy Eth" Thus Eth > 3.1 GeV. In Figs. 2,3 

we also show the E = 4.028 GeV data. For this energy the signal-to­em 

background ratio is much larger than for the overall 3. 9- 4. 6 GeV region. 

The Kn(l865) particle thus appears specifically associated with the peak 

in R. 

In Fig. 4 we show the Kn signal for all the E = 3. 9- 4. 6 GeV em 

data with a cut on the recoil mass at M . 1 > 1800 MeV. This selec-
reco~ 

tioil tends to·reduce the background while the signal remains unaffected. 

Also shown in'Fig. 4 are the kinematic reflections in .the "n+n-" and 

"K + K-" mass distributions which occur because of K misidentificat.ion or 

lack of 'l'OF information, in which case the track is assigned the pion 

mass. With the present statistics we note clear. "kinematic reflection" 
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signals at 1740 MeV/c
2

for "nn" and 1990 MeVjc
2 

for "KK," We note that 

the momentum of the two-body system in such a kinematic reflection signal 

is not altered by the mass assignment to the track, We will make use of 

these additional events below in connection with the recoil spectrum, 

+ + The K n- signal is taken from the experimental mass distribution 

region 
. 2 

M(Kn) = 1820- 1900 MeV/c • Background is estimated from two 

equal width side bands M(Kn) = 1700- 1780 MeV/c
2 

and M(Kn) = 1940- 2020 

2 MeV/c , a total .of twice the width of the signal region, This gives a 

1 
total signal after appropriate background subtraction ( 2 l),gnd) of 340 ± 4 7 

events, The "n+n-" and "K+K-" reflection signals are obtained in a similar 

fashion and give signals of 159 ± 30 and 46 ± 11 events respectively. Thus 

if we ascribe all these three contributions to Kn( 1865) we get 545 ±57 

events, 

B. The (K3n) 0 Decay Mode 

- + + 
In Fig, 5 we show the K+n-n n- mass distribution. The K3n(l865) 

signal suffers from a much more severe background problem than. the Kn(l865) 

signal, We will comment on this in connection with the recoil mass study 

below, The K3n signal was determined for the mass interval 1860- 1900 

Mevjc2 with two equal side bands for background determination. We find 

325 ± 67 events in the signal after background subtraction, 

- + + c. The Charged Exotic Decay Mode K+n-n-(1876) 

+ ± ± In Fig, 6 we show a comparison of the exotic decay mode K n n and 

+ +­the non-exotic mode K n n 

Here "exotic" stands for the fact that the I-spin of the final state 

is I = 3/2 or 5/2 rather than I 1/2 as is the case for all known 

Ki<·•s. Such a final state cannot be formed out of a q.q. pair where here 
l J 

q. ( q. ) stands for any of the three "old- fashioned" quarks (anti-quarks). 
l. J 

Another way of describing the "exotic" nature of this final state is that 

the charge of the K is opposite to the charge of the entire Kltn final 

state. 
. . 4 . 

In terms of the charm model the Cabibbo-favored decays involve 
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a c-quark transforming into an s-quark_ with tc = ~. ~hus the D+ with 

C = 1 and S = 0 decays to a system with C = o, S = - 1 and positive 

charge, which is exotic, _The exotic Knn signal was determined from the 

. 2 
mass interval 1840- 1920 MeV/c • Here background estimates come from 

the non-exotic channel over the same mass interval, scaled by 1/2. We 

find 16o ± 35 events in the signal after background subtraction. 

III. THE RECOIL SYSTEMS 

a very distinct recoil spectrum. This can be illustrated in a scatter 

plot of the final state mass M versus the recoil mass M . 1• In Fig. 7 
reco~ 

we show the scatter plot for the K+n± mass distribution and in Fig. 8 for 

the K+n±n± mass distribution, The scatter plots shown correspond to the 

E =""""4.1" GeV region; i.e., E = 3.9-4.25 GeV, including the data at em em 

4.028 GeV. We note a strong correlation between M and Mrecoil' This is 

in agreement with the charm theory expectation that M is essentially a 

B-function, on our energy scale, and thus the observed width in M is 

entirely due to our instrumental resolution. Thus when the measured M 

value is too large the corresponding Mrecoil value is too small and vice 

versa. This then gives rise to the observed correlation. Here Mrecoil 

is defined by: 

M2 = ( E - J 2 + M2) recoil em P 

2 2 
- p 

where M and p are the measured effective mass and momentum of the final 

state considered. Alternately if we consider M as a 5-function, we can 

substitute a nomtnal fixed value of MKn = 1865 MeV and 

for M respectively. 

M 
Knn 1872 MeV 

In E'ig. 9a we show the Mrecoil distribution as measured directly and 

in Fig. 9b with MKn ·fixed for a_ll the data. In Fig. 9a only the Kn signal 

with identified K mesons is shown. On the other hand in Fig. 9b we have 

also added in the signal from the "n+n-" and "K+K-" kinematical reflections 

illustrated in Fig. 4. This is possible as only the experimental quantities 
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Ecm and the momentum p are used to calculate Mrecoil. The addition of 

these signals increases the available statistics, but more important, 

removes biases due to the fact that the reliability of K identification 

decreases with increasing K momentum. In the distributions in Figs. 9a 

and 9b the corresponding background has been subtracted. The background 

was evaluated from the population of two bands on either side of the 

signal. In Fig. 9a the background bands were subtracted directly without 

concern for slightly different kinematical boundaries. In Fig. 9b Mrecoil 

for the background events was evaluated with the same fixed ~ value. 

This "scales" the kinematic boundaries. Because of the subtraction prcr 

cedure the statistical errors corresponding to the histograms in Fig. 9 

are not given by ~N but rather by 

Some caution must be used in interpreting the four prominent struc-

tures in Fig. 9b. Namely, we must remember that the data samples added 

together in this figure have a highly non-unif~rm integrated luminosity 

distribution from Ecm = 3. 9- 4. 6 GeV. In particular the s~cond and third 

peaks come largely from the 4.028 GeV data. We observe peaks in Mrecoil 

at 186o MeV/c2, ~ 2005 MeV/c2, ~ 2145 MeV/c2 and ~ 2430 MeV/c2• Of 

these the fourth peak is still being studied. An interpretation suggested7 

for the first three peaks is as follows: 

+ -e e 

+ -e e 

+ -e e 

-) o
0

o-l<·O and charge conjugate 

( 1) 

( 2) 

( 3) 

A priori, an alternate possibility exists for the third peak; viz., 

e+ e- -) o0 o*ro and charge conjugate . ( 3') 

We will discuss these interpretations in more detail below and in partie-

ular sho\~ evidence for the strong preference of interpretation ( 3) over 

( 3'). 'l'he recoil spectrum against the (K3rt )
0 

mass peak shows consistent 

features (not shown here) but suffers statistically from the very substan-

tial background subtraction. 
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In Fig, 10 we show the corresponding M .
1 

distribution for the reco1 · 
+ ± ± exotic channel K n n • In this case the background is deduced from the 

+. +-
non-exotic channel K--ll n • In this case w.e again have a more severe 

background subtraction as well as a lower statistical significance on 

the signal (- 16o events). The very prominent peak observed at Mrecoil 
.2 

- 2012 MeV/c can be interpreted as 

+- +-li-e e ~ D D and charge conjugate • (4) 

There are indications in the data for the presence of the other three 

peaks observed in the recoil spectrum against the D0
, In particular there 

is some evidence for 

or ~D+D**- and charge conjugate, 

(5) 

(5 I) 

only much weaker relative to reaction (4). This feature is clearer if 

we compare the recoil spectra for"fixect'masses at E 
em 4.028 GeV. In 

Fig, 11 we show these recoil spectra for the (Kn) 0
, (K3n) 0 and (Knn exotic)± 

signals each with the appropriate background subtraction, 

IV, MASSES, WIDTHS AND MASS DIFFERENCES 

For mass determination we focus on a single energy: E = 4.028 GeV, em 

We can then consider momentum distributions p of the two-particle system. 

+ ± In Fig. l2a we show the momentum spectrum for K n , together with the 

kinematic reflections "n+n-" and "KK", in 10 MeV intervals, In Fig, l2b 

the same for the K+n±n± system, The background level is sketeched in on 

these. 

In Fig. 13a and l3b we show these same distributions in 20 MeV inter-

vals, with background subtracted, 

A, Momentum Values 

Several peaks stand out prominently: 

pl = ·rG'.J ± 12 Mcvjc, 

p2 = 56o± 8 MeV/c 

with a "satellite structure" ...._50 McV/c lower, 
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35 ± 8 MeV/c 

for the neutral distributions and · 

p
4 

= 535 ± 10 Mevjc 

for the charged distribution, Here the indices correspond to the reac-

tions quoted above •. The- errors are estimates of the precision to which 

the central values are known including an allowance for systematic errors 

in the momentum scale. Finally the incident energy is 

E /2 = E = 2014 ± 2. 7 MeV em o 

Here the error has three components added in quadrature: ±· 2 MeV from 

the 0. 1% uncertainty in the absolute energy calibration, ± 1. 4 MeV beam 

spread from synchrotron radiation effects, and ± 1 MeV variation (which 

is known from flip coil measurements) in precise run-to-run beam settings. 

As far as widths of distributions are concerned the latter two errors 

contribute in quadrature giving dE
0 

= 1.7 MeV. 

B. o*0 Decay 

The possibilities for o*0 decay with charm conservation are: 

( 6) 

( 7) 

The Q value for 0 production is so small that can ask which of these n we 

two decay modes is the predominant one. Here Qno = Mo*o - Moo - mno· 

We also note that the o*o -) + -D n decay will be ruled out by energy 

conservation. 

In Figs. ll~a, b we show momentum spectra resulting from Monte-Carlo 

calculations for reactions (2) and (3) with o*0 decays according to (6) 

and (7) respectively. These were calculated at E ·em 4o28 MeV and for 

~0 and M0*0 values as indicated. It is clear that the shape of the peak 

centered at p
3 

is a sensitive function of whether we are dealing with n° 

orr decay of D-l< 0 • For n° decay (Fig. 14a) we get an essentially Gaussian 

distribution while for y dl!Cay (Fig. lhb) we get a distribution with 

2 dNjdp = constant or dNjdp oc p. It can be noted from a comparison of 

1-'ig, l2a with Fig. 14 that the predominant decay mode is n° decay; however 
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there is evidence for appreciable r decay as well. A preliminary estimate 

for I'(D~--+ D
0
y)jr(o*

0
--+ D

0
y and D

0
n°) is ""35- 45'%. 

c. Mass Determinations 

We can quote the following preliminary values. From reaction (1) 

2 E2 _ 2 using p
1 

we get a mass estimate for ~0 from ~0 = 
0 

p
1 

~0( 1) = 1863 ± 5. 3 Mevjc
2 

Here the error is arrived at from d~0(1) = 1.1 dE
0

- 0.4 dp1• From 

reaction (2) us~ng p2 we get a relation between ~0 and Mo*o from 

E00 + E
0

*o. In a linear approximation this is given by: 

~0(2) + M
0

*0 = 3869 ± 6.4 MeV • 

Here the error is arrived at from 

dM00{2) = 2.1 dE
0

- o.6 dp2 - dM
0

*o 

From reaction (3) we get 

This gives: 

2 E2- Mo*O 2 Hbil<> = o (p3 -M-) 
oo 

2 
~*o = 2005 ± 3 MeV/c 

where the error comes from 

d~*o(3) = dE
0

- o.l dp
3 

Using this ~*O value in the relation for ~0(2) we get 

~0 = 1864 ± 5.4 MeVjc2 

Here ~0( 2, 3) = 1,1 dE
0 

- 0, 6 dp2 + 0,1 dp
3

. 

The resulting value for Q 0 is 
n 

Q 0 6± 5.1 MeV 
n 

2E 
0 

where the error comes from dQn0 

on dE (essentially) cancels here. 
0 

o.6 dp2- 0,2 .dp3 since the dependence 

The experimental width r
3 

is a very sensitive function of Qno' In 

particular the observed width T' fits best with a Q 0 even lower than 6 
3 n 

MeV. Aside from the experimental resolution the contributions to the 

width r
3 

come from Qn 0 ' I'00 , I'
0

.J< 0 , and dE
0 

= 1,7 MeV (the portion 
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contributing to the broadening of the distribution), This places more 

stringent limits on r00 and r0*0 of < 5 MeV, ·From charm theory r 00 is 

expected to be << 1 eV (weak decay) while r
0

*o is of typical electro-

magnetic width becaus~ of the very low Q~0 value. 

Finally from reaction (4) and p4 we get a relation between ~+ and 

~~ which in a linear approximation becomes: 

Here the error is arrived at from: 

This yields 

d~+(4) = 2,1 

(~+ + ~*+) - (Moo where now the 

error in E cancels. We have no reliable experimental determination for 
0 

a and a* where w~ define a = ~+ - M00 and Here 

* ' ' 2 * a + 5 = 14 ± 7. 7 MeV/c . If from theory a and 5 are considered approxi-

mately equal7,B,9 we get 

a ""' a* ""' 7 ± 4 MeV/~ 2 

10 * 2 If on the other hand as suggested by Ono 6 ""' 5 + 3 MeV/ c '· 

5 ""'8.5±4 MeV/c
2 

and 5*"" 5.5±4 MeVjc2 

As shovm in Fig, llc we have an indication for reaction (5); this gives 

an upper limit on M
0

*+, namely E
0

; i.e., 

2 
M0~+ < 2011~ MeV/c 

This limit is consistent with the o* values quoted above. 

D. Does p) Correspond to o.oo.o or o0o~? 

With the value for M
0
*0 given above Q = Ecm - 2~l0.a 18 MeV, and 

p(D~~) = 191 MeV/c. This represents a phenomenal rise from threshold 

for reaction (3), a p-wave process. 

perhaps process (3'), with.o*1! 0 a 
p 

J 

ll 
In fact it has been suggested that 

state with mass 

2 2146 HcV/c and s-wave production, could be occurring. From a very 

preliminary study of the Hrecoil spectrum at E = 4.415 GeV we find em 

however no evidence for a recoil mass peak near 214G MeV/c 2 but find 
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2 
Mrecoil ~ 2200 MeV/c and 2 r""' 8o MeV/c • These 

values are completely consistent with values expected from reaction (3). 

E. Study of an Individual Event 

We have studied individuai events to try and find examples of "com-

plete" events; viz., 

+­e e 
+ -

K 1t 

We have observed one clear-cut case at E em 4028 MeV (see Fig. 15). 

This event gives a good fit to the above assumption and has been further 

constrained by a hand calculation to demand equal masses for the D0 and 

o0 • This gives 

2 1866.5 MeV/c 

2 2006.7 MeV/c 

The event does not fit a missing y-ray. 

This result lies well within the errors of the mass determinations 

given above. Figure 16 shows a sketch of the (central values) of the 

relations between t-1D0 ' ~*0' MD+' ~*' o and 8 * as well as the above 

event. 

+ 
V. THE T-8 PUZZLE REVISITED; EVIDENCE FOR PARITY VIOLATION FROM D- DECAY 

A study of the D± ~ K1t1t Dalitz plot shows that the plot is compat-

ible with a phase space distribution, does not appear to die off on the 

boundaries as a natural spin parity assignment would, and is specifically 

p - + incompatible with J assignments of l or 2 • These observations, coupled 

with the observation of the Kn decay of the D
0

, a final state of natural 

. ( p + - 2+ ) spin par1ty J = 0, 1, , ... , and the belief that the neutral and 

charged particles a1·e members of the same isomultiplet, suggest parity 

violation in the decay of the D's. 

A, Appearance of Dalitz Plot 

In order to obtain a· l'elat i vely clean sample of t.he decay 
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we apply mass and missing mass cuts to three-body cornbinat ions for data 

taken between 3. 9 < E < 4. 25 GeV.-. The cuts are - em 
2 2 

MeV/c and 196o < M . 1 < 2040 MeV/c (see Fig. reco1. · -

186o < ~- < 1920 

17). From thiS 

selection we obtain a sample of 126 events-of which we estimate 58 events 

to be background. In Fig. 18a we present the Dalitz plot for these 126 

events, choosing the Dalitz variables: 

with-T being D rest frame kinetic energies and 

Figure 18b snows-. a background Dalitz plot consisting of non-exotic K11J'! 

combinations, K± ,/11-, with identical kinematic cuts. Both the signal 

and background plots appear uniformly populated without either boundary 

zeros or zeros along the y axis as expected for natural spin parity 

assignment. In order to specifically rule out the states 1- and 2+ we 

have performed Monte-Carlo simulations using the simple, phenomenological 

'12 
matrix elements presented by Zemach. 

B. The 1- Matrix Element 

For the case of JP 1- we construct an axi~l vector amplitude 

symmetric under the exchange of th~ two pions. A simple representation 

is provided by: 

pion momentum. 

(T - T
112

}(i1 X i
2

) where irepresents aD rest frame 
111 

For the case of unpolarized production one then expects 

an intensity proportional to IT - T 121itl X ;(2'2· 
nl 112 . .. . 

.For comparison with the data we have divided the Dalitz plot into 

the four discrimination regions
13 of Fig. ·19a.· These regions are nearly 

evenly populated by phase space whereas the 1~ matrix element strongly 

populates region 3 at the expense of regions 1 and 4. Figure 20a compares 

the background subtracted region populations of the data t.o th'e populations 

expccted.in the 1 model, both distributions normalized to the phase space 

Monte carlo. 
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C. The 2+ Matrix Element 

12 . 
Again following Zemach we construct a symmetric, traceless second-

rank tensor which is also symmetric under _the exchange of the two pions. 

A _simple example is provided by: 

difference of the pion momenta and q is their cross product. 

For unpolarized production one expects intensity proportional to 

or 

The discrimination regions for the 2+ matrix elements are shown in Fig. 

19b. Comparison of the region populations to the data is shown in Fig. 

20b. 

The x2 comparison between phase space and the respective 1- and 2+ 

matrix elements are given on Fig. 20. 

We have thus demonstrated from a study of the KJtn: Dalitz plot that 

this three-body final state is incompatible with JP assignments of either 

0+ is not an allowed state of three pseudoscalars. Since 

the presumed isomultiplet state, D
0

, decays into two pseudosc.alars, a 

final state of natural spin parity, we conclude there exists evidence 

for parityviolation in the decays of the D's, which implies that we are 

dealing with a weak decay. 

VI. THE PRODUCT OF CROSS SECTION AND BRANCHING RATIO 

We have searched for the charmed particle signal at all the energies 

from the w/J up to E em 7.8 GeV. I have already shown in Figs. 2 and 3 
- + 

the absence of any D
0 signal in the K+n:- decay mode at thew and w'. 

Above 3.9 GeV where we begin to observe a D
0 signal the 

cross section rises rapidly to a maximum value of 0• BR = 0, 6 ± 0, 1 nb 

(preliminary) 
+ ± for _the K n: decay mode at E em = 4.028 GeV, This is 

followed by a rapid drop off by a factor of "' 3 at 4.4 GeV. Beyond 4.6 

GeV the crosB section drops off further to a level where we either cannot 

observe a f>ignal at all or can just barely recognize it. '!'he prelitninary 

·- + 
o· BR distribution if> shown in Fig. 21. 'l'o obtain nR( K+ n-) one needs to 
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study "complete" events like the one illustrated in Fig, 15. This study 

is in progress. As "complete" events are. very rare, this indicates that 

BR(K\c+) is small, of the order of a few percent, 

+ ± + 
a.BR(K :n :n-) ""0,3±0.15 nb at E = 4.028 GeV, evaluation at 

ern · 

other energies is in progress, Finally a·BR(K31t) is approximately 2 to 

- + 
3 times larger than a·BR(K+:rt-) but the detailed study is not complete as 

yet, 

VII. SEARCH FOR A CABIBBO FORBIDDEN DECAY MODE 

According to charm theory 4 the decay Do --+ - + proceeds with a K :rt 

BRa: 2 
cos e while the decay Do - + proceeds with a .. 2e --+ 1( 1( BR ex Sln 

where e is the Cabibbo angle. We have searched for a :n-:n+ signal with 

optimal cuts on the recoil system. We find an indication at the 1.5 

+ ±) K :rt 

6.5 ± 4% (see ·Fig, 22). Thus the effect is not established as yet. 
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FIGURE CAPTIONS 

Fig. 1. The ratio R = ah d/a • The distribution corresponds to the 
a 1.11.1 

pre-May 1976 data sample. The location of. the two new high-statistics 

points 4·. 028 and 4. 415 is also indicated. 

Fig. 2. A composite of the Kn mass distribution for the V;/J region, the 

111' region and the Ecm = 3.9-4.6 GeV region (all data) as well as 

the E 4.028 GeV data separately. 
em 

Fig, 3. Detail of the Kn mass spectrum in the M = 1500- 2500 MeV/c
2 

region for the same data samples as in Fig, 2. 

Fig. 4. The two-body mass distributions with 
+ + + - + -

all data, (a) K n-, (b) "n lt 1" (c) "K K " 

M . 1 > 18oO MeV/c for recot 
and insert (d) which shows 

- + 
the K+n- distributions as obtained by the two TOF methods for the 

E 4.028 GeV data only. 
em 

+ ± + -Fig. 5. The K n n n mass distribution for the E 
em 3.9- 4. 6 GeV 

region (all data). 

Fig. 6. 
+ + + + + -

Comparison of the exotic (K n-n-) and non-exotic K n' n mass 

distributions for all data. 

Fig. 7. Scatter plot M(K+n±) versus M .
1 

for the "4.1" GeV data 
recot 

E em 3.9-4.25 GeV. 

Fig. 8. 
- + + 

Scatter plot M(K+ n-n-) versus Mrecoil' Data sample as in Fig. 7. 

+ -
Fig. 9. (a) M .

1 
distribution for the K-n+ signal as measured. 

recot 
(b) M .

1 
distribution for the K±n+ signal, as well as the kinematic 

l:CCOl 

reflection signals "n +lt-, and "KK," for fixed M = 1865 MeV/c2. 
Klt 

Each distribution is background subtracted as discussed in tile text, 

E = 3.9-4.6 GeV all data, em 

+ + + . 
f'ig, 10. Mrecoil distribution for the K n-n- signal as measured. The 

background subtraction comes from the same mass cuts on the non-exotic 

Knn channel, 

Fig. ll. The recoil spectra at Ecm 1~.028 GeV against (Kn)
0

, (K3n)
0 

+ 
and (Knn exotic)-· for fixed masses with Lackground subtraction. 
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Fig. 12. Momentum spectra at E = 4.028 GeV in 10 MeV/c intervals. 
em + ±. . 

(a) Signals observed in the two-body systems K n as well as kinematic 
+-. +- +±± 

reflections "n: n ," "K K ." (b) For the signal observed inK 11 n: • 

The dashed curves indicate background levels. 

Fig. 13. The same spectra as in Fig. 12, now in 20 MeV/c intervals and 

with background subtraction. 

Fig. 14. Momentum spectra from Monte-Carlo calculation simulating the 

detector at SPEAR. (a) o*0 ~ 0° + n:
0

• (b) o*0 ~ o0 + y. 

Fig. 

Computer xeconstruction of an example of + -e e 

o0 ~ K\c-, o*0 --) o0 n°, o0 '~ K-,/. The right-hand part is an 

enlargement of the vertex region showing no·measurable path length 
0 0 for D and D decay. 

16. Sketch ~f the :elations between M00 and ~*0' M0+ and ~*+· 

The n:0 o0
, n:

0 D- and n-0° thresholds are indicated by shading. The 

inset shows 5 and a* 
1864 and 

as a function of ~*+ .for the "best values" of 
2 

M
0
*0 = 2005 MeV/c • For clarity the central values 

are only shown. 

Fig. 17. The Kn:n: distribution for the "4.1" GeV region with an Mrecoil 

cut 1960- 2040 MeV/c 2• (a) Exotic, (b) non-exotic. 

Fig. 18. Dalitz plots, folded around y-axis, for the Kn:n: system with 

mass cuts H(Kn:n:) = 1860- 1920 MeVjc 2 and the selections given in 

Fig. 17. (a) Exotic, (b) non-exotic. 

Fig. 19. The discrimination regions on the Dalitz plot selected for 

effective separation between phase space and (a) a 1- matrix element, 

(b) a 2+ matrix element. 

Fig. 20, Comparison of background subtracted populations in .the four 
- + discrimination regions (a) the 1 model, (b) the 2 model, .with all 

dis1:ributions normalized to phase space Monte-Carlo calculations. 

The respective x2 values and confidence levels are also shown. 

Fig~ 21. 
T + 

O• BR for K 1r-( 186~) pro<luction. 
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Fig. 22. M(,/ n-) distribution for the "4.1" GeV region with a cut of 
2 M il > 1800 MeV/c • We note the kinematic reflection signal 

reco 2 
centered at 1740 MeV/c as already shown in Fig. 4b, as well as a 

possible small excess of events consistent with 1865 MeV/c2• 
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