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Characteristics of Proton Production in Jets from e+ e Annihilation at 29 Gev
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Proton production in e+e annihilation at 29 GeV has been studied with the time projec-

tion chamber. Measurements of the dependence of proton fractions on momentum,
transverse momentum with respect to the jet axis, hadron multiplicity, and event sphericity

are reported. Our results are consistent with the assumption that primary baryons and

mesons have similar production spectra, and indicate that protons provide more direct probes

of underlying fragmentation phenomena than do pions.

PACS numbers: 13.65.+i, 14.20.Dh

Baryon production in quark and gluon fragmenta-
tion provides a valuable test of phenomenological
models which aim at a description of color confine-
ment. Whereas the creation of mesons (or meson-
like "clusters" ) from quark-antiquark pairs—
produced either in "color strings"' or in perturba-
tive "parton showers" —is a process common to
all models, the implementations of baryon produc-
tion differ significantly. In addition, for light
mesons like pions, the information on the basic
production mechanism is diluted because of effects
of resonance decays. In contrast, baryons experi-
ence little momentum degradation in decays (the
momentum of a proton from a 5 decay, e.g. , will be
similar to the momentum of the b ) and hence will

more closely reflect the distribution of primary frag-
mentation products. Consequently tests of both
color string models and models simulating parton
showers in QCD are cleaner for heavy hadrons. '6 7

In this Letter, we present experimental data on
inclusive proton production in e+ e annihilation at
Js =29 GeV,r based on the analysis of 29000 an-
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nihilation events (corresponding to fL dt = 77
pb ) recorded with the time-projection-chamber
(TPC) detector at the storage ring PEP. We com-
pare the data with model predictions to illuminate
the points of view outlined above. A subsequent
paper will deal with correlation studies involving
baryons.

The TPC detector and the criteria for the event
classification and track selection have been
described previously. Particles are identified with a
dE/dx technique based on simultaneous measure-
ment of momentum and energy loss. The dEjdx
analysis, the determination of inclusive spectra, and
the acceptance corrections have been discussed in
an earlier paper. 8 The term "proton fraction, "

f~,
will be used to describe the fraction of protons and
antiprotons among charged hadrons, including de-

cay products of resonances with lifetimes below
5 x 10 ' sec. To avoid contamination due to pro-
tons from nuclear interactions in the material in
front of the TPC, the proton plus antiproton rate is
represented by twice the antiproton rate for mo-
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FIG. 1. Fraction f~ of protons and antiprotons among charged hadrons produced in e+e annihilation at Qs =29

GeV (a) as a function of the momentum p (error bars include systematic uncertainties), and (b)-(e) as a function of
transverse momentum pr with respect to the sphericity axis, for different bins in p: (b) 0.63 to 0.72 GeV/c, (c) 0.83 to
0.95 GeV/c, (d) 1.1 to 1.4 GeV/c, (e) 3.7 to 6.7 GeV/c. There is an additional systematic scale uncertainty of typically
+15/o of f~ for each given p. Predictions by the LUND model (Ref. 1) are shown for final stable hadrons (full lines)

and for primary hadrons before resonance decays (dashed lines).

menta belo~ 2 GeV/c. All particle fractions quoted
here are corrected for detector acceptance and back-
grounds.

The proton fraction f~ shows a pronounced
dependence on the momentum p as displayed in
Fig. 1(a). The dependence of f~ on transverse
momentum pT with respect to the sphericity axis is
shown in Figs. 1(b)-1(e) for different ranges of to-
tal momentum p. The momentum bins are chosen
such that the variation of f~ with p is negligible
within a bin. For momenta below 1.5 GeV, a steep
increase of f~ with pT is observed, in agreement
with results obtained in deep-inelastic lepton-
nucleon scattering. At high momentum, above
3-4 GeV, the pT dependence flattens out at a high
value of f~.

The high value of f~ at large momentum and the
large f~ seen in decays of the Y meson' has stimu-
lated speculations that proton production is related
to gluon emission, " in which case one expects an
increase of f~ with pr. There exists, however, an
alternative explanation for the effects displayed in
Fig. 1: If the production of primary baryons and
mesons in jets is described by longitudinal phase
space, with a constant baryon fraction independent
of p and pr (apart from threshold effects), reso-
nance decays could result in a softer spectrum of
final-state mesons as compared to baryons. To il-
lustrate this effect, predictions based on the
("standard") LUND model for quark and gluon
fragmentation are included in Fig. 1, both for pri-
mary hadrons and for final stable hadrons. For the
model calculation the production ratios of (s
quarks)/(u quarks), diquarks/quarks, and vector/

scalar particles were set to 0.3, 0.075, and 1, respec-
tively. The model gives a very good representation
of the data. ' It is interesting to note that the ef-
fects of resonance decays are pronounced enough to
create the observed strong dependence of f~ on p
and pT from the almost flat dependence for primary
hadrons; only at large momentum, where resonance
decay products are suppressed, does the initial flat
pT dependence of f~ survive.

With use of the inclusive proton cross section as
a function of p and pr, the pT distribution of pro-
tons at a fixed rapidity can be derived. The proton
cross section do-/dydpT for the central region,
iyi & 1, is displayed in Fig. 2, together with the
corresponding cross section for pion production.
Because of momentum cutoffs at 150 and 450 MeV
for pions and protons, respectively, the entire ra-
pidity range 0& iyi & 1 is not covered for low
transverse momenta. These losses have been
corrected with the assumption of a flat rapidity dis-
tribution for iyi & 1. The pT distribution of pro-
tons can be represented by exp( —pT/o. ), with
o-=0.55+0.04 GeV. Included in Fig. 2 are predic-
tions of the LUND model, where protons are made
of a quark and a diquark, both of which have the
same mean pT (full lines). In the LUND model,
primary mesons and baryons have the same (pr) .
At low pT, however, the pion rate is strongly
enhanced by pions from decays, resulting in a
steeper pT dependence of the cross section as com-
pared to protons. This model, which has been
tuned to describe the mean transverse momentum
(pz) of observed mesons, reproduces the larger
(pz) of baryons with no additional assumptions.
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FIG. 2. pT dependence of proton and pion cross sec-

tions for rapidities iy i & 1. Full lines: predictions of the
LUND model (proton production via diquarks); dashed
line: prediction for proton production by recombination
of three individual quarks. The model predictions for
protons are normalized to the data; the absolute predic-
tions of the LUND model are low by (10—20)% (with
diquark/quark=0. 075).

Also shown is the pT dependence obtained in a
modified version of the model, in which protons
are made of three quarks produced independently
(dashed line) . For such a mechanism, mean
transverse momenta of primary baryons are larger
than in the diquark scheme. ' Within the uncer-
tainties involved in the modeling, either one of
these mechanisms for baryon production in color
flux tubes is consistent with the data, although the
diquark model appears favored.

The fraction of protons among charged hadrons
as a function of the hadron multiplicity in the event
is shown in Fig. 3 for two ranges in hadron momen-
tum. At low momentum, f~ decreases with increas-
ing multiplicity [Fig. 3(a)]. With increasing mo-
mentum, the dependence flattens out and f~ is con-
stant for momenta above 3—4 GeV [Fig. 3(b)].
Once again the effects of resonance decays provide
a sufficient explanation for these results: High-
multiplicity events typically contain a larger fraction
of vector mesons, resulting in a strong increase in
the number of low-momentum decay pions and a
corresponding decrease of f~. This effect can be
modeled quantitatively by use of the LUND gen-
erator (full lines).

To investigate a possible correlation between
gluon radiation and baryon production, event sam-
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FIG. 3. Proton fraction f~ as a function of the ob-
served multiplicity of charged hadrons in the event. (a)
0.55 & p & 1.0 GeV/c; (b) 3.7 & p & 6.7 GeV/c. There
is an additional systematic scale uncertainty of +15%.
Full line: prediction of the LUND model.

ples characterized by high ( & 0.3) and low
( & 0.15) sphericity were selected. Aplanar events
(aplanarity & 0.1) were rejected. Monte Carlo
studies show that the high-sphericity sample is
dominated by events with gluon jets. To account
for a possible change in baryon fractions caused by
different mean hadron multiplicities in the two
samples, the low-sphericity events were weighted
such as to reproduce the multiplicity distribution in
the high-sphericity sample. Proton fractions for the
two event classes are compared in Fig. 4. For mo-
menta above 0.8 GeV/c, f~ for "fat" events is typi-
cally 50% larger than in the low-sphericity sample.
The effect is not created by the multiplicity weight-
ing; changes in the radio due to the weighting are
small compared to the statistical errors.

In some QCD jet models, enhanced baryon pro-
duction is expected for "fat" or "heavy" jets. '
However, the observed behavior of f~ is repro-
duced qualitatively by the LUND model (full line);
in this model no corresponding effect is seen for
primary hadrons (dashed line). This means that at
least part of the effect displayed in Fig. 4 can be at-
tributed to purely kinematical effects caused by res-
onance decays. Apart from selecting events with
gluons, the cuts on high and Iow sphericity bias to-
wards events with many or few resonances, respec-
tively. Unfortunately, almost any selection cri-
terion for events with hard gluons can be shown to
suffer from a similar bias.

To summarize: A pronounced dependence of
proton fractions on total momentum, transverse
momentum, hadron multiplicity in the event, and
event sphericity is observed in e+e annihilation
events at 29 GeV. Protons show a broader distribu-
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FIG. 4. Ratio of proton fractions in events with high
( ) 0.3) and low ( ( 0.15) sphericity, as a function of
momentum. Full and dashed lines: prediction of the
LUND model for final-state hadrons and for primary
hadrons, respectively.

tion in transverse momentum than pions. Though
these effects might seem to indicate different pro-
duction dynamics for baryons and mesons, it is
demonstrated that the observed behavior in fact is
consistent with similar production spectra for pri-
mary mesons and baryons, provided that a signifi-
cant fraction of the primary hadrons are resonances.
Resonance decays then lead to an increased multi-
plicity and to a softening of both longitudinal and
transverse spectra of light mesons as compared to
baryons. Only in the sphericity dependence of pro-
ton fractions is an effect seen which is not fully ex-
plained by resonance decays alone, leaving room for
a possible enhancement of proton production in
events with hard gluons. In conclusion, it appears
that baryons are more direct probes of fragmenta-
tion phenomena than light mesons.
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