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particle multiplicities have been determined. By comparing data below and above charm
threshold the charm contribution to n* and K* production has been extracted. A compar
son has been made between inclusive p production and inelastic electron-proton scatter-
ing. To study differences between three-gluon annihilation and two-quark production the
spectra from J/y decay and from non-resonant production at 3.6 GeV have been com-
pared.

1. Introduction

Recent experiments on hadron production by e*e™ annihilation gave strong evi-
dence for a jet structure of the hadronic final states [1,2]. This evidence together
with the observed size of the total e*e™ cross section support the hypothesis that
hadron production proceeds through a primary quark-antiquark pair which in turn
fragments into the observed hadrons. Inclusive particle spectra from e”e™ annihila-
tion can therefore in principle be used for a study of the quark fragmentation func-
tions. These fragmentation functions can be compared with the fragmentation func-
tions deduced from hadron-hadron, charged lepton-nucleon or neutrino-nucleon
scattering, which have a different quark composition in the initial state. Compared
to the reactions on the nucleon, the e*e™ data have the advantage that such compli-
cations as smearing effects caused by the internal transverse momentum of the ini-
tial quark in the nucleon or quark-gluon scattering contributions are absent.

The inclusive spectra from this experiment were taken around the charm thresh-
old. By comparing the data below and above charm threshold it was possible to
determine directly the charm quark contribution to hadron production. These mea-
surements may serve as a guide to what happens in general when a new flavour
threshold is crossed.

In this paper we present our final results on the inclusive production of charged
pions, kaons and nucleons measured for c.m. energies from 3.6 to 5.2 GeV. The
experiment was carried out at the DESY e"e™ storage ring DORIS using the double-
arm spectrometer DASP. An analysis based on part of the data as well as a study of
inclusive hadron production from J/¢ and ' decays can be found in previous pub-
lications [3-5].

2. The double-arm spectrometer DASP

A layout of the DASP detector is shown in fig. 1. DASP consists of two identical
magnetic spectrometers symmetrically positioned with respect to the interaction point
and a non-magnetic detector (solid angle 70% of 4) in between. Each spectrometer
arm has a large H-type magnet with a geometric acceptance from 48° to 132° in pro-
duction angle and +9° in azimuth resulting in a solid angle of 0.45 sr for each mag-
net. The acceptance for charged particles is somewhat smaller than this and depends
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Fig. 1. Schematic view of DASP with the non-magnetic or inner detector moved forward along
the beam direction. M: spectrometer magnet. DK: wire spark chamber. F: time-of-flight coun-
ters. S: shower counters. R: range counters. Fe: iron absorber.

on the momentum, the field strength, and the last detector plane required in the
outer arm. The maximum field strength is 1.1 T, the maximum integrated field
length 1.8 Tm.

A charged particle emerging from the interaction point traverses the following
detectors before reaching the magnet gap, (see fig. 2) a scintillation counter (Sg)
adjacent to the beam pipe, a second scintillation counter (Sg) which starts the time-
of-flight measurement, two proportional chambers, each with three signal planes
(wire spacing 2 mm), a threshold gas Cerenkov counter, a third scintillation counter
(Swm) and a wire spark chamber with magnetostrictive readout (wire spacing 1 mm).
Behind the magnet (see fig. 1) follow five wire spark chambers (wire spacing 1 mm),
a wall of 31 time-of-flight counters, a wall of 11 shower counters (lead scintillator
sandwich with 6.2 radiation lengths), iron plates (total thickness 90 cm) with a wire
spark chamber inserted after 40 ¢cm of iron and a wall of a scintillation counters
after 60 cm of iron.

The momentum of a charged particle is determined from its trajectory before and
behind the magnet. Below some minimum momentum particles are swept out of the
spectrometer acceptance. In order to have good acceptance at low momenta the mag-
nets were run at one third and one fifth of the maximum current, leading to a minimum
accepted momentum of 0.25 GeV/c and 0.15 GeV/c, respectively. With these settings
the r.m.s. momentum resolution for pions of 1 GeV/c momentum was Ap/p ~ *1%
and £1.4%, respectively [6].

Particles are identified by the information from the time-of-flight system, the
threshold Cerenkov counter, the shower counter, and the range counter. The r.m.s.
time resolution of 0.32 ns and an average flight path of 5 m suffice to separate pions
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Fig. 2. (a) View of DASP along the beam direction. (b) The non-magnetic detector viewed along
the beam direction.

from kaons up to 1.5 GeV/e, and kaons from protons up to 3 GeV/e [7].

The Cerenkov counter was used to identify electrons. It was filled with freon 114
(n = 1.0014) at atmospheric pressure leading to a threshold of 10 MeV/c for elec-
trons. The thresholds for pions and kaons were 2.7 and 10 GeV/c, respectively, well
above the momenta considered here. The efficiency of the Cerenkov counter for
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detecting electrons was (98.8 + 0.3)% averaged over the acceptance. The shower
counter was also used to identify electrons. For electrons the energy resolution
(r.m.s.) of the shower counter was ¢ >~ +30% at 1 GeV/ec.

The range counter was used to recognize muons. The threshold momentum for
muons to reach the counter was roughly 0.9 GeV/c.

The non-magnetic or inner detector located between the two magnets consists of
scintillation counters, proportional tube chambers, and shower counters, covering
70% of 47. It determines the directions of charged particles and photons to within
+2° and gives an energy measurement for photons and electrons. The efficiency for
detecting photons is 50% for E., = 50 MeV and above 90% for £, > 100 MeV.

3. Data taking and analysing procedure
3.1. Trigger

The data were taken with a genuine inclusive trigger: besides a charged particle
in one of the spectrometer arms no other requirement was imposed on the final
state. The trigger condition required a coincidence between the scintillation counters,
Sos So> Sm, one of the time-of-flight counters (F) and one of the shower counters,

T=S¢°Sp Sy F-S.

The minimum momentum to trigger the detector was approximately 0.1 GeV/c for
pions, 0.28 GeV/c for kaons and 0.45 GeV/c for protons (antiprotons).

3.2. Luminosity

The luminosity was determined [8] by a measurement of Bhabha scattering using
four telescopes centered symmetrically with respect to the interaction point at a

Table 1
Energy intervals and integrated luminosities

c.m. energy Luminosity
(GeV) (nb—1)
3.60-3.67 658
3.98-4.10 1066
4.10-4.24 611
4.24-4.36 533
4.36-4.46 1706
4.46-4.98 1108

5.0 1104

5.2 823
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Fig. 3. (a) Integrated luminosity as a function of c.m. energy. (b) The ratio R = Utot/opu of the
total hadronic cross section to the u pair cross section. The heavy lepton contribution has been
excluded. The full curve shows a fit with three Breit-Wigner resonances plus a parametrized
smooth background (dashed curve).

mean scattering angle of 8°. Each telescope was made of two aperture-defining scin-
tillation counters and a shower counter. After applying radiative corrections the
accuracy of the luminosity measurement was typically 5%. Data were taken at c.m.
energies between 3.6 and 5.2 GeV for an integrated luminosity of 7610 nb~1. The
luminosity is not uniformly distributed over this energy region; a large fraction of
the total luminosity is concentrated around a few energy points as can be seen in fig
3a. For comparison fig. 3b shows the total cross section measured in the same exper
iment [9]. The data were grouped into eight different energy intervals listed in
table 1. The first interval is below the charm threshold. The second, third and fifth
intervals are centered around resonance-like structures in the total cross section. The
last points are in a region where R has levelled off.
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3.3. Selection criteria *

The interaction volume is 4 cm long and less than 0.1 ¢m in diameter. In a first
step tracks were accepted for which the reconstructed vertex was within £15 ¢m of
the interaction point measured along the beams (z direction) and within 1 cm mea-
sured perpendicular to the beams.

To these tracks the following cuts were applied:

(i) The velocity § measured by time of flight had to be within the range 0.001 <
B < 1.10. This cut excludes the majority of the cosmic ray particles.

(if) Tracks satisfying one of the following requirements were removed as elec-
trons:

(a) The Cerenkov counter was fired. The fraction of pions or kaons that could fire
the Cerenkov counter, e.g., via a knock-on electron, was measured to be less than
0.2%.

(b) The energy deposited in the shower counter was more than 10 times that for a
minimum jonizing particle while the mass inferred from the time of flight was less
than the nucleon mass (M?(p, 8) < 0.6 GeV?). This leads to a loss of pions or kaons
which is small for momenta below 1 GeV/¢ and which amounts to ~5% for pions ot
kaons at 1—-1.5 GeV/e.

(c) The momentum was less than 0.25 GeV/ec and M2(p, B) < 0.005 GeV2. The loss
of hadrons due to this cut is negligible.

(iii) Particles with M2(p, §) < 0.6 GeV? firing the range counter were identified
as muons. The minimum momentum for muons to reach the range counter was 0.9
GeV/c. This cut leads to a loss of pions or kaons due to punch through or decay of
(4 £ 1)% averaged over momenta between 1 and 1.5 GeV/e.

(iv) Bhabha and muon pairs were further suppressed by discarding events of the
following type: there was an additional, collinear track in the opposite spectrom-
eter arm which was identified as an electron or a muon and both tracks had a mo-
mentum equal to the beam energy to within 0.1 GeV/c. The number of hadron
tracks lost due to this cut is negligible.

(v) An important source of low-energy muons was found in the two-photon pro-
cess e'e™ —> e*e~u*u. The kinematics of this process are such that the e* and e~
are almost always emitted along the beam direction while the muons are also pro-
duced at larger production angles and can reach the spectrometer or the non-mag-
netic detector. Events of this kind were removed by requiring that for particles of
momenta less than 0.6 GeV/c and 8 consistent with that for a pion at least two
more particles (charged ones or photons) were detected in the spectrometer or in
the non-magnetic detector. Fig. 4a shows a plot of the computed mass squared
M?(p, B) versus the vertex position z along the beam for tracks which were removed
by the cut and which had momenta less than 0.25 GeV/e.

* More details of the analysis procedure can be found in ref. [10].
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Fig. 4. (a) A plot of the mass squared Mz(p, p) determined by momentum and time-of-flight
versus the position z along the beam line (z = 0 marks the interaction point) for particles with
momenta less than 250 MeV/c. (b) Projection onto the z axis for 0.016 < Mz(p, B) < 0.03 GeV?2
(pion candidates). (c) Projection onto the z axis for 0 < Mz(p, B) < 0.016 GeV? (muon candi-
dates).

The pion mass region is found to be uniformly populated along z (see also projec-
tion in fig. 4b). Since no peaking is found near z = 0, the pions are produced solely
by beam-gas scattering. The multiplicity cut, therefore, does not discard pions orig-
inating from beam-beam scattering. In addition to the pion band one observes a
pronounced cluster of muons around the interaction point. These muons are due to
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Fig. 5. Differential cross section at c.m. energies 3.98—4.10 GeV for nt (¢) and muon candidates
removed by the multiplicity cut (¢). The solid line shows the inclusive muon cross section from
the process ete™ > eteu—u" calculated by Monte Carlo techniques from theory by incorpo-
rating the criteria used in the analysis (e.g., assuming an isotropical production angular distribu-
tion to extrapolate to the full solid angle).

beam-beam scattering. The observed rate of muons agrees with that calculated from
the two-photon process [11]. For momenta above 0.25 GeV/c the muon/pion sep-
aration is no longer perfect. To check that the multiplicity cut which was applied up
to 0.6 GeV/c did not remove pions from beam-beam scattering, we computed the
number of muons expected from the two-photon process and found it to be in
agreement with the number of tracks removed by the multiplicity cut. In fig. 5 the
number of muons removed by the multiplicity cut, is removed to the number of
accepted pions. The correction for eeuu events had not been made in our earlier
analysis [3].

(vi) No attempt was made to remove muons from charmed particle decay (e*e™ -
¢ = uX) or from 7 decay (e*e ™ = 77 > uX). From the single-electron events (e*e™ -
eX) measured in the same experiment [12] and assuming e/u universality, the frac-
tions of muons from charmed particle and from 7 decays were found to be less than
3% and 2%, respectively, of the pion sample.

(vii) The tracks surviving these cuts were classified as pions, kaons or protons

(antiprotons) according to their mass-squared values M2(p, ) computed from veloc-
ity and momentum:

M2(p,B)=—0.2 — 0.16 GeV?: pion,



198 R. Brandelik et al. | Charged pion, kaon and nucleon production

=0.16 - 0.4 GeV?: kaon ,
=0.6 — 2.0 GeV?: proton .

Except for contributions from kaon decay (see below) protons (antiprotons) are
uniquely identified by time of flight. Up to 1.2 GeV/c momentum pions and kaons
are well separable (see fig. 6). In the momentum interval from 1.2 to 1.5 GeV/c the
pion contamination of the kaon signal and the kaon contamination of the pion sig-
nal were found to be less than 5%; approximately 20% of the kaons were lost due
to the mass cut.

(viii) Since the majority of the protons originated from beam gas interactions,
only antiprotons were considered. The proton yield was assumed to be the same as
for antiprotons.

The beam gas background was found to be uniformly distributed along the beam
axis. To suppress the beam gas background in the remaining track sample a cut was
made in the vertex coordinate z measured along the beams. The z position of the
interaction point, zg, was found from Bhabha events measured concurrently in the
non-magnetic detector. The z coordinate was required to be within |z — z¢| <3.50,
where o is the r.m.s. spread of the interaction point distribution; typically ¢ = 0.9
cm. The beam gas background, important in the case of low-momentum pions, was
extrapolated into the interaction region and was subtracted for each momentum
interval. Fig. 7 shows typical z distributions for pions after the aforementioned cuts
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Fig. 6. Histograms of mass squared as computed from particle momentum and time-of-flight
for several momentum intervals. The arrows indicate the cut made to separate pions and kaons.
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Fig. 7. Vertex distributions of pions measured along the beam direction for different momentum
intervals.

were made for various momentum intervals. The fractions of beam gas particles
amounted to 25% for momenta p ~ 0.2 GeV/c dropping to 8% at p = 0.6 GeV/c
and to less than 4% for p > 0.9 GeV/c.

(ix) In order to avoid edge effects only tracks within a restricted acceptance of
the polar and azimuthal angles were considered. The acceptance typically covered
polar angles between cos 8§ = —0.55 and 0.55.

(x) The particle momentum was corrected for the energy loss suffered in the
material between the interaction point and the exit of the magnet.

3.4. Cross-section determination
Cross sections were computed according to the following expression:

go=N 41 Hf,dp, (3.1)

L AQ(p)

where N is number of events observed, £ is integrated luminosity, AQ2(p) is solid
angle accepted for a momentum p, K is a correction factor accounting for the correc-
tions discussed above, f;, =1 ... 5 are further correction factors:

f; corrects for nuclear absorption; e.g., for 0.5 GeV/c pions and antiprotons f; =
1.035 and 1.25, respectively;

f> corrects for pion and kaon decay. Between 0.15 and 1.3 GeV/c 42% to 6% of
the pions decay before reaching the time-of-flight 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 momentum-dependent probability to be accepted by the track-finding
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program. A Monte Carlo analysis showed that this probability ranges from 40% to
100% for pions and 5% to 10% for kaons. The effect was included in the correction.
Furthermore, a small fraction of the decaying kaons which lead to an accepted
track yield a mass-squared value M2(p, §) consistent with that for a proton. The nec-
essary correction factor was determined by a Monte Carlo calculation and led to a
reduction of the p cross section of ~10% for p momenta above 1.2 GeV/c. Below
0.8 GeV/c the correction is negligible.

f3 corrects for tracks failing the reconstruction, typically f3 == 1.03.

J4 accounts for track losses due to electronic failure. The value of f4 is 1.025.

[ corrects for radiative effects in the initial state. The energy distribution of the
radiated photons was calculated according to Bonneau and Martin [13]. Further-
more, due to the photon emission the c.m. frame is no longer at rest in the laboratory
but moves along the beam axis, leading to a change in the acceptance. This effect
was also taken into account in the determination of fs; f5 was found to be 0.85 at
3.6 GeV, 0.96 at 4.05 GeV and 0.94 above 4.24 GeV. The changing acceptance had
only a small effect on the shape of the momentum spectrum. No correction was
applied.

The systematic uncertainty in the overall normalization is estimated to be +15%.
The errors shown below do not include this uncertainty; they are purely statistical.

The cross section expression (3.1) assumes an isotropic production angular distri-
bution. Since the beams were unpolarized the general form of the production angular
distribution is

do/dQ ~ 1 +a cos?d .

We have fitted the angular distribution and determined the coefficient @ as a function
of particle type, momentum p and ¢.m. energy. The data for p < 1.5 GeV/c are
compatible with @ = 0 but also with 2 = 1. We have assumed a = 0 in extrapolating
the angular distribution to cos 8 = %1 in order to integrate the differential cross sec-
tion over cos 0. For a value of @ = 1 the cross sections would have to be increased by
24%. The SLAC-LBL collaboration has determined the coefficient @ summing over
all charged hadions [14]. Their data indicate for+/s <4.8 GeV,a~ 0.2 for 0.5 <
p<1GeV/canda~ 0.5 for 1 <p < 1.5 GeV/c. These a values would increase our
cross sections by 25% for values of the scaling variable x = 2E/+/s < 0.5 and by
~13% above.

4. General characteristics of charged hadron production

4.1. Kinematics

We start with a brief description of the formalism for inclusive production [15]

e'e™ —>h*X “4.1)
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depicted in fig. 8. Define

q =p++tp_, four-momentum vector of the virtual photon ,
g%=s, square of the c.m. energy ,
p =(p,E),p*=m?, four-momentum vector of the hadron h ,

6 = production angle of h with respect to the e* direction ,

_2q'p 2E

x fractional energy of h ,

E
y =24 =—1/s, energy of 7 in the h rest system .
m

Note that 2mv/s =x.

The virtual photon, as seen, e.g., in the rest system of h has two polarization
components. As a consequence the differential cross section for h production is
described by two independent structure functions when summing over the polariza-
tion states of h. Defining these structure functions in close analogy to the corre-
sponding quantities for inelastic lepton-nucleon scattering one writes

2 2

d : W 7
O (¢e™ > hEX) = fx{m W, + b%o, sin%) @2
N

dx dQ2

where 8 = Ip|/E and where the structure functions mW, and vW, depend on x and
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s. After integrating over the angles one has

do _4ma?

dx s

— 1 —
Bx{mW, +zB%xvW,} . 4.3)
Since the angular distribution was found to be consistent with isotropy we neglect
the W, term in eq. (4.3) and obtain

do 4 _
?&qz T gxmi, . (4.4)

The quantity (s/8) do/dx is then proportional to the structure function W, (x, s) *.

4.2, Experimental results

The cuts discussed previously were satisfied by approximately 13 000 7*, 890 K*
and 130 p tracks. This track sample was used for the following analysis.

For the purpose of orientation we begin with the ratio R = 64,4/0,,, of the total
hadronic cross section to the muon pair cross section shown in fig. 3b. Note that the
heavy lepton contribution has been excluded. At 3.6 GeV which is the first c.m.
energy analyzed and which is below charm threshold, R is of the order of 2.3. Abow
charm threshold three resonance-like peaks show up at 4.04,4.16 and 4.41 GeV.
Beyond 4.5 GeV, R seems to have reached its post-charm level with a value of about
45.

The relative frequency of pions, kaons and nucleons can be read off from fig. 9
which shows the cross section do/dp as a function of momentum averaged over c.m.
energies from 4 to 5.2 GeV for the sum of 7t and 77, K* and K—, and twice the
antiproton yield. The dashed curves were obtained from an exponential extrapola-
tion of the invariant cross sections (E/4np?) do/dp (see below). They indicate the
expected momentum dependence at low momenta, where the particles are swept
out of the spectrometer due to the magnetic field (pions), are lost by decay (kaons)
or suffer too big an energy loss in the material in front of the magnet (antiprotons).
At 0.5 GeV/e the (7" +77) : (KT + K7) : 2p vyields are roughly in the ratio 100 :

10 : 1. With increasing momentum the differences between 7* and K* yields become
smaller: at 1.5 GeV/c they are of the same magnitude.

The inclusive cross sections include the contributions from 7 pair production,

ete” > 77 > h*X.

The pion yield from 7 production was calculated by Monte Carlo using the decay
branching ratios predicted by theory for a 7 of 1.8 GeV mass [16]. The pion yield

* With the @ coefficients determined by the SLAC-LBL [14] collaboration the contribution of
the second term in eq. (4.3) is negative and of the order of 10% for 0.2 < x < 0.4 (30% for
0.4 < x < 0.6) relative to the first term.
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Fig. 9. Differential cross sections do/dp for the sum of »* and »—, K* and K™ and twice the p
production. The cross sections are averaged over c.m. energies from 4 to 5.2 GeV. The dashed
curve shows the expected behaviour at very small momenta obtained from exponential fits to the
invariant cross sections. The solid line shows the calculated #»* contribution from 77 production.

is shown by the solid curve in fig. 9. It is suppressed below 0.6 GeV/c because of
the selection criteria described above. The 7 contribution accounts for ~4% of all
pions at p = 0.6 GeV/c and ~25% at 1.5 GeV/c. The 7 contributions to K* and p
are negligibly small. The data shown below have not been corrected for the contri-
bution from 7 production.

Fig. 10 shows the same data plotted in terms of the invariant cross section £ d3o/
dp? ~ (E/4mp?) do/dp. To within 20 or 30% accuracy the 7%, K* and 2p cross sec-
tions fall on the same curve, which is well-approximated by an exponential,

E do
—~ —bE).
4mp? dp exp(~bE)
Eep =4-5.2GeV , b,=5020.1GeV!,
bx=49+02GeV!, by =54+0.5GeV!.

Inclusive spectra in hadronic collisions behave in a similar manner when plotted as
a function of the transverse energy Et = \/m? +p% instead of the energy F (see, e.g.,
ref. [17]).
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Fig. 10. Invariant cross sections (E/4np2) do/dp as a function of particle energy E. Same data as
in fig. 9.

5.s dependence and charm contribution

Within the energy region investigated (3.6—5.2 GeV) lies the charm threshold.
To allow for a detailed study of the new flavour contribution the data were grouped
into eight c.m. energy intervals as listed in table 1.

S5.1. Momentum distributions

We start with the momentum distributions. They are collected in fig. 11 in terms
of do/dp for the eight c.m. energy intervals. For convenience the cross sections are
also tabulated in table 2. A significant rise in the pion and kaon yields is observed
between /s = 3.6 and 4 GeV. This rise is almost exclusively due to charmed particle
production. Fig. 12 shows the same data plotted in terms of the invariant cross sec-
tions, (£/471p?) do/dp. As expected from the combined data shown in fig. 10, a
single exponential gives a good fit to the data,

E

d
ZE?E%:“ exp[-b&E — Ep)] , (5.1)

where Eg was chosen to be | GeV.
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Table 3
Intercept and slope values from fit (E/4rrp2) do/dp =a exp[~b(E — Eg)], Eg =1GeV;ain (nb
GeV—2), b in (Gev—1)

V5 (GeV) P Kt+K—

a b a b
3.60-3.67 0.70 + 0.05 5.34+0.14 042+ 0.07 4.6 +0.9
3.98-4.10 1.22 + 0.06 5.37 £ 0.09 0.77 £ 0.11 4.8+0.5
4.10-4.24 1.18 £ 0.07 5.11 £ 0.13 0.99 £ 0.15 4.2+0.7
4.24-4.36 0.93 £ 0.06 491 +£0.14 0.39 = 0.09 5.0+09
4.36-4.46 1.20 £ 0.04 4.94 + 0.08 0.70 + 0.07 4.7+0.5
4.46-4.98 0.99 + 0.05 5.07 £+ 0.10 0.70 + 0.09 44 +04
5.0 0.99 + 0.05 4.72 £ 0.11 0.72 + 0.10 3704
5.2 0.73 £ 0.06 5.08 + 0.17 0.61 £ 0.11 3.8+0.6
Vs (GeV) 2p:
4.0-5.2 +0.6

0.63 £ 0.10 5.5

The values of the coefficients « and b are listed in table 3; b is shown also in fig.
13. No significant change in slope is found when crossing the charm threshold. The
pion slope within errors is constant over the full energy range; the kaon slope
appears to fall slightly with energy.

5.2. Particle multiplicities

From the measured momentum distributions the average numbers of charged

Fig. 13. The slope b for n* and K* production resulting from fits of the invariant cross sections
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Fig. 14. Average multiplicity of charged pions, kaons and nucleons per event as a function of

c.m. energy. The points labeled “charm” give the multiplicities for charmed events alone (see
text).

pions, kaons and nucleons have been calculated, e.g.,
Pmax (g

—(ete” > n*X) dp

dp

(nyt)=

Otot
The extrapolation of do/dp to zero momentum has been done using the exponen-

tial fits described by eq. (5.1). For oy the data obtained in the same experiment
[9] have been used. The fraction of the cross section determined by extrapolation
amounted to 10% for the majority of the pion data, to 20% for kaons and to 30%
for antiprotons. The particle multiplicities are shown in fig. 14 as a function of the
c.m. energy. The errors given are purely statistical. The systematic errors of the inte
grated inclusive cross sections and of o4y add a further uncertainty of 20—25% of
which ~15% are due to normalization. Above charm threshold on the average 3—4
7*,0.5—0.6 K* and 0.05—0.08 p and p are produced per event.
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5.3. Scaling cross sections

In general the structure functions W, and vW, depend on two variables, e.g., x
and s. If scale invariance is fulfilled W, and »W, are functions of x alone and the
cross section (s/B) do/dx, is almost the same for all values of s (see eq. (4.4)).

In fig. 15 the scaling cross sections (s/8) do/dx for 7*, K* and 2p production
have been plotted as a function of x in the eight energy intervals. The scaling cross
sections are also listed in table 4. Most spectacular is the similarity between the
three types of particles. Within a factor of two their cross sections seem to fall on a
common curve decreasing exponentially for x 2 0.2. No peculiarities are observed
when comparing the shapes of the cross sections measured at the resonances (sec-
ond, third and fifth interval) and outside.

In order to test the pion data for scaling we compare in fig. 16 the 7 cross sec-
tions outside the resonance region at energies of v/s = 3.6 and 5.2 GeV. Below x =
0.25 the cross section rises by a factor of 1.5 to 2 between /s = 3.6 and 5.2 GeV.
At higher x values the two cross-section sets agree within errors. This shows that the
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Fig. 15. Scaling cross sections (s/8) da/dx as a function of x. Same data as in fig. 11.




211

R. Brandelik et al. [ Charged pion, kaon and nucleon production

€891 7 €'LbET TIST + 46191 $'8€1 7 £'6191 90T 7 T'LEOT $E£°0-0€0
L'PIT * €L06T 9'L6T F SLLTT 6'¥81 * 1°9092 6 TH1 7 6°685C 0€°0-5T°0
L'6STF 0°LT8T ¥62T * TIVES 6°91C 7 STYES €€LT 7 T8H9E §T°0-07°0
€'8S€ 7 0°86SY 6°TTE 7 T8SYS L'PIE 7 9T9ES 9°TYT ¥ 0'HETS 0T0-ST1°0
$°996 T 6559 S I8y ¥ T°LT09 6’19  8'¥99¢ € 9%€ 7 1°609S ST'0-0T°0
TS oS 86'v—9t'v 9 -9 P
(A%D) s sNAT =x
S0T *T'Th €6 798I 06'0—08'0
9LT TEIb vye FEEL L0T FLTY 08°0—5L0
ey 76501 067 *18S 97T +8¢€9 ¥'TT FO'SS SL0—0L0
0 *17TS 89 T6LYI 6TE TIOET THT FI'P9 0L'0—59°0
765 F9UL8 $€S FLTOI €€E FEIVI L'LT F0€8 $9'0-09°0
$09 F S H0T §99 78'L8T TP FIILT €Iy 7 90LT 09'0~55°0
$99 F61€T ¥'69 TT96C 6TS T YSEE 9YS T 9H6T §$°0—05°0
0b8 FTLLE L'88 T 006V 9'SL T T1'L99 S19 *T1°LSE 05°0-S+°0
6°SOT * §°909 1221 * 9EH6 €16 TEIP6 61L FT'STS SY'0—0¥0
ISyl #9°LZ11 €TST 7 SLYET L'9TT 7 €°€TST TE6 TYE6L 0¥'0—S€0
8661 7 6°700T L681 = 9761 P0ST 7 9EPTT 971 = T6TET $€°0—0£°0
8°607 * 78807 1'¥TT # T°L9ST ¥SLT * €€90¢€ YSYT 7 T9TLT 0£0-52°0
8LLT 7 6'9LTE T°LLT * 8°98%€ 9'STZ 7 0°€0T¥ 9PLT ¥ L'ETOT §T°0-0Z°0
9'87€ ¥ 9EHEE $'60t 7 $€T9S TTIE 7 68965 SOET * ¥EP6I 0T'0-ST°0
1'8€S 7 8'840¥ L€09 = STHOL 9ZIb * P HOLT ST0-0T°0
9E YTV YTr—01% 01'v—86'€ L9°€—09°€
(A2D) s s/™NaT =x
_L4 u(e)

feonsnels Ajoind ore

UBAIS SIO1I8 2Y) {5/ $ISIOUL “WD JUIAFIP 10 uoponpold dz pue _y + .} ‘L + +4 JO Wns 3y 103 ;A0 - qU UL xp/op (g/s) SUOTIIAS 5010 FuIfedS

y 2lqeL



R. Brandelik et al. / Charged pion, kaon and nucleon production

212

ve +18 0L0—090 ST #6§ SL'0—0L0

Iy 9L 0L0—09°0 S9 FO0LI 09°0—05°0 T #6501 0L0—090

¥S *F9¥1 09°0—0S0 6 ¥ STT 09°0—05°0 89 F0LE 0S°0—0%'0 LE +S61 09°0-05°0

69 *6vE 05°0—0v0 9L +11¥ 0S°0—-0¥°0 6€1 * 879 0¥'0—S€°0 6L *¥Sb 0S'0—0v'0

99¢ + 0T8 0¥°0—0€°0 LET *LY6 0v'0—0¢°0 8¥T ¥ LSTI SE€0-0¢€0 SIT + 9¢6 0¥'0—0¢°0
s 0's 86'v— 9V’ P9tV

(AD) SN sMFT=x We9)sph sMar=x Weo)sp Mg =x WD) 5N spMar=x

8T #6T 06'0—08°0

8¢ ¥176 080—0L°0 9T +1¢v SL'0—S9°0 i *1S 08°'0—0L0

ST *9¢ 0L°0—090 8¢ +8TI 0L0—090 oy *96 §9°0—SS°0 e FTL 0L0—09°0

s * ST 09'0—050 S9 F10¢ 09°0—050 6L * p¥E §6°0—050 0t ¥ 401 09°'0—0S5°0

98 ¥ I¢¢ 0S°0—-0¥'0 LET + 8¢S 0S0-0¥0 €11 ¥ 08§ 0S°0—0¥°0 79 ¥967C 0S'0—0¥'0

061 *0OLS 0v’'0—0€0 §SE * 8¥T1 0y'0—0€0 vvT * ¥S6 0¥'0—0€0 00T * 0LT 0v'0—0€0
9EVY—vCV P01V 0I'v—86'¢ L9¢—09°¢

(o) s sMar=x W) SN sMgT=x (AD)sN sMgT=x (o) sp  sMgT=x

X+ (@

00°T—06°0

06°0—08°0

08°0—SL°0

€€ TSS9 197 *L°L0T SL0—0L0

L'€C *¢°SS €€ *v'E6 0L'0—5S90

6'bE ¥6°69 €8¢ FT1611 €'1€ *T1T001 0'ST *#6'¢0T $9°0—09°0

795 *F$991 v'8¢ FL6II §°8¢ +L'8ST yee FT1'19T 09°0—5S°0

L'09 ¥870T 10y +8°LT1 96y FLLET 6vy *S6I¢ $§°0—0S°0

€SL FTLIC v'EL F6'89%F L'SL ¥6'TLS 179§ #L00S 0S°0—S¥'0

0°€8 *0°6T¢ 6'€8 *809¢ 9L8 FOIEL TyL *9'8L8 SY'0—0v'0

T'8CT #8°6¢8 €611 781011 101 * 8°0S6 §'€6 FI'8€ET 0¥ 0—S€0

(ponupuod) p JqeL



213

R. Brandelik et al. [ Charged pion, kaon and nucleon production

LT *9% 0L0—09°0 § 01 SL'0—0L0

St *08 0L0—09°0 ¢S F60T1 09°0—05°0 61 % ST $9°0—09°0 TTF¥S 0L0—09°0

1S +26 0§°0—05°0 10T #7¢€¢ 0S°0—0+'0 6L F9L1 09°0—05°0 19 7 €91 09'0—05°0
(4% (1Y 86'v—9v'v I P—9¢'¥y

(A%D) s ML = x (A2D) s s/NFgT = x (A2D) SN SN = x (A9D) sH sNFT = x

LA 4 00°'T—08°0 L 701 00°'T—08°0

ST F0¢ 00°'T-080 LT F ¢t 08°0—0L0 8T * S¥ 08°0—0L0

vl #1T 08°0-09°0 v6 * 16 0L°0—09°0 e ¥ 98 0L°0-09'0

6S *¥L 09°0—0S°0 S6 * 491 09°0—S5°0 8 * {81 09°0—5S°0 S FS¥I 09°0—SS°0
9EP—PTPy Yor—0T'ty 0T'v—86'¢ L9 £-09¢

(A2D) s 8N = x (A29) s s/NAC =x (A%D) /> $/NHT = x (A2D) s sNAT = x

dz (0

(penuniuoo) ¢ S[qeL



214 R. Brandelik et al. [ Charged pion, kaon and nucleon production
e — X
‘0_ T T T T I T T T T 4
Foey 01§ =36 GeV ]
[ N ®15=5GeV ]
booe
&0 P9y
[ @
[l ¢ .
5 F Q 3
=r ¢ $ 7
3t
3 ¢ 1
“ J
& T+
oE # 3
L PR | PR # )
O.Olo L L o

05
X =2E/Vs

Fig. 16. Comparison of the scaling cross sections (s/8) do/dx versus x for n* ats = 13 and 27

GeV?2.
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rise of R from a value of 2.3 at /s = 3.6 GeV to 4.5 above \/s = 5 GeV is associated
with low x pions.

Fig. 17 shows the 7* and K* data plotted as a function of s for fixed x. Both
cross sections for x < 0.5 rise by a factor of two to three when crossing the charm
threshold near v/s = 4 GeV. In the pion case for x > 0.2 this added contribution dis-
appears above the resonance region. For x > 0.3 the scaling cross section at/s = 5.2
GeV has reached its precharm level measured at /s = 3.6 GeV. For kaons this occurs
at slightly higher x values, x =~ 0.4. We may therefore expect that at much higher
energies (v/s >> 5 GeV) the charm contribution is confined to x values less than
0.3.

5.4. Charm contribution to n* and K* production

We have determined the charm contribution to charged pion and kaon produc-
tion as the difference in the cross sections for c.m. energies above charm thresholds
outside the resonances (5.0 and 5.2 GeV) and below charm threshold (3.6 GeV),
viz.;

sd 0charm

8 dx

( )_ﬁdx(ﬂ , Vs =5GeV) de(rr ,V/8=3.6GeV).

The charm contributions determined in this manner are plotted in figs. 18a, b.
Within errors the same result is found whether the 5.0 or 5.2 GeV data are used to
define the post-charm threshold data. For comparison the precharm scaling cross sec
tions measured at 3.6 GeV are also shown. In the pion case the charm contribution
is large for small x (x < 0.2) and exceeds the 3.6 GeV values. It falls off rapidly
towards higher x values. The descent is steeper than for the precharm data. For x
values above 0.3 the charm contribution is close to zero. The data for kaon produc-
tion behave in a similar manner although the conclusions are less firm because of
the larger statistical errors. For x values between 0.3 and 0.4 the charm contribu-
tion is larger than the 3.6 GeV data. For x values above 0.4 the charm contribution
is small.

Along the same lines we have determined the average number of charged pions,
kaons and nucleons produced per charm event, e.g.,
fd—o(ﬂi,\/s =5GeV)dp —fd—a @, Vs=3.6GeV)dp
dp dp

(ncharm) =

Otot(5 GeV) — Otot(3 .6 GeV)

The resulting multiplicities in fig. 14 are compared to those obtained by averaging
over all events *. It is interesting to note that within errors the final state shows the

* Note that no distinction is made between directly produced particles and those coming, e.g.,
from a weak decay of D or F mesons.
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Fig. 18. (a) The charm contribution to the scaling cross section of t production determined as
the difference between the 3.6 GeV and 5.0 GeV data (¢), and as the difference between the
3.6 GeV and 5.2 GeV data (X). The open points (0) show the n* scaling cross section measured
below charm threshold at 3.6 GeV. (b) The same for K* production.
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same number of 7%, and P, p per charm event as for a light quark event (3.6 GeV
data). However, about twice as many K* are observed in a charm event [4]. This is
in qualitative accordance with the GIM mechanism [18].

5.5. Fits to the scaling cross sections

We have fitted the scaling cross sections to various functional forms suggested by
theory.

(i) As noted above the scaling cross sections fall off exponentially for x values
above some minimum value. Fits of the form

sdo
P a exp(~bx) (5.2)
led to the @ and b values given in table 5. The slope values lie between 8 and 9.

(ii) The cross section (s/8) do/dx for small x is expected to rise proportional to
x~ 1 as x approaches the lower bound 2m/+/s. This form leads to a multiplicity ris-
ing logarithmically with s, provided o'* ~ s~!. Fig. 19 shows the distributions of the
first moment, x(s/8) do/dx for the three types of particles in the different energy
bins. The data are consistent with x(s/8) do/dx approaching a constant as x - 0, i.e.,
do/dx ~x~! for x > 0. We have fitted these distributions to polynomials of the
form

sdo
x22= 200,01 —x)'. 53
G o= a1 —x) (53)
Good fits were obtained keeping all terms fromn=1to 8 and forn=1,2,6,7, 8.
The resulting coefficients a,, are tabulated in table 6. Note that the coefficients
alternate in sign. The individual terms make large, positive or negative, contributions
which almost cancel each other.

Table 5
Fits to the scaling cross sections for pion-production, (s/B) do/dx = a exp(—bx); the x regions
used for the fits are indicated

Vs (GeV) X min—*max a (nb - Gev?) b

3.60-3.67 0.3-0.9 18.2+ 3.8 8.2:0.5
3.98-4.10 0.3-0.9 28.6 + 3.8 8.1:0.3
4.10-4.24 0.2-0.8 20.8+ 2.3 7.6 £ 0.3
4.24-4.36 0.2-0.75 23.1£3.1 8.4 + 0.4
4.36-4.46 0.2-0.75 234+ 1.7 7.9+0.2
4.46-4.98 0.15-0.75 24.1:1.8 8.5+0.2
5.0 0.15-0.65 26.9 + 2.3 9.0 £ 0.3

5.2 0.15-0.65 22527 9.1+£04




218 R. Brandelik et al. [ Charged pion, kaon and nucleon production

e ete—h®X
10001 VS'= 36GeV £ ,+,398-410% b,‘l:.'IO‘L.Zl» 3 ‘1:24-4.36 4
E_N‘.'. _:_ ;‘. EL —— * ‘ ]
[ R ] ¥ I b ] ¥
ook 3 E

&; emtemt E3 3
g FoxK*+K” T T T B
_g °2+p ]
ot 1 L 4 L ( L JENIR

E 'o 05 0 05 0 05 0 05 1
[} T e an p "

© 1opoL ,436-446 | 446-490 | 0 50 L 52 J
pos %, Foaee e, .

S A T T T
W ¢ Fe

A 4,

LS A A
W *"im AR

+ + + 1

L

0 05 0 05 0
X=2E/Vs

Fig. 19. The first moment (s/8) x do/dx of the scaling cross sections. Same data as in fig. 11.

(iii) In ref. [19] an attempt is made to describe inclusive particle spectra in
terms of quark fragmentation functions. The cross section is decomposed into
valence-quark and sea-quark contributions:

d
SO- 20 a%™(1 — xyv+adx™s(l —x)'s . (5.4)
Bdx q=u,ds.c
The powers m, ; and n, s are fixed by certain plausibility arguments leading to
sdo 1 1
Ea—:av%(l —x)+as;(1 —x)z. (5.5)

We have compared this form to the pion data and found that it describes the data
poorly. Therefore the powers n, and ng were treated as free parameters. Good fits
were obtained but the error on the coefficient a; was of the same size as a, (see
table 7) indicating that the data can be described by the first term alone. The data
were then fitted to the form

sdo 1

—_= — — v

b Uk (1 —x)tv, (5.6)
treating @, and n, as fit parameters. The fit results are given in table 7. The power
ny is seen to rise from a value near 3 below charm threshold to ~4.5 at 5 GeV.
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6. Comparison with other experiments

We first compare our data with experiments that did not separate the contribu-
tions from different type of charged particles. Since the particle mass is not known
in these experiments, instead of the scaling variable x = 2E/+/s, the fractional mo-
mentum xp, = 2p/\/s is used. In fig. 20 we compare our results on s do/dx summed
over 7, K* and 2 - p with those from SLAC-LBL [14] and from PLUTO [20]. For
x values up to 0.6 the three experiments agree within their systematic uncertainties;
at higher x values a discrepancy between SLAC-LBL and PLUTO data is observed.

The Maryland-Princeton-Pennsylvania collaboration has published [21] cross-sec-
tion data on 7* and K* production at+/s = 4.8 GeV. They are shown in fig. 21
together with our results obtained at /s = 5 GeV. The agreement between the two
experiments is good.
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Fig. 20. The quantity s da/dxp, versus Xp = 2p/</s summed over all charged hadrons as mea-
sured in this experiment (¢), by SLAC-LBL (4), ref. {14], and PLUTO (#), ref. [20].
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Maryland-Princeton-Pavia (), ref, [21]. (b) The same for K* production.

7. e*e™ annihilation and inelastic sp scattering

Inclusive antiproton production by e*e™ annihilation,
efe” > pX (7.1
and electron-proton scattering,
ep > eX (7.2)

are related by crossing. If scaling holds, the structure functions for one process can
be calculated from those of the other one for the elastic case, x =w = 1, where w =
2p - q/(—q?) is the scaling variable for electron-nucleon scattering. More precisely
one has

ee” > pX: File=1)=-F/(w=1),
ep ~> eX: Fyx=1)=-Fy(w=1), (7.3)
with F;(x) and F;(x) defined as the structure functions in the scaling limit (e.g.,

Fi(x)=-mW,(x)) [15].
An analytical continuation which would connect points in the inelastic region



R. Brandelik et al. | Charged pion, kaon and nucleon production 223

(x <1 and w > 1) is in general not possible [22]. However, Gribov and Lipatov
[23] studying both processes in a field theoretic model predicted the following rela-

tions:

P (0=1) = Fico)

1 _
F (co = ;) = —x3F,(x) . (7.4)
The cross section for antiproton production reads then

X 40 Loy = AR =l)
o dx(e e =>pX) 36{xF1 (w x) B Fz(w : } , (7.5)
where o, is the muon pair-production cross section, 6, = 4ma?/3s. Note that the
first term in eq. (7.5) is the dominant one.

Fig. 22 shows the ratio Ry, .5 = 20(p)/0,, of p and pproduction to the u pair
cross section as a function of c.m. energy. The full points represent the cross section
for p momenta above 0.5 GeV/c. The open points show the cross section integrated
over all momenta. They were obtained by extrapolating (E/4np?) do/dp (E) towards
p =0 with an exponential.

Fig. 23 shows (x/0,,,,) do/dx averaged over the c.m. energy region from 3.6 to
4.5 GeV which is below the charm baryon threshold. The Gribov-Lipatov prediction
(see curve in fig. 23) was computed from the values of the structure functions mea-
sured by ref. [24] imposing the same acceptance criteria as for the data; first the
cross section was calculated from (4.2) and (7.4) in the accepted cos 6 range; then
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Fig. 22. The ratio Rpp = 20(p)/oy,, for p and p production to the u pair cross section. Full
points: p momenta above 0.5 GeV/c. Open points: all momenta.
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4.0 to 5.2 GeV. The curve shows the prediction of Gribov and Lipatov (ref. [23]).

the cross section was extrapolated to cos 6 = =1 assuming isotropy. Since scale
invariance is not exactly satisfied by inelastic electron-proton scattering F;(w),
Fa(w) or rather mW, (g2, s) and vW,(q?, 5) were taken at —q® =s5.

The Gribov-Lipatov prediction fails to describe the data taken quantitatively.
The theoretical curve is always below the measured points. The discrepancy appears
to increase towards smaller values of x reaching a factor of three at x = 0.5. Part of
this failure, if not all, may have to be attributed to contributions of the type

e*te” >h*Xm h*=A , ) , N*
L. L. L.

which should be excluded from the e*e™ data before a comparison is made [25].

s etc. ,

8. Compariscn with inclusive spectra from J/{ decay

As mentioned before, annihilation into hadrons at high energies appears to pro-
ceed vig a primary quark-antiquark pair. The direct hadronic decay of the J/y on the
other hand is believed to have three gluons as an intermediate state. For this reason
one might expect the J/{ to yield a steeper falling x spectrum (i.e., more low-mo-
mentum particles) as compared to non-resonant hadron production. In fig. 24 the
quantity

1 1do

Otot ﬁ dx
is shown at a c.m. energy of 3.6 GeV (below charm threshold) for charged pions,
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kaons and twice the p yield. Curves are shown to represent the J/{ data normalized
by a common factor to make the integrated pion cross sections agree. Within errors
no difference is observed in the shape of the pion cross sections and the kaon cross
sections measured at the two energies. This can also be seen from fig. 25 where the
ratio of the scaling cross sections has been plotted as a function of x. Actually the
J/¥ data tend to have slightly more high-energy pions. Most likely the energy of

~3 GeV is too low for the two mechanisms to produce noticeably different spectra.
The only difference occurs in the antiproton to pion ratio which is a factor of two
to three larger for the J/¢ decay than at 3.6 GeV.

9. Summary

We have measured inclusive production of 7%, K* and p by e*e™ annihilation in
the energy region around the charm threshold (v/s = 3.6-5.2 GeV). The pion and
kaon yields are found to increase by a factor of two to three when crossing the
charm threshold. Above charm threshold on the average 3—4 7*, 0.5-0.6 K* and
0.05—0.08 p, p are produced per event. While the magnitude and shape of the mo-
mentum spectra of the three particle species is quite different, the invariant cross
sections (E/4np?) do/dp plotted as a function of particle energy fall on the same
curve to within 20 or 30% accuracy. A similar agreement is observed for the scaling
cross sections (s/f) do/dx, which to a good approximation are proportional to
xmW, (x, s). The scaling cross sections measured for 7* below charm threshold (v/s =
3.6 GeV) and above charm threshold and the resonance region (/s = 5.2 GeV) have
been compared to each other. For x < 0.25 the cross section rises by a factor of
2.5 to 2 between /s = 3.6 and /s = 5.2 GeV. At x > 0.3 the two cross-section sets
agree within errors.

By taking the difference between particle production below and above charm
threshold we have determined the charm contribution to charged pion and kaon
production. For pions the charm contribution below x = 0.2 exceeds the pion yield
measured below charm threshold. Towards higher x values the charm contribution
drops rapidly and is close to zero for x above 0.3. The kaon data show a similar
tendency. For x values above 0.4 the charm contribution is small. Inclusive antipro-
ton production, e*e™ = pX, has been compared to the crossing-related inelastic elec-
tron-proton scattering, ep = eX. The Gribov-Lipatov prediction is found to fall short
of the observed p yield by a factor of 2—4. This may be due to contributions from
non-direct p production, e.g., viz isobar or hyperon production and decay.

No significant difference has been found in the shape of inclusive 7%, K* or p
spectra produced in J/{ decay or at 3.6 GeV. The first process is assumed to proceed
primarily via three-gluon decay, the latter by quark-pair formation.

We are indebted to the engineers and technicians from DESY and the collaborat-
ing institutions which have made this experiment possible by building, operating
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tality. We also want to thank Drs. J. Ellis, J. Kdrmer, G. Schierholz and T. Walsh for
fruitful discussions.
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