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We report measurements of z —,K —,and p,p inclusive cross sections and fractions in e+e annihila-

tion at Js 29 GeV, for the momentum interval 0.01 (z p/pb„(0.90. The analysis is based on ap-
proximately 70 pb

' of data collected with the TPC/2y detector facility at the SLAC storage ring PEP.
Detector upgrades result in significantly improved momentum coverage and precision of the data, com-
pared to previous measurements.

PACS numbers: 13.65.+i, 13.87.Fh

Inclusive hadron cross sections and charged-hadron
fractions in e+e annihilation are fundamental quanti-
ties providing information about quark fragmentation.
In this paper we present measurements of these quanti-
ties with substantially improved accuracy and extending
to higher z, where z —=p&,&„„/pb„,than previously re-
ported. ' The particle spectra in the high-z region pro-
vide a sensitive probe of the hadron production mecha-
nism, especially for the case of baryons. For example,
dimensional-counting arguments predict that the
baryon to meson ratio should fall as (1 —z) ' or (1 —z)
for z 1, whereas the Lund string model, e.g. , predicts
a rising baryon fraction. The potential to discriminate
between competing hadron production models is
enhanced at high z by the fact that a comparatively large
fraction of the particles in this region are produced

directly in the hadronization process, rather than as the
result of resonance decays.

We have measured the tr —,K —,and p,P inclusive
cross sections and fractions in the interval 0.01 & z
(0.90 with the TPC/2y detector at the PEP e+e

storage ring at SLAC, operating at Js =29 GeV. The
TPC/2y facility has been described in detail in Ref. 7.
The present analysis is based on approximately 70 pb
of data collected between 1984 and 1986, and uses only
charged-particle information from the time projection
chamber (TPC) itself. The detector configuration dur-

ing this period included a 13.25-kG superconducting
magnet and a gating-grid system to reduce track distor-
tions, resulting in a momentum resolution of typically
(dp/p) =(1.5%) + (0.65%p) (p in GeV/c).

Charged particles are identified by a simultaneous
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measurement of momentum and ionization energy loss
(dE/dx). A charged particle passing through the TPC's
gas volume (80% Ar and 20% CH4 at a pressure of 8.5
atm) produces several hundred ionization electrons per
cm. These electrons are detected by multiwire propor-
tional chambers (sectors). Up to 183 dE/dx measure-
ments are obtained for each track. These dE/dx values
are corrected for electron capture and diffusion along the
drift path, variations in wire gain over the surface of a
sector, variations between sectors, polar-angle depen-
dence (resulting from dependence on the length of track
sampled by each sense wire), and gain variations due to
changes in gas density and composition. The most prob-
able dE/dx is estimated by forming the mean of the
lowest 65% of the usable measurements. In the follow-

ing, this quantity is referred to as the truncated mean
dE/dx, or simply the "dE/dx" of a particle. For typical
tracks with 120 dE/dx measurements a resolution for
the truncated mean dE/dx of approximately 3.5% is ob-
tained.

Much of the momentum range studied in this analysis
corresponds to the relativistic-rise region of the dE/dx
versus velocity curve. In this region the separation be-
tween particle species is at most 3.5 standard deviations.
Hence, the particle identity cannot be established on a
track-by-track basis and the relative abundances must be
determined by a statistical analysis. This procedure re-

quires an accurate knowledge of both the expected
dE/dx as a function of the particle's velocity and the
dE/dx resolution.

An atomic physics model for ionization energy loss
was used to predict the expected dE/dx as a function of
the particle's speed. The model prediction was scaled
to fit the average dE/dx measured for samples of well-
identified particles, such as protons from the 1/P region,
pions from the minimum-ionizing and relativistic-rise re-

gions, cosmic-ray muons, conversion electrons, and
Bhabha electrons. The protons, pions, and conversion
electrons were taken from multihadron events. The data
points and resulting fit are shown in Fig. 1(a). The sys-
tematic uncertainty in the dE/dx versus velocity relation
is estimated to 0.2% [determined from systematic
differences between different data sets, such as pions in

hadronic events and cosmic-ray muons; see inset in Fig.
1(a)].

The resolution for the truncated mean, o.d~/d„, was
determined from a sample of approximately 47 000
minimum-ionizing pions in multihadron events. The
resolution is mainly a function of the number m of us-

able dE/dx measurements and decreases as I/Jm, with

a floor of about 1.8%. The dE/dx resolution function is

Gaussian out to 3 standard deviations [Fig. 1(b)]. Stud-
ies with cosmic-ray muons indicate that the relative reso-
lution adF/d„/(dE/dx ) remains approximately inde-
pendent of the mean dE/dx of the track sample for the
relativistic-rise region. For the 1/P region, the relative
resolution was observed to improve somewhat with in-
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creasing mean dE/dx. [Empirically, adE/d„/(dE/dx)
ee (dE/dx ) 0 .] The fractional systematic uncertainty
in the dE/dx resolution is estimated to be 8%. A more
detailed discussion of the dE/dx analysis can be found in
Refs. 7 and 9.

The selection of multihadron events is described in
Ref. 3. For this analysis, it was further required that the
angle between the sphericity axis and the beam line be
larger than 45', resulting in a final sample of 20126
events. Tracks in these events were required to have at
least forty dE/dx measurements for determination of the
truncated mean, an error in the measurement of the
momentum component transverse to the beam of ApT/pT
(0.15 or hpT/pT(0. 15 GeV ', and a polar angle

FIG. l. (a) Average truncated mean dE/dx as a function of
Py p/m of a particle, as determined from protons, pions, and
conversion electrons in hadronic events, from cosmic-ray
muons, and from Bhabha electrons. Line: (adjusted) atomic
physics model. Inset: ratio j|!of data points and model fit in

the relativistic-rise region. The dashed lines indicate the 0.2%
systematic uncertainty. (b) Distribution in diff'erence between
measured and predicted dE/dx for minimum-ionizing pious,
normalized to the dE/dx resolution for each track. The curve
represents a normal distribution (o = I).
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larger than 30', and to extrapolate back to within 3 cm
of the event vertex in the bend plane and to within 5 cm
along the direction of the beam. At low momenta, a sub-
stantial fraction of the observed protons come from nu-

clear interactions in the material between the interaction
point and the TPC. Therefore, only negative particles
are used for z (0.25.

For determination of the hadron fractions and cross
sections, the track sample is divided into narrow momen-
tum intervals. For each interval, the number of particles

p; of each type (i =e, z, K, and p) is determined by an
extended maximum-likelihood fit'0 to the dE/dx distri-
bution (Fig. 2). The fit does not require binning in

dE/dx and makes maximal use of the information avail-
able for each track. The likelihood function is given by

—[R, —p;(p, )]'
2.20'p'J'

L =exp
' —gp; Q g '

exp
~ i t J t J2zojj

where the index j runs over all tracks in the momentum
interval, and i runs over the four particle species: elec-
trons, pions, kaons, and protons. Ri is the measured
dE/dx for track j divided by the predicted value for a
pion at the measured momentum of the track; cr;J is the
resolution in R, for particle hypothesis i, which is es-
timated from the number of dE/dx measurements, the
polar angle, and the curvature error of the track; p;(p/)
is the expected R value for a track of momentum p, and

particle species i. We do not attempt to separate pions
from muons, but instead subtract the muon rate obtained
in an independent measurement. "

The number of hadrons in each momentum interval
was then corrected for effects of geometrical acceptance,
nuclear interactions in the material between the interac-
tion point and the TPC, decays in flight, event and track
selection cuts, muon contamination of the pion sample,
momentum smearing, initial-state radiation, and back-

ground from the reactions e+e r+ T: and e+e
e +e +hadrons. The background corrections are

small compared to the estimated errors in the fractions
and cross sections. Protons are defined to include decay
protons of weakly decaying baryons; pions include decay
products of Eg but not those of ECL.

The inclusive cross sections (I/aP) (der/dx), with

x =2E/Js and P =p/E, are presented in Fig. 3, which
also includes previously reported data by Aihara er al.
(TPC Collaboration) and AlthoA' et al. (TASSO Colla-
boration). The cross sections are normalized to the to-
tal annihilation cross section into hadrons. Figure 4
shows the corresponding hadron fractions as a function
of z—=ph, d«»/pb„m. The errors shown in Figs. 3 and 4
correspond to the quadratic sum of systematic and sta-
tistical uncertainties. For the cross sections, statistical
errors dominate above z-0.5. The dominant sources of
systematic error for the proton and kaon cross sections
come from uncertainty in the dE/dx versus velocity
curve and in the relative dE/dx resolution. The sys-
tematic error in the pion cross section is dominated by a
2% uncertainty in the pattern-recognition efficiency. For
the particle fractions, many of the systematic uncertain-
ties cancel to first order, and errors in the fractions are
predominantly statistical.

In confirmation of earlier results, the particle frac-
tions at low z show a steep momentum dependence of the
K —and p,P content of jets (Fig. 4). Above z =0.3, the
fractions level off. In particular, the p,P fraction
remains constant within errors for z) 0.2, in contrast
with the decreasing baryon fraction predicted by count-
ing rules for z 1, and the rising baryon fraction pre-
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FIG. 2. Distribution in dE/dx vs momentum for particles in

multihadron events. Lines indicate the predicted average
dE/dx as a function of momentum for dilferent species.

0.01 0.05 0. 1

x = 2E / 4s
0.5 1

FIG. 3. Normalized cross sections (I/cd)(da/dx) for z —,
K —,and p,P, as a function of x =2E/Js, including earlier
TPC Collaboration (Ref. 3) and TASSO Collaboration (Ref.
4) data.
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dieted by typical fragmentation models with a diquark
mechanism for baryon production. ' With use of their
default parameters, none of the most commonly used
fragmentation models ' '3 is consistent with our data.
More details and comparisons with model predictions are
given in Ref. 9.
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FIG. 4. Fractions of pions, kaons, and protons among
charged hadrons in multihadron events, as a function of
z pjpb„. Included are earlier TPC Collaboration (Ref. 3)
and TASSO Collaboration (Ref. 4) data.
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