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Production of pions, kaons, protons and antiprotons has been studied in e+e - annihilations at 12 and 30 GeV centre of 
mass energy using time of flight techniques. The fractional yield of charged kaons and baryons appears to rise with outgoing 
particle momentum. At our highest energy at least 40% of e÷e - annihilations into hadrons are estimated to contain baryons. 

The mul t ip l ic i ty  o f  charged particles in e+e - annihi- 

lat ion has been observed to grow rapidly [ 1 - 3 ]  wi th  
rising centre o f  mass energy,  the increase being con- 

cent ra ted  in the small Xp region (Xp = 2p/W where p 
is part icle m o m e n t u m  and W the centre o f  mass en- 

ergy). In this le t ter  we present  first measurements  o f  
the separat ion o f  the charged particle yield in the small 

Xp region into  pions, kaons and nucleons  for W = 12 

GeV and for W be tween  27 and 31.6 GeV (called 30 

GeV below).  The measurements  were pe r fo rmed  at 

P E T R A  using the TASSO detector .  Particle identifica- 

t ion was made by means o f  a t ime of  flight (TOF)  mea- 

surement  be tween  the beam crossing signal and two 

groups o f  scint i l lat ion counters.  The central  part  o f  

the TASSO de tec tor  has been described previously [4] 

as have the trigger and cuts used in this exper iment  to 

select e+e - annihi lat ions into hadrons [5] .  

Between the central  tracking chambers  and the coil 

and at a radial distance f rom the beamline o f  132 cm 

are the 48 inner t ime of  flight ( ITOF)  counters  cover- 

ing 82% of  the solid angle. An rms resolut ion (a) o f  

0.45 ns has been achieved which includes j i t te r  f rom 

the beam crossing signal. We use the I T O F  counters  to 

provide 7r -K separat ion up to a m o m e n t u m  of  0.6 

GeV/c  and 0r /K)- -p  separat ion up to 1 GeV/c.  We do 

not  consider  t iming in format ion  f rom I T O F  counters  

into which two or more charged tracks have penetrated.  

Fig. l a  shows the recons t ruc ted  mass squared f rom 

I T O F  in format ion  for tracks wi th  m o m e n t u m  0 . 4 - 0 . 6  

GeV/c  for the 30 GeV data. We calculate for each track 

particle hypothesis  weights W i (i = 7r, K, p) where 

W i = exp [ -0"m - r i )2/2a21 , 
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Fig. 1. (a) Reconstructed mass squared for tracks with 0.4 < p < 0.6 GeV/c for W = 30 GeV using information from the ITOF 
counters. The curve is a Monte Carlo prediction from the momentum spectra of fig. 2b. The insert is for 0.5 < p < 1.0 GeV/c 
and includes an ITOF Monte Carlo prediction for the 7r/K spectrum from the HATOF results of fig. 2b. (b) Reconstructed mass 
squaxed for tracks with 0.5 < p < 1.1 GeV/c for W = 30 GeV using information from the HATOF counters. The curve is a Monte 
Carlo prediction from the momentum spectra of fig. 2b. The insert is for 1.0 < p < 2.2 GeV/c and includes a prediction for the 
rr/K spectrum from ref. [8]. Also shown is the p, p resolution normalized to our estimated number of p, p. 
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r m is the measured flight time and ~-i is the expected 
flight time for hypothesis i. We define pions and kaons 
by the weight W~ or W K being more than three times 
any other W i. Ambiguous zr-K tracks, which occur at 
high momentum, are responsible for uncertainties of 
approximately 3 (30)% in the zr -+ (K ±) signal in the mo- 
mentum range 0.5-0.6 GeV/c. Ambiguous zr-K tracks 
are classified as pions. We define protons and anti- 
protons by the simple cut of 0.6 < m 2 < 1.2 GeV 2 

(where m 2 is the reconstructed mass squared) for mo- 
menta less than 1 GeV/c. The p, 15 signal for the 30 GeV 
data is shown in the insert to fig. la. 

In order to compute cross sections for zr, K and p, 15 
from the ITOF data several corrections have to be ap- 
plied. The major track loss for K ± comes from particle 
decay in flight and is typically 25% at 0.5 GeV/C. In 
addition there are losses from interactions in the beam 
pipe which, for momenta greater than 0.3 GeV/c, are 
estimated to be ~5% for 7r +-, K + and p but ~ 15% for 

~. We limit our K ± measurements to 0.4-0.6 GeV/c 
and our p, ~ measirements to 0.5-1.0 GeV/c owing 
to energy loss in the beam pipe at lower momenta. 
A background of 15 + 5% is estimated to be present 
in the ITOF pion sample coming from misidentified 
electrons. The background from muons is negligible. 
In addition a small background is present in our p, 
sample from the high mass-squared tail of the 7r-K 
signal. Our results have been corrected for all these 
effects. 

The second group of counters, the hadron arm time 
of flight (HATOF) counters, is located 5.5 m from the 
interaction point and outside the coil (1.0 radiation 
lengths of aluminum thick). The HATOF array in each 
arm consists of 48 separate scintillators (2.6 m high, 33 
cm wide and 2 cm thick) equipped with photomulti- 
pliers at each end. Arranged in two rows of 24, one 
above the other, the counters from walls of scintillator 
in each arm 5.2 m high and approximately 8 m wide 
which together cover 20% of the solid angle. The cali- 
bration and operation of the HATOF system will be 
described fully in a separate publication [6]. The rms 
timing resolution for tracks with momentum ~ 1 
GeV/e is 0.5 ns averaged over the counters allowing 
7r-K separation up to 1.1 GeV/c and (zr/K)-p separa- 
tion up to 2.2 GeV/c. Towards low momentum, mul- 
tiple scattering worsens the effective resolution by in- 
creasing the error on the calculation of the particle 
flight-path but this does not impair the particle separa- 

tion ability. The energy loss and multiple scattering in 
the coil are large for protons and antiprotons of mo- 
mentum less than 1 GeV/c and K*- less than 0.5 GeV/c 
leading to large uncertainties in the absorption and 
other correction factors. However, these are just the 
regions covered by the ITOF where the uncertainties 
are much smaller. Therefore the HATOF is not used 
for these particles in these low momentum regions. 

Fig. lb shows the reconstructed mass squared as 
computed from particle momentum and time of flight 
using the HATOF counters for tracks with momentum 
0.5-1.1 GeV/c. We define 7r, K and p, t5 in a similar 
way as with the ITOF counters. The background from 
electrons in the HATOF-identified pion data is small 
(<~ 10% for p < 0.5 GeV/e and negligible for higher mo- 
menta) owing to the electrons showering in the mag- 
net coil. Our p, 15 estimate comes from the number of 
events with large mass-squared as shown in the insert 
in fig. lb. 

The observed number of particles detected by the 
HATOF counters must be corrected for interactions in 
the magnet coil and for decay in flight. The combina- 
tion of these two effects reduces the rates at the 
HATOF counters to typically 0.7 (0.3) of the original 
rates for 7r -+ (K ±) at 0.75 GeV/c. In addition, we re- 
quire that the HATOF track assignment be umam- 
biguous by demanding that only one track enters 
a given HATOF counter and that its neighbouring coun- 
ters do not contain a hit. This leads to an extra factor 
of 0.54. Also, we require that the reconstructed verti- 
cal coordinate of the track along the counter as deter- 
mined from the relative timing of the photomultiplier 
tubes is consistent with the position determined by 
extrapolating the track from the central detector (an 
average correction factor of 0.8, the loss arising from 
multiple scattering in the coil at low momentum) and 
that the track passes the cuts imposed for the central 
detector [5] (factor 0.95). 

The sizes of the data samples from the ITOF and 
HATOF used for this analysis are shown in table 1. We 
have used tighter track cuts than those of ref. [5] [d 
< 2.5 cm and [z[ < 10 cm where d is the distance of 
closest approach to the origin in the (x, y)plane and 
z is the coordinate at the point of closest approach to 
the z axis (= beam direction)]. This eliminates tracks 
coming from interactions of secondaries with the beam 
pipe. We have checked that our proton samples (and 
also our 7r and K samples) contain a negligible contri- 
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Table 1 
The number of tracks identified as 7r ±, K ± or p, p in the momentum ranges quoted and used in the analysis at If = 12 and 30 GeV. 

.± K ± p, 

ITOF (0.3 < p  < 0.6 GeV/c) (0.4 < p  < 0.6 GeV]c) (0.5 < p  < 1 GeV/c) 
W = 12 GeV 293 22 17 
W = 30 GeV 608 37 34 

HATOF (0.3 < p  < 1.5 GeV/e) (0.5 < p  < 1.1 GeV/e) (1 < p  < 2.2 GeV/c) 
W = 12 GeV 52 10 2 
W = 30 GeV 206 14 13 
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but ion  f rom b e a m - g a s  interact ions  by studying events 

wi th  p roduc t ion  points  1 0 - 2 0  cm along the beam di- 

rect ion f rom the real in terac t ion  point .  Also, all events 

containing p ro ton  candidates have been inspected to 

check that  they  do no t  have the distinctive one-hemi- 

sphere appearance o f  a b e a m - g a s  interact ion.  Our final 

sample contains  equal  numbers  o f  p and 15. 

Figs. 2a and 2b show the differential  cross sections 

as a func t ion  o f  m o m e n t u m  for pions, kaons and 

pro tons  plus ant ipro tons  for the 12 and 30 GeV data 

respectively.  The cross-section normal iza t ion  is deter- 

mined  f rom our previously published differential  mo- 

m e n t u m  spectra for all particles [3] and the size o f  

the data samples available for the TOF counters.  At 

each value o f  W there is an overall normal iza t ion  un- 

cer ta inty  o f  20%. At m o m e n t a  around 0.5 GeV/c  the 

7r ± : K +- : p, 15 yields are roughly in the ratio 30 : 5 : 1. 

However ,  as the particle m o m e n t u m  increases the yield 

o f  K -+ and p, 15 appears to grow with respect to that  for 
7r -+ , as shown in fig. 2c. 

The inclusive (p, 15) cross section integrated over 

the m o m e n t u m  range 0 . 5 - 2 . 2  GeV/c  is 0.58 +- 0.19 

(0.14 -+ 0.04) nb at W = 12 (30)  GeV not  including the 

overall normal iza t ion  uncertaint ies .  Expressing these 

values as ratios to the m u o n  pair cross section ( o , u  

= 4rra2/3s where s = W 2) gives Rp,~  = o(e+C ~ p, ~X)/  

o u ,  = 0.9 -+ 0.3 (1.5 + 0.4). Comparing this to the 

measured R values in this exper iment  [5] ,  assuming 

neu t ron  p roduc t ion  to equal  p ro ton  p roduc t ion  and 

making the fur ther  assumption that  no more  than one 

baryon  pair per event  is produced,  we est imate that  

Fig. 2. (a) Differential momentum spectrum for n e, K ± and 
p, p for W = 12 GeV. (b) Differential momentum spectrum for 
7r -+, K -+ and p, p for W = 30 GeV. (c) Fractions of rr -+, K ± and 
p, p of all charged hadrons as a function of particle momentum 
at 12 and 30 GeV. The curves are the predictions of a qqg 
model described in the text for the fraction of K ± at W = 12 
GeV (dotted line) and 30 GeV (solid line). 
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Fig. 3. (a) Scaling cross section (slY) do/dx for ~T ± , K ± and 
p, p at W = 12 GeV. (b) Scaling cross section (s/#)do/dx for 
7r ±, K +- and p, p at W = 30 GeV. (c) Comparison of scaling cross 
sections for ~r ± at W = 12 and 30 GeV with data at 5.2 GeV. 

at least 26 -+ 9 (39 + 11)% ofe+e  - annihilations to 
hadrons will produce ba ryon -an t i ba ryon  pairs. 

In figs. 3a and 3b we show our values for the scaling 

cross sections (s/H) do/dx where x = 2E/W for n±, K ± 
and (p, ~) for the 12 and 30 GeV data respectively. 
Fig. 3c compares our n± data to similar results at a 
centre of  mass energy of  5.2 GeV [7] measured for x 
values larger than those from this experiment.  While 
the data from the two experiments have approximately 
equal values of  the scaling cross sections for 7r ± at x 

0.1, the higher energy experiments at lower values 
o f x  have a steeper dependence on x than do the 5.2 
GeV data for larger x values. This rise in the number 
of  low-x particles with increasing centre of  mass energy 
has been discussed previously [3]. 

We have compared our results on the fractions of  
K ± produced in hadronic events as a function of  mo- 
mentum (fig. 2c) to the predictions of  a jet  model with 
u, d, s, c, b quarks and gluon effects [8].  These predic- 
tions are insensitive to the hadronization transverse mo- 
mentum parameter and the presence of  gtuon emission. 
Baryon production is not  included. The model pre- 
dicts the fraction of  charged kaons to rise with mo- 
mentum (eventually to ~0 .3  at 4 Ge'v;/c). Qualitatively 
this is also seen in the data. 

To summarize, we have measured n±, K ± and (p, ~) 
production in e+e - annihilations at centre of  mass en- 
ergies of  12 and 30 GeV. The fractional yield of  
charged kaons and baryons appears to rise with out- 
going momentum. The scaling cross section for zr ± is 
similar to that obtained at lower centre of  mass en- 
ergy. At  30 GeV we estimate that at least 40% of  
events contain baryons. 
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