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The inclusive production cross sections and mean Inultiplicities of g~, g ~, p, and p in
e+e annihilation at a c.m. energy of 29 GeV have been measured with the time-projection
chamber at PEP, using ionization energy loss to separate particle types. On average,
10.7+0.6 7l.~, 1.35+0.13K ~, and 0.60+0.08p,p are contained in an annihilation event.
The fraction of pions among final-state particles decreases from over S5% at 0.3 Gev/c
momentum to about 60% at high momentum; the kaon and proton fractions rise corres-
pondingly.

PACS numbers: 13.65.+i

Understanding the fragmentation process of
quarks and gluons into hadrons requires a know-
ledge of the production cross sections of charged
pions, kaons, and protons in e e annihilation at
high energy. We have measured these cross sec-
tions at 29 GeV e'e center-of-mass energy at
PEP. The particles were identified by ionization
energy loss (dE/dx) over the entire momentum
range and over almost the entire solid angl. e with
use of the time-projection chamber (TPC). This
results in small. er systematic and statistical er-
rors than previous measurements that used dE/dx
at low momentum only, ' or a combination of dif-
ferent methods such as time of flight or Cheren-
kov counters with l.imited acceptance. '

The subsystems of the TPC facility incl. ude the
TPC in a 4-kG magnetic field, drift chambers,
electromagnetic calorimeters, and muon detec-
tion chambers. ' In the present analysis, only the
information from the tracking of charged parti-
cles in the TPC is used. For each track up to

fifteen space points are measured with a typical
accuracy of 190 p. m in the bending plane and 350
pm in z, the beam direction. The momentum
resolution typically is (dp/p)2= (0.06)'+ (0.035p)'.

Particl. es are identified by simultaneous meas-
urement of momentum and ionization energy loss
(dE/dx). After a track passes through the TPC
its ionization electrons drift axially to the near-
est end cap, where they are detected in mul. ti-
wire proportional. chambers (sectors). As many
as 183 dE/dx samples per track are obtained from
the pulse heights. They are corrected for track
length seen by the wire, wire gain, electronic
gain, and el.ectron capture al.ong the drift path.
The gain calibration is obtained ~n situ at three
positions along each wire with "Fe sources. A
gain map is used to interpolate between points.
The pul. se heights are al.so corrected for gain
variations due to changes in gas density and pur-
ity, which are monitored by use of minimum-
ionizing pions. The ionization energy loss has a
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FIG. 1. dE/dx vs momentum for tracks in a sample
of hadronic events. The inset shows the distribution of
the ratio of measured d F/dh to the expected dE'/dx
for pious for momenta between 3.5 and 6 Gev/c after
electron subtraction. The solid lines represent the
contributions of pions, kaons, and protons.
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broad spectrum with a long high-energy (Landau)
tail. Many samples, therefore, are needed to
define an effective dE/dx. In practice we define
dE/dx for each track to be the mean of the small-
est 65% of the individual samples. For this study,
each track is required to have at least 80 dE/dx
samples. This condition is met by 65% of the
tracks, because of information loss at small
polar angles and the requirement that a given
dE/dx sample be separa. ted by at least 3 cm in

the ~ direction from ionization produced by an
adjacent track in the same TPC sector.

Figure 1 shows the distribution of dE/dx versus
momentum for tracks in multihadron events. In
the low-momentum region, the pion, kaon, and
proton bands are well separated; above 1 GeV/c
the dE/dx resolution, 3.7%, is comparable to the
differences in dE/dx for the various particle types.
At 5 GeV/c, e.g. , the separation is 3.8 standard
deviations for pion-kaon, and 1.9 standard devia-
tions for kaon-proton. Most of the particles in
the horizontal electron band in Fig. 1 result from
photon conversions in the material before the
TPC.

The data used in this analysis correspond to an
integrated luminosity of approximately 60 pb '.
For the selection of annihilation events and sub-

sequent analysis, charged tracks with momenta
greater than 150 MeV/c are accepted if the ex-
trapolated orbit passes the nominal interaction
point within 10 cm in the beam direction and
within 6 cm in the plane perpendicular to the
beams. Ae event candidate must have at least
five good charged tracks, not including electrons
which are identified either by dE/dx or by geo-
metrical reconstruction of the pairs from photon
conversions. In order to eliminate two-photon
and beam-gas events, the total energy E,& of the
charged particles (including electrons) must ex-
ceed one-half the beam energy, and the sum of
the momentum components along the beam direc-
tion must be less than 40% of E,„/c. Three-
prong tau decays are removed by requiring that
at least one jet in the event has either invariant
mass above 2 GeV or more than three nonelectron
tracks.

In the 22 300 events passing these cuts, back-
grounds are estimated to be (0.3+ 0. 1)/o from ~t
events, (0.8+ 0.6)% from two-photon events, and
less than 0.1% from beam-gas events and Bhab-
ha scattering. The event acceptance is 77% be-
fore radiative corrections.

For the measurement of inclusive cross sec-
tions in the low-momentum region, the raw num-
bers of pions, kaons, and protons are obtained
by counting tracks in the bands corresponding to
the particle types (see Fig. 1). In regions of am-
biguity with electrons, the electron contamina-
tion is estimated by use of a smooth fit to the
electron density outside the ambiguous region.

In the momentum regions close to and above
minimum ionization, a maximum-likelihood fit
to the electron-subtracted dE/dx distribution is
used. For a given momentum interval, we fit
with a sum of three distributions (pions, kaons,
and protons) whose relative peak positions and
shapes are fixed (see inset in Fig. 1). As input
to this fit, we use the velocity dependence of the
average dE/dx as determined with an error of
less than + 0.3% from independent measurements
of cosmic-ray muons and conversion and Bhabha
electrons. From the same data the shape of the
dE/dx distribution at a given velocity is parame-
trized. For the particle fractions, we estimate
a systematic error of + 0.017 from the uncertainty
in the average dE/dx and + 0.008 from the uncer-
tainty in the behavior of the dE/dx resolution as a
function of velocity. Statistical errors on the
cross sections include the effect of the correla-
tion between the variables of the fit.

After corrections for the different nuclear in-
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FIG. 2. Particle fractions vs momentum for pions,
kaons, and protons. For the lowest two momentum
points the proton fraction was assumed to be 1%. 0,20 0. 1 0.2 0.3 0.4

teraction probabilities in the material. before the
TPC, the positive-to-negative charge ratios for
pions and kaons are statistically consistent with
unity. For momenta less than 2 GeV/c the num-
ber of protons is greater than the number of anti-
protons because of secondary protons from nu-
clear interactions. In this region we have used
twice the observed number of antiprotons to rep-
resent the number of P's plus P's.

The number of hadrons observed in each mo-
mentum bin is corrected for geometrical accep-
tance, efficiency of the track selection cuts, de-
cay l.oss of charged pions and kaons, contamina-
tion of the pion sample by direct muons, nuclear
interactions and energy loss in the material be-
fore the TPC, effects of finite momentum resolu-
tion, and finally the effects of event selection and
initial-state radiation. The detection eff icieneies
are evaluated with use of a Monte Carlo simul. a-
tion of the detector, and an analysis procedure
identical. to that used for the data. Typical. effi-
ciencies are about 45%, and are dominated by
the geometrical acceptance (85%) and the re-
Iluirement of at least 80 usable dE/dx sampl es
(65%). The effect of the latter cut can be derived
directly from the data, yielding good agreement
with the Monte Carl. o method. The efficiencies
show little variation with momentum and particle
type, and are insensitive to details of the event
generator for a wide range of parameters. With-
in the quoted uncertainties-the results are also
insensitive to different cuts in event selection

x = 2E/Vs

FIG. 3. Differential cross section vs x =2EI,~d, »/Ws,
for pions, kaons, and protons. The inset shows the
kaon distribution for this experiment and TASSO (Ref. 2).

and track definition.
All results reported here on incl. usive cross

sections are normalized to the total. annihilation
cross section into hadrons. The normalized
cross section corresponds to the fragmentation
function. ' The measured hadron ratios and cross
sections, which include decay products of parti-
cles with l.ifetimes less than 5&10 ' sec, are
given in Tabl.e I. Figure 2 shows the fraction of
pions, kaons, and protons among charged hadrons
as a function of their momenta. The normal. ized
production cross sections (1/vP) (do/dx) for pions,
kaons, and protons are shown in Fig. 3. The er-
ror bars given are dominated by systematic er-
rors, which include the effect of the l.imited mo-
mentum resot. ution. The l.atter is calculated with
the assumption that the inclusive spectra, are
smooth functions of momentum. Without this as-
sumption, the errors would increase by roughl. y
50%.

Within errors, the proton fractions and incl.u-
sive cross sections agree with earl. ier measure-
ments from TASSO.' The kaon fractions and
cross sections below 1 GeV/c are significantly
lower than the TASSO data; at higher momenta
the two experiments agree (see inset in Fig. 3).
The inclusive pion cross sections agree within
errors although the TPC data tend to be some-
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TABLE I. Charged hadron fractions and normalized cross sections. Here x =E/Eb and P is the

velocity of the particle.

+ — +ee ~m +X
P &p& Fraction &x& 1 do

(GeV/c) (GeV/c) (%) og dx
Fraction

(%)
1 do

og dx

+- +ee ~p +X
Fraction &x& 1 do

(%) og dx

0.20-0.25 0.23

0.25-0.30 0.27

0.018 176.+11.

0.021 192.+14.

0, 30-0.41 0.35 95.7+1.2 0.026 181.+13.

0.41-0.50 0.45 93.0+0.8 0.032 147.+ 7.

0.50-0.61 0.55 91.0+0.6 0.039 122.+ 5.

0.61-0.74 0.67 88.3+1.0 0.047 97.4+4.2

0.?4-0.82 0.78 88.0+1.3 0.055 84.1+4.0

0.82-0.90 0.86 86.4+1.4 0.060 73.1+3.5

3.3+1.2 0.042 16.2+3.0

5.5+0.9 0.046 17.5+2.6

9.0+1.3 0.068 9.8+1.4 4.6+0.6 0.088 8.4+1.1

6.5+0.6 0.051 14.7+1.2 2.5+0.5 0.075 12.4+2.4

7.8+0.6 0.057 12.7+0.9 3.9+0.8 0.080 12.1+2.6

8.1+1.2 0.064 10.5+1.5 3.9+0.5 0.084 9.0+1.2

0.90-1.00 0.95 84.5+1.6 0.066 65 ' 5+3 ' 2 10.0+1 ' 4 0.074 9.6+1.4 5»5+0. 7 0.092 8.3+1.0

1.00-1.35 1.18 5.3+0.7 0.10 5.0+0.6

1.35-1.65 1.50 77.7+2.5 0.103 31.7+1.7 16.3+2.4 0.108 7.3+1.1 5.9+2. 1 0.122 3.4+1.2

1.65-2.01 1.83 16.5+2.7 0.130 5.0+0.7

2.01-2.23 2. 12 71.0+3.4 0.146 16.8+1.0 18.2+2. 6 0.150 4.5+0.7 10.8+3.8 0.160 3.1+1.2

2.23-2.72 2.46 73.0+3.3 0.170 12.4+0.7

2.72-3.67 3.16 69.1+2.7 0.218 7.14+.41

3.67-4.95 4. 18 64.8+2.7 0.288 3.40+.21 24.3+2.7 0.290 1.29+.15 10.9+2.3 0.295 0.60+.13

4.95-6.69 5.47 59.7+2.9 0.378 1.36+.09 27.4+2. 8 0.379 0.63+.07 12.9+2.4 0.383 0.30+.06

what higher. The mean hadron multiplicity has
been determined with use of a fit to the produc-
tion cross section by a sum of exponentials to
extrapolate to momentum regions where no meas-
urements are available. On the average an event
contains 10.7+0.6 m', 1.35+0.13K', and 0.60
+ 0.08 p, p. The quoted uncertainties include
systematic errors.
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