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Over the past several years, a number o f  models 
have been developed to describe the fragmentation o f  
quarks produced in e + e -  annihilation into observable 
hadrons [1-3]. In these models one o f  the unknowns 
is the probabil i ty  that a quark-an t iquark  pair produce 
a vector meson as compared to its pseudoscalar part- 
ner. Although this ratio arises naturally from the 
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cluster [2] and string [3] ideas, the results are still de- 
pendent on unknown parameters. It is thus important 
to measure and compare the production rates of vec- 
tor and pseudoscalar mesons for all quark flavors. 

We have previously reported results on D and D* 
production [4]; the analysis presented here extends 
these measurements to the K*0(890) and p0 mesons. 
The results came from events collected by the High 
Resolution Spectrometer at the PEP storage ring. The 
data correspond to an integrated luminosity of 185 
pb-1 and were taken at a center of  mass energy of 
XR = 29 GeV. 

The High Resolution Spectrometer, which has 
been described in detail elsewhere [5], consists of  17 
layers of  drift chambers surrounded by lead-scintilla- 
tor shower counters, all of  which are placed in a sole- 
noidal magnetic field of  16.2 kG. The momentum 
resolution for charged tracks is o(p)/p = 0.005 + 
0.002p with p in GeV/c, which translates into a two- 
particle mass resolution of better than 15 MeV for 
the momentum and mass ranges covered by these 
measurements. 

The hadronic annihilation events were selected by 
the following requirements: 

(a) the scalar sum of momenta of  charged particles, 
Psum, greater than 8.7 GeV, or 

(b) the sum of energies in the shower counter sys- 
tem, Esu m , greater than 4.0 GeV, or 

(c) the sum ofEsu m and Psum greater than 10.0 
GeV, and 

(d) the total number of  charged particles,Neh , 
greater than 4. 
These selections yielded ~ 6 0 K  events. The back- 
ground, primarily from two-photon annihilation, is 
about 10% [6]. 

In addition, for the subsequent analysis it was re- 
quired that each charged track have more than 9 
measured coordinates and a momentum greater than 
200 MeV/c. This event sample has been used to deter- 
mine pO ~ lr+Tr - and K *0 -~ K±rr; production rates 
as a function o fz  (z = 2E/V~-where X/~ -= 29 GeV) by 
fitting the neutral twoparticle effective mass spectra. 
Since no particle identification is used, these effective 
mass spectra were determined for each combination 
assuming first that both particles have the pion mass 
and secondly assigning the kaon mass to one particle 
and the pion mass to the other. These mass spectra 
contain the contribution from the pO and K *0, in 

addition to a large combinatorial background. Other 
resonant states also contribute in the p0 and K *0 
mass regions, especially if incorrect mass assignment 
have been made or only part of  a total decay has been 
used. In particular, the p0 -+ rr+rt- produces an en- 
hancement in the K±~r ~ mass spectrum in the K *° 
mass region if one of the pions is assigned the kaon 
mass. The converse is also true. 

To minimize this kinematic overlap between the 
p0 and K* peaks, the helicity angle, 0",  of  each par- 
ticle of the combination was required to satisfy 
[cos0*[ < 0.5, where 0* is the angle in the rnr or Kzt 
center of mass between the meson and the flight di- 
rection of the rnr or Krr system. This particular cut is 
effective because of the properties of the Lorentz 
transformation when an incorrect mass has been as- 
signed to a decay product which is produced isotropi- 
cally in the parent rest system. 

To reduce the combinatorial background, the mo- 
mentum of the two-particle combination, ptot, was 
required to be greater than 725 MeV/c and for each 
particle i the dot product p i .  ptOt was required to be 
positive. In addition, two-particle spectra of charge 
two were subtracted from the neutral two particle 
spectra. Fig. 1 shows these difference spectra for the 
rrn and Krr mass assignments for different x selections 
where x = ptot/pbeam. The x selection in figs. la and 
lb isx > 0.05 for both the lrrr and KTr combinations. 
Figs. lc and ld show the equivalent 7rlr and K~r combi- 
nations for x > 0.45 respectively. Clear enhancements 
corresponding to p0 and K *0 production are observed 
as well as a background which contains contribution 
from a number of  other resonances. 

For example, the nn spectrum of  fig. la shows (i) 
a shoulder at M ~ 0.4 coming from @-~ K+K - decays 
with the K mesons assigned the pion mass, (ii) a 
strong, narrow signal at 500 MeV from K 0 ~ lr+lr - 
decays, and (iii) a peak in the p0 mass region. For the 
higher x selection of fig. lc, there is an enhancement 
in the 1.2-1.5 GeV mass region coming from D me- 
son decays as well as possible tensor (f0 or K*(1420)) 
meson production. Similarly, the inclusive K~r spec- 
trum of fig. lb shows a low mass enhancement com- 
ing from K 0 decays with one particle mass assigned 
the kaon mass as well as a clear peak in the K*(890) 
mass region. The KTr spectrum of  fig. ld shows the 
D O ~ Kzr decay clearly as well as a possible K*(1420)/ 
f0 enhancement. 
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Fig. 1. Subtracted two-body effective mass spectra (charge zero minus charge two) for different x selections (x = ptot/pbeam) to- 
gether with the best fit curves, (a) lr*lr ±, x > 0.05, Co) K±~r :F, x > 0.05, (e) Ir±rr * , x > 0.45, (d) K±Ir ~ , x > 0.45. The hatched areas 
in (a) and Co) show the contribution from the pO and K*0(890), respectively. 

To determine the K *0 and p0 signals, these spectra 
were fitted with a shape consisting o f  the sum of  a 
smooth background and resonance contributions 
from K 0, p,  6o, K*(890) and D mesons. The back- 
ground was parameterized as 

Fbkg(M) =N(M-Mth)"exp[-[3(M-Mth)], (1) 

where Mth is the relevant mass threshold for mr and 

KTr combinations.  The same value o f  or was used in 
the lrrr and Krr spectra. The normalization constants,  
N,  are related since the integral o f  the KTr background 
is twice the integral o f  the mr background. 

The shapes o f  the resonances and their acceptance 
in the two spectra were determined by  Monte Carlo 
methods.  The K* and p input shapes were P-wave 
Brei t -Wigner  resonances with known masses and 
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widths [7]. For the D-meson contributions from the 
D O ~ Krr, K*lr, Kp, Keu and D ± ~ KTrlr decays were 
taken into account. The fits, which were performed 
simultaneously to the 7r~r and Krr spectra for several 
momentum bins, gave typical X 2 per degree o f  free- 
dom o f " 1 . 5 .  The lines o f  fig. 1 show the fits to these 
particular spectra. The statistics are high: the fits o f  
fig. la ( lb)  contains about 20K(10K) p0(K*0) me- 
sons. The contributions o f  the p0 and K *0 mesons 
are shown by the hatched areas in figs. la and lb. 
The K* resonance peak sits on a background of  events 
in which the K s and rr ~ are interchanged. 

The errors on the resulting cross sections (s/(3)dtr/dz 
are purely systematic and were determined by varying 
the parameters o f  the fits to the mass spectra. Fig. 2a 
shows the cross section for p0 production as a func- 
tion o f  the fractional energy variable z. The figure 
also shows earlier results from the JADE * 1 and 
TASSO [ 10] collaborations which agree well with our 
more precise data in the overlap region. Our data ex- 
tends the z range to both lower and higher values. For 
x > 0.05 our measured overall rate is 0,84 + 0.08 p0 
per event. This number increases to 0.95 -+ 0.09 for 

~:] This group reports measurements of charged K* production 
[8]. The s/u value in table 1 is taken from ref. [9]. 
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Fig. 3. Compa_,'Json of invaa-Jant cross sections for the vector 
and pseudoscalar mesons Or 0 data (ref. [12]), K ° data (ref. 
[13]). The line shows the fit to the data using the LUND 
model. 
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Fig. 2. Invariant cross sections for: (a) po production com- 
pared to results from JADE (ref. [8]) and TASSO (ref. [101), 
(b) K*(890) production compared to results from JADE (ref. 
[81) and TIC (ref, [111). 

the full kinematic range using the shape predicted by 
the Lund Monte Carlo to extrapolate to threshold. 
Dividing the resulting cross section o f  o(p 0) = 380 +- 
35 pb by the point cross section for V's = 27.3 GeV, 
to correct for initial state radiation, gives R(p 0) = 
3.2 + 0.3. 

The scaling cross section for K*(890) production 
is shown in fig. 2b and compared to results from the 
JADE [8] and TPC [11] collaborations. The three 
data sets agree well. The total rate for K*0(890) pro- 
duction for x > 0.05 is 0.57 + 0.09 per event. The ex- 
trapolated values are 0.63 -+ 0.10 K *0 per event, 
o(K *0) = 252 +40  pb and R(K *0) = 2.1 -+0.3). 

To investigate the implications o f  our measurements 
for the string model we compared the production rates 
of~r 0 [12], p0, K 0 [13] and K*0(890) in fig. 3. At low 
values of  z, the cross sections for the pseudoscalar me- 
sons are significantly larger than their vector meson 
partners due to the contributions from decays o f  
higher mass states in the pseudoscalars. As z increases, 
however, the two rates become equal and there is in- 
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Table 1 
Measurements fo Lurid model parameters. 

PHYSICS LETTERS 5 September 1985 

Parameter Group 

JADE a) TPC b) TASSO c,d) HRS (this expt.) 

s/u 
U 

o + p (u,d) 

o 
o + p  (s) 

u 
u + p  (c) 

0.27±0.03±0.05 e) 

0.5120.10±0.15 

0.70±0.15±0.11 

0.2520.02 

0.47~0.11±0.09 

0.58±0.0820.15 

0.34 ± 0.03 

0.54 +- 0.06 

0.66 ± 0.08 

+ 0.2 1.0 
-0.3 

a) Refs.[8]. b) Ref . [ l l ] .  C) Ref.[7]. d) Using the Field-Feynman model, e) Ref.[9]. 

dication that the rates for vector meson production ac- 
tuaUy become larger at the highest z values. The lines in 
fig. 3 shows the results of  the best fits to the data using 
the Lund Monte Carlo where the strange particle sup- 
pression expressed as the s/u ratio and the vector me- 
son fractions v/(o + p) for strange and non-strange me- 
sons have been taken as free parameters. The predicted 
cross sections agree well both in shape and normaliza- 
tion with the data and yield values of  s/u = 0.34 -+ 0.03, 
o/(u + p) (u, d) = 0.54 + 0.06 and u/(v + p) (s) = 0.66 + 
0 .08 ,2 .  With these parameters, the fit yielded an overall 
×2 per degree o f  freedom of  1.1. Our measurements o f  
these parameters are in reasonable agreement with the 
results obtained by other groups studying vector me- 
son production in e+e -  annihilation at similar energies 
as seen in table 1. 

Fig. 4 shows the measurements o f  the v/(v + p) ratios 
for (u, d) and s quarks as weU as c quarks as a function 
of  the mass ratio of  the vector meson to the pseudo- 
scalar mesons , a .  For equal masses, a value of  3/4 is 
expected from spin counting and the charm quark re- 
suits [4] are in accord with this expectation. The sup- 
pression o f  the p0 and K* mesons relative to their 
pseudoscalar partners is explained in the string model 
as the result o f  a tunneling phenomenon. The quark 
spin-spin interaction spreads the wave function of  
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Fig. 4. The u/(u + p) ratio as a function of the mass ratio My/ 
Mp for charm, strange and (u, d) quarks compared to results 
from TPC (ref. [ 11 ]), JADE (ref. [ 8]), and TASSO (ref. 
[10]). The band shows the power-law fit discussed in the 
text. 

,2 In order to obtain a good fit to the K* spectrum, the K* 
mesons coming from D decay had to be suppressed by the 
ratio of the available phase space in the decay. 

,a A similar graph has been presented by the JADE group (ref. 
[81). 

the triplet meson as compared to the singlet pseudo- 
scalar particle, thus suppressing the wave function at 
the origin and so the overlap with the q~ pair. A va- 
riation o f  the p/o ratio of-~ (Mo/Mp) "r is expected. 
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The lines in fig. 4, which show this parameterization 
with ~ = 0.55 + 0.12, represents the data well. 

Our measurements o f p  0 and K*0(890) produc- 
t ion when compared to lr 0 and K 0 data show that  the 

vector and pseudoscalar meson partners have frag- 
mentat ion functions that  differ significantly. By fitt- 
ing these distributions,  we have measured ratio of  vec- 
tor-to-pseudoscalar meson product ion with much im- 
proved precision. The results support the suggestion 
that the mass splitting plays a strong role in the prim- 
ary q u a r k - m e s o n  transitions. 

This work was supported by  the US Department  
o f  Energy. We thank W. Dunwoodie for a useful con- 
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