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Momentum spectra and particle ratios are presented for charged pions, kaons and nucleons emitted in the decays 
of J/~ and e/. 

In this paper we present the momentum spectra of 
charged pions, kaons and anti-protons observed in the 
decay of the J[~ and ~ '  resonances. The experiment 
was carried out at the DESY storage rings DORIS using 
the Double-Arm Spectrometer DASP. 

A detailed description of DASP can be found in 
earlier publications [1 ]. It consists of two identical 
magnetic spectrometers symmetrically positioned with 
respect to the interaction point. Together the arms 
cover a geometrical solid angle of 0.9 sr. A non magne- 
tic detector is located between the magnets. The trajec- 
tory of a charged particle is measured by two propor- 
tional chambers and a magnetostrictive chamber located 
before and by a set of  six magnetostrictive chambers 
located behind the magnet. From the measured trajec- 
tory the momentum p of a particle is determined with 
arms accuracy of Ap]p = -+0.007 p (GeV/c) with the 
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magnet at ~ of  its full excitation leading to f B  dl  = 
1.8 T.m. Since with this field the useful momentum 
acceptance begins at 0.45 GeV/c, 20% of the data 
were taken at a reduced field where the minimum ac- 
cepted momentum was 0.15 GeV/c. 

Particle identification is accomplished using infor- 
mation from the following detectors mounted behind 
the spark chambers: 

a wall of scintillation counters located at an a dis- 
tance of 4.7 m from the interaction point. Time-of- 
flight is measured between a small scintillation counter 
located at the beam pipe and this counter wall; 

a set of lead scintillator shower counters each 6.2 
radiation lengths thick; 

a range counter hodoscopeconsisting of a 90 cm 
thick iron absorber subdivided into 5 sections with 
scintillation counters mounted behind 70 cm of iron. 

In gathering these data we employed a pure inclu- 
sive trigger. The spectrometer was triggered when a 
single charged particle gave a signal in three scintillation 
counters before the magnet and in a time-of-flight 
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counter and a shower counter behind the magnet in 
one o f  the spectrometer arms. The trigger efficiency 
is thus independent o f  the final state and does not  in- 
troduce any systematic uncertainties between pions, 
kaons and protons.  The minimum momentum to trigger 
the detector  (defined by the shower counter thresholds) 
was 0.14 GeV/c for a pion, 0.28 GeV/c for a kaon and 
0.45 GeV/c for a proton (antiproton).  

We scanned frequently with the beam energy in the 
mass region of  the resonances. The energy was moni- 
tored by an NMR probe placed inside a ring bending 
magnet powered in series With the bending magnets 
in the rings. As a check the mult ihadron production 
was measured in the non magnetic detector  while the 
inclusive spectra were being taken. This method is sen- 
sitive to energy shifts smaller than 0.2 MeV for energies 
near the resonance mass. The luminosity was deter- 
mined by observing Bhabha scatters at a mean scattering 
angle o f  8 ° using four identical scintillation-shower 
counter hodoscopes.  An absolute normalization was ob- 
tained by comparing the rates in these counters with the 
large angle Bhabha scattering observed in the inner de- 
tector at energies outside the resonances. The data re- 
ported here correspond to a total  integrated luminosity 
of 185 nb -1 and 325 nb -1 for energies near the J/~ 
and ¢ '  respectively. 

The data so obtained were analyzed as follows: 
The measured interaction volume is 4 cm long and 

less than 0.1 cm in diameter.  Reconstructed tracks were 
required to originate within -+3.5 cm of  the nominal 
interaction point measured along the beam direction 
and +- 1 cm measured in the vertical direction. 

The first step in particle identification was to re- 
move muon and Bhabha pair events from the data 
sample by using the collinearity, momentum,  range 
counter and shower energy information.  

Hadrons were identified by  the time-of-flight meas- 
urement.  The rms time resolution of  +0.26 ns and an 
average flight path of  5 m suffice to separate pions 
from kaons up to 1.5 GeV/c, and kaons from protons 
up to 3 GeV/c (ref. [2]). Fig. l a  shows the distr ibution 
of  the square of  the particle mass calculated from the 
velocity/~ and momentum p, M 2 = (p//3) 2 (1 - /32),  for 
several momentum intervals. Protons and antiprotons 
were uniquely identified by time-of-flight. Since a size- 
able fraction of  the protons came from beam gas inter- 
actions only ant iprotons were used in the analysis. The 
proton yield was assumed to equal that of  antiprotons.  
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Fig. 1. (a) Histograms of mass squared as computed from par- 
ticle momentum and time-of-flight for several momentum in- 
tervals. (b) Cross section for inclusive hadron production, 
e+e - -o h±X, at the J/¢ resonance as a function of the total 
cms energy integrated over particle momenta between 0.5 and 
1.3 GeV/c. The curve is the result of a fit described in the text. 

From the remaining data sample, all tracks for which 
a range counter had fired were identified as muons. 

The arrows shown in fig. l a  mark the cut used to se- 
parate pions from kaons. In the highest momentum 
interval (1.2 to 1.5 GeV/c) a fit was made to determine 
the pion and kaon fractions. The pion contaminat ion of  
the kaon signal and the kaon contamination of  the pion 
signal were found to be less than 5%; approximate ly  20% 
of  the kaons were lost due to the cut. The data were 
corrected accordingly. 
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Additional pulse height cuts were made to eliminate 
electrons. Pions (kaons) were required to have a pulse 
height less than 5 times (10 times) that of a minimum 
ionizing particle. 

Pions from K ° decay and antiprotons from hyperon 
decay were included. 

A total of 18,000 lr -+ , 1500 K ± and 560 antiprotons 
were obtained at the J/d/. The corresponding numbers 
for the d/' were 7000 n ±, 600 K -+ , and 200 antiprotons. 

To convert particle counts into cross sections re- 
quires knowledge of the experimental acceptance and 
of various correction factors. To avoid uncertainties 
near the acceptance boundary only events within a 
restricted acceptance (typically smaller 30% than the 
actual one) were used. A comparison of the cross sec- 
tions determined for the full and the restricted accep- 
tances did not reveal any statistically significant diffe- 
rences, however. The restricted acceptance covered 
typically polar angles between cos 0 = -0.55 and 0.55. 
Each observed particle's track was weighted to account 
for limited acceptance and detection inefficiencies: 

(1) The angular distributions were found to be con- 
sistent with isotropy over the polar angles accepted. 
Except for nO and KK* events an isotropic angular 
distribution was assumed to extrapolate to the full solid 
angle. This introduced systematic uncertainties (not 
shown in the figures) which are typically < 10% for 
p < 1 GeV/c and < 20% for p > 1GeV/c. For 7r(K) re- 
coiling against a p(K*) missing mass a (1 + cos20) 
angular dependence was taken. 

(2) Correction factors for nuclear absorption were 
applied. They were typically 1.035 and 1.21 for 0.5 
GeV/c pions and antiprotons, respectively. 

(3) Between 0.15 and 1.3 GeV/c 42% to 6% of the 
pions decay before the shower counter. Of the kaons 
71% to 38% decay for momenta between 0.5 and 1.3 
GeV/c. However, decaying pions and kaons have a mo- 
mentum dependent probability to be accepted by the 
track finding programs. A Monte Carlo analysis was 
used to correct the data accordingly. 

(4) The correction factor for tracks failing recon- 
struction was I. 15. 

(5) The correction factor for loss of tracks due to 
electronic failure was 1.08. 

Events from beam gas interactions must be accounted 
for by a subtraction. This background was found to 
be uniformly distributed aJong the beam axis over a 
distance of +15 cm with respect to the center of the 

interaction region. The beam gas rate was extrapolated 
into the interaction region. The subtraction was done 
separately for each momentum interval and each par- 
ticle species. At the J/d~ the beam gas background con- 
tributed 3% of the signal for momenta less than 0.5 
GeV/c and 0.5% above. The corresponding numbers 
at the d/' were 17% and 4%. The background from 
cosmic ray interactions was found to be negligible. 

The uncertainty in these corrections lead to an 
overall normalization uncertainty of  +-15%. 

The excitation curves were used to integrate cross 
sections over the resonance.' Fig. lb shows the cross 
section for production of charged hadrons with mo- 
menta between 0.5 and 1.3 GeV/c in the region of the 
J/d~ resonance. The observed shape of the resonance 
is determined by the spread in beam energy (Obeam = 
0.6 MeV at 1.5 GeV) and radiative effects. The theore- 
tical curve [3,4] was fitted to the data treating the re- 
sonance mass, the beam energy spread and the reso- 
nance contribution as free parameters*. The resulting 
resonance contribution was integrated over the total 
cms energy E and corrections were made for radiative 
effects in the initial state. For integration of the reso- 
nance contribution up to 3100 MeV the radiative cor- 
rection factor was 1.39. The weighted data were finally 
normalized to the integrated cross section. This proce- 
dure was done separately for each magnet setting. The 
cross sections given below represent energy integrals over 
the resonance contributions, e.g. do/dp stands for 
fRdo(E)/dp dE. 

Figs. 2a, b show the momentum spectra for 7r -+ (i.e. 
sum of ~+ and ~- ) ,  K -+ and 2~ from J/d~ and d/' decay. 
The error bars do not reflect the +15% normalization 
uncertainty. The rr + and rr-(K +, K - )  yields were found 
to be equal to within 3% (2%). Both resonances show 
qualitatively the same behaviour. The pion and kaon 
yields decrease approximately exponentially with in- 
creasing momentum, but with different slopes. At 
0.5 GeV/c the K yield is a factor of  ~ 10 below the 
pion yield but approaches the pion yield with increasing 
momentum. The double ~ yield is a factor of two be- 
low the K cross section. For the J/d~ we observe the 
~-+p~ and K-+K *~ decay channels as enhancements near 
the kinematical limit. The structures in the ~ yield 

* The fitted resonance masses were 3096 MeV and 3687 MeV. 
These values differ by 0.18% from our previously published 
values due to a careful recalibration of  the storage ring orbits [ 5 ]. 
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Fig. 2. Differential cross sections, da/dp, for *r -+ , K s and p for the J/q; and q/integrated over the resonance as described in the text. 
The p yield has been multiplied by a factor of two. 

might be a reflection of  N*(1520) and N*(1688) pro- 
duction. 

The particle ratios, e.g. R~r = (number o f  rts)/(sum 
of ~r -+ , K s and 2~) are plotted as a function o f  momen- 
tum in fig. 3. At p = 1.3 GeV/c nearly 30% of  all charged 
particles produced are kaons while protons and anti- 
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Fig. 3. Charge h particle fractions as a function of momentum 
for the J/¢ and qJ '. The ~ fraction has been multiplied by a 
factor of two. 

protons account for roughly 10%. We determined the 
particle ratios averaged over all momenta. The invariant 
cross sections E/41rp 2 do/dp were fitted to a simple 
exponential (see below) in order to extrapolate the 
particle yields to zero momentum. The result is 

J/~: R,rs = 87.5-+1.3%, RK± = 8.9+1.0%, 

Rp,F = 3.6-+0.9%, 

~ ' :  R s =90.8-+1.0%, RKS= 6.9-0 .9%,  

Rp,F = 2.3+0.7%. 

No significant difference between J[~b and $ '  is observed; 
in particular the K fraction for the $ '  is not  larger than 
for the J/~k. 57_+8% (ref. [6J) o f  the ¢ '  decay proceeds 
via the cascade channel ~ ' ~  J/tp'X. The particle ratios 
from the remaining decay, channels can be evaluated by 
subtracting off  the cascade contribution from J[t~ de- 
cay and from X= n + n - ,  and X= r~. Within errors, the 
resulting ratios 

~b' (not decaying via J/~b): R r+ = 90.0-+3%, 

RKS = 8.5+2.7%, Rp,F = 1.5_+1.9%, 

are the same as for the J/$ and the total ~k' decays. 
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Fig. 4. Invariant cross sections, E/4np 2 do/dp, integrated over the resonance for ~r ± , K ± and ~ for the J/~ and ~0 '. The ff cross sec- 
tion has been multiplied by a factor of two. The curves in fig. 4a describe the inclusive particle yields from pp--* h±X (ref. [7]). 

In fig. 4 we present the invariant cross sections 
E/4rcp 2 do[dp as a function of particle energy. The 
pion yield from the J/~ can be described by a single 
exponential. For the ~b' we observe a break around 
E~r = 0.4 GeV. The excess of  events for E~r< 0.4 GeV 
is due to the lr + emitted in the cascade decay ~'  
n+rc-J[~. For both J/~ and ~ '  the K ± yield is a factor 
of 1.5-2 below the lr ± yield; the 2~ yield lies above the 
~r ± cross section by about the same factor. Fits t'o the 
data of the form exp ( -bE)  lead to the following 
values for b in GeV -1 : 

J/@: bTr= 5.9+0.1, b K = 5.2+0.3, b-~p= 7.2+0.6, 

~' :  b~r = 5.8+0.1(forE,r>0.5 GeV); 

b k = 4.7+0.3, b~ = 6.3+0.6. 

In a thermodynamical description the observed slopes 
correspond to a temperature of about 170 MeV. The 
broad features we observe in the invariant cross sections 
are surprisingly similar to those for pp collisions at ISR 
energies in the central region [7, 8i when E/4rcp 2 do/dp 
is ~ a s  a function of the transverse energy ET~  
X/p 2 + m z instead of E. This is demonstrated for the 

J/~k by the curves in fig. 4 which were taken from 
Alper et al. [7] employing one overall normalization 
factor. We observe relative to ¢r ± production somewhat 
more kaons than in the pp data. 
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