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Abstract 

Proton production in e+e- annihilation at 29 GeV has been 
studied with the Time Projection 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 thai 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 fragmentation 

provides a valuable test of phenomenological models which 

aim at a description of color confinement. Whereas the 

creation of mesons (or meson-like "clusters") from 

quark-antiquark pairs produced either in "color 

strings" 1 or in perturbative 2-6 "parton showers" is a 
• 

process common to all models, the implementations of baryon 

production differ significantly. In addition, for ligh~ 

mesons like pions the information on the basic production 

mechanism is diluted due to effects of resonance decays. 

In contrast, baryons experience little momentum degradation 

in decays (the momentum of a proton from a 6 decay e.g. 

will be similar to the momentum of the 6) and hence will 

more closely reflect the distribution of primary 

fragmentation products. Consequently tests both of color 

string models and models simulating parton showers in QCD 

I f h h d 
1,6,7 

are c eaner or eavy a rons 

In this letter, we present experimental data on 

inclusive proton production in 
+ -

e e annihilation at Ys = 29 

GeV, based on the analysis of 29000 annihilation events 

(corresponding to jLdt recorded with the TPC 

detector at PEP. We compare the data with model 

predictions to illuminate the points-of-view outlined 

above. A subsequent paper will deal with correlation 

studies involving baryons. 
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The TPC detector and the criteria for the event 

classification and track selection have been described 

. 1 8 prev1ous y Particles are identified using a dE/dx 

technique based on simultaneous measurement of momentum and 

energy loss. The dE/dx analysis, the determination of 

inclusive spectra and the acceptance corrections have been 

discussed 

fraction", 

in an 

f 
p 

earlier 
8 

paper The term "proton 

will be used to describe the fraction of 

protons and antiprototis among charged hadrons, including 

decay products of resonances with lifetimes below 5*10- 10 

sec. To avoid contamination due to protons from nuclear 

interactions in the material in front of the TPC, the 

proton plus antiproton rate is represented by twice the 

antiproton rate for momenta below 2 GeV/c. All particle 

fractions quoted here are corrected for detector acceptance 

and backgrounds. 

The proton fraction f shows a pronounced dependence 
p 

on the momentum pas displayed in fig. 1A. The dependence 

of f 
p 

on transverse momentum with respect to the 

sphericity axis is shown in fig. 1B- 1E for different 

ranges of total momentum p. The momentum bins are chosen 

such that the variation of f with p is negligible within a 
p 

bin. For momenta below 1.5 GeV, a steep increase of f 
p 

with Pr is observed, in agreement with results obtained in 

deep inelastic lepton-nucleon scattering 9 
At high 

momentum, above 3 - 4 GeV, the pT-dependence flattens out 

2 
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• 

at a high value of f 
p 

The high value of 

f in decays seen 
p 

f 

of 

speculations that proton 

p 
at lar.g.e momentum and the large 

the i 10 has. stir:mlated me sou 

production is re;lated to gluon 

emission 11 
in which cas~ one expe~ts ~n increase of f 

p 

with Pr· There exists however an a.J.1.ernative explanation 

for the effects ~isplayed in fig. 1: U the production of 

primary baryons and mesons in jets is described· by 

longitudinal .phase ·space, with a constant .baryon fraction 

independent .of p an~ pT (apart from threshold effects), 

resonance decays could.result. in a softer spectrum of final 

state me~ons as compared to baryons. To illustrate. this 

effect, predict_ions . based pn the -("Standard".),LUND model 

f o r qua r k a :p d g l u on f r a gme n t at i on 1 
, a r e i n c 1 u de d i n f i g ·. 1 • 

both for pri-mary hadrons and .for· final stable hadrons. For 

the mode.l, calculation the ·production :ratios of 

s-quarks/u-CI:uarks;- diquarks/quarks· and vector/scalar 

p,articles were set to 0.3, 0 .. 075 and 1. respectively: The 

model gives a very good ·representation of the .data 12
. It 

is intere~ting to note that the effects of resonance decays 

are pronounced enough to create the observed strong 

dep~ndence of f on p and PT p 
from the almost flat 

dependence for pr.imary hadrons; only at large momentum, 

where resonance decay products 

initial flat pT dependence of 

3 

are suppr·e s sed, 

f survive. 
p 

does the 



Using the inclusive ~roton cross section as a function 

of p and the pT-d~stribution of protons at a fixed 

rapidity can be derived. The proton cross section 

2 
da/dy•dpT for the central region, IYI < 1 is displayed in 

fig. 2, together with the corresponding cross section for 

pion production. Due to momentum cut-offs at 150 and 450 

MeV for pions and protons, respectively, the entire 

rapidity range 0 < IYI < 1 is not covered for low 

transverse momenta. These losses have been corrected 

assuming a flat rapidity distribution for IYI < 1. The pT 

distribution of protons can be represented by exp(-pT
2
;a2 ), 

with a = .55±.04 GeV. Included in fig. 2 are predictions 

of the LUND model, where protons are made of a quark and a 

diquark, both of which have the same mean pT (full lines). 

This model, which has been tuned to describe the mean 

transverse momentum <pT> of observed mesons, reproduces the 

baryons with no additional assumptions. 

Also shown i s the pT-dependence obtained in a modified 

version of the' model, in.which protons are made of three 

quarks produced independently (dashed 1 ine). For such a 

mechanism, mean transverse momenta of primary baryons are 

larger than in the diquark scheme. Within errors, either 

one of these mechanisms for baryon production in color flux 

tubes is cons.istent with the data, although the ~iquark 

model appears favored. 
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• 

The fraction of protons anong. _charged hadrons as a 

function of the had r on . mu l U p 1 i c i t y i n the event i s s h o v;n 
' . ~ -· . 

in fig. 3 for two ranges in hadron momentum. At low 

momentum, f 

(fig. 3A) . 

flattens out 

decreases with increasing multiplicity 
p 

With increasing momentum, the dependence 

and f is constant for momenta ab~ve 3-4 GeV 
p . 

(fig. 3B). Once again the effects of resonance decays 

provide a sufficient explanation for these results: 

high-multiplicity events typically contain a larger 

fract-ion of vector mesons, resulting in a strong increase 

' in the number of low momentum decay pions and a 

' 
corresponding decreas~ of f 

p 
This effect can be modeled 

qua~titatively using the LUND generatoi (full lines}. 

To investi-gate a. possible correlation between gluon 

radiation and baryon product ion,_ event. samples 

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 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. P~oton-fractions for the two event 

classes 

0.8 GeV/c, 

are compared in fig. 4. For mo~enta above 

f for "fat" events is typically 50% larger than 
p 

5 



in the low-sphericity sample. The effect is not created by 

the multiplicity-weighting; a slmilar rise is seen without 

the weights. 

In some QCD jet models, enhanced baryon production is 

expected for "fat" or "heavy" . t 13 Je s However, the 

observed behaviour of f is reproduced qualitatively by the 
p 

LUND model ( fu 11 1 i ne) ; 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 attributed to purely kinematical effects caused by 

resonance decays. Apart from selecting events with gluons, 

the cuts on high and low sphericity bias towards events 

with many or few resonances, respectively. Unfortunately, 

almost any selection criterion 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 distributiori in transverse momentum than pions. 

Though these effects might seem to indicate different 

production dynamics for baryons and mesons, it is 

demonstrated that the observed behavior in fact is 

consistent with similar production spectra for primary 

mesons and baryons, provided that a significant fraction of 

the prinary hadrons are resonances. Resonance decays then 

6 
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1 e ad to an inc rea s e d mu 1 t i p 1 i c i t y and t o a s o f t en in g o f 

both longitudinal and transverse spectra of light mesons as 

. . 

compared to baiyons. Only (~ the spheri~it~ dependence of 

proton fractions is an effect. seen which is not entirely 
,, 
'. explained by resonance decays alone, indicating a possible 

• enhancement of proton" production in ~~ents with hard 

gluons. In conclusion. it appears that }:)aryons ,are more 

direct probes of fragmentation phenomena than light mesons. 

We acknowledge the efforts of the PEP staff, and the 

engineers, programmers and technicians of the c~ll~aborating 

institutions who made this work possible. This work was 

supported by the Department of Energy under. contract 

numbers DE-AC03-76SF00098, DE-AM03-76SF00034, and 

DE-AC02-76ER03330, the National Science Foundation, and the 

Joint Japan-U.S. Collab~~ation in High Energy Physics. 
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Figure Captions 

1. Fraction f of protons and antiprotons among charged 
p 

hadrons produced 
. + -
1n e e annihilation at Ys = 29 GeV. 

A) As a function of the momentum p. Error bars include 

systematic uncertainties. B) ·E) As a function of 

transverse momentum pT 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% of f for each given p. 
p 

Predictions by the LUND model 1 .are shown for final 

stable hadrons (full lines) and for primary hadrons 

before resonance decays (dashed lines) 

2. pT-dependence of proton and pion cross-sections for 

rapidities I Y 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 predictions of the LUND model are low by 

10-20% {using qq/q = 0.075). 

3. Proton fraction f as a function of the observed 
p 

multiplicity of charged hadrons in the event. A) .55< 

p < 1.0 GeV/c, B) 3.7 < p < ~.7 GeV/c. There is an 

additional systematic scale uncertainty of ±15%. Full 

10 
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lJ 

' 

line: prediction of the LUND model. 

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 f ina 1 state hadrons and for primary hadrons, 

respectively. 

1 1 
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