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Abstract. Inclusive Production of mesons and bar-
yons in quark jets at \/5:9.5...36 GeV and in
decays of the ¥{9.46) meson has been studied using
the Quark Recombination Model (QRM). The model
predictions for quark jets agree with data. The QRM-
simulation of three-gluon decays of the Y(9.46)
shows an enhancement of the inclusive baryon rate,
as was observed recently by the DASP II experiment.

1) Introduction

The production of mesons by quark fragmentation
is fairly well described by phenomenological models
[1]. resp. can be understood in the very intuitive
picture of breaking color strings [2, 3], which also
yields a reasonable quantitative description [4,5].
More recently attempts have been made to derive
meson spectra in quark- and gluon-jets from “first
principles” of QCD [6, 7]. These models assume that
the initial parton initiates a cascade of partons with
sucessively decreasing Q. At a transition point Q2
the partons recombine into mesons. according to
a recombination mechanism [8.9] borrowed from
the description of meson production in hadronic
reactions [8]. Although the rigorous theoretical
foundation of this procedure is still open, the results
look promising [6].

Our present understanding of baryon production
in quark or gluon jets is much worse; especially two
new results from DORIS and PETRA seem sur-
prising:
—in decays of the Ymeson, the DASP II group
observed evidence for an enhancement of proton
production, as compared to the nearby continuum
[10].
—at PETRA-energies, the fraction of fast baryons
among the quark fragments is as large as 10... 159,
and increases with the momentum of the secondaries
[11].

The first observation could be explained by assum-

ing the existence of exclusive few-body decay channels
of the ¥ meson into final states containing a baryon
pair. Due to the large mass of the Y, however, these
channels are unlikely to have substantial branching
ratios. Since the Y is known to decay predominantly
via three gluons [12]. one is tempted to consider the
first observation, at least, as a hint for an increase
of baryon production in gluon jets as compared to
quark jets. In this paper, we shall describe a simple,
although fairly general model for baryon production
in parton fragmentation. The model, based on the
quark recombination model (QRM) [8]. accounts
for the observations cited above without introducing
new, and arbitrary fragmentation functions.

2) Quark Recombination Model

The idea how to explain an increase of baryon pro-
duction in gluon jets (and especially in Y decays)
is obvious. According to QCD, a primary parton
of large @~ branches successively into partons of lower
Q*, which in turn emit new partons and so on, until
a mass scale is reached where confinement forces
lead to quark-recombination into color-singlet had-
rons [13,14]. At least asymptotically, the multi-
plicity of partons in a parton shower initiated by
a primary gluon is predicted to be 9/4 as large as
in quark jets [13]. The enhanced density of partons
in phase-space makes three-parton recombination
more likely, and hence yields more baryons. In reac-
tions where more than 2 hard partons are produced,
likein Y—yggg, or e’ e” > qqy, the jets may overlap
with each other in phase space, resulting in a further
increase of both parton density and baryon rate.

We shall first give a brief review of the “classical”
QRM, which has been sucessfully applied to meson
production in various proton induced reactions
[15], meson induced reactions [16], to two-particle
correlations [17,19], and to baryon production
in hadronic reactions [18, 19].
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In the framework of the QRM, the inclusive meson-
and baryon-spectra in (infinite momentum!) quark
or gluon jets, gqg—>M.B+ X or gg—M,B + X, are
given by

dx dx.
XDy 0 = [ TG, xp QIR (., ) (1)
q
xD? (x, Q%)
dx dx . dx, 1B
= JJ’LG(X X oo Xgr QIRE(x, X0, %, Xy0)
q xq’ xq

2)
G(x,. x;) 1s the inclusive distribution of (constltuent)
quarks “and antiquarks of the “mass”™ Q2 w1th1n
a Jet 1n1t1ated by a quark or gluon of the “mass”
0% G(x,, x,,x,,) is the corresponding three-quark
dlstrlbutlon x, denotes the usual light-cone fraction
of the momentum with respect to the primary partons
momentum. In principle, G can be obtained from
perturbative QCD [13], provided that Q is larger
than the QCD scale parameter A. As to deal with
gluons generated during the evolution of the jet, it
became customary to assume that close to the recom-
bination scale @, all gluons split into quark-—anti-
quark pairs [ 6, ZOﬂ. This prescription can be motivated
[6.21]ina sense that in the final stage of a perturbative
jet there is an equilibrium between quark and gluon
partons [13], which is distorted once quarks start
to condense into colorless objects.

Concerning the probability R™ for quark—anti-
quark recombination into mesons. it is assumed that
two-body recombination dominates (provided that the
missing mass X is well above the resonance region,
allowing to neglect Regge-contributions [22]). Fur-
thermore R™ will be proportional to the square of
the meson wave function, yielding [8, 9].

RY(x,x,,x) ~ GM(EL E) ~ E, 601 =&, = &) (3)
with £ = x, /x, and similarly [18, 23]
RP(x. % Xys X ~ £ &g €, 8(1 =260 4

Assuming that the effective multiquark distribution
is essentially governed by phase-space constraints,
like in Kuti- Weisskopf-type models [24],

G(xl,xz,...xn)~1c"<1— le> (5)

=1
one finds
DB(x) e 9 DB(x) ©)
Dé"(x) gl;?n 4 q;l:trk DM(Y)

Asymptotically, the relative abundance of baryons
in gluon jets as compared to quark jets will be enhan-
ced by the classical color-factor 9/4.

3) The Event Generator

To describe decays of the ¥ meson into hadrons via
an intermediate three-gluon state. the QRM as defined
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by (1)-(6) has to be modified, since it suffers from
several drawbacks:

—the recombination function R refers to partons with
collinear momenta only. For the present purpose,
a lorentz invariant R is required, which applies as
well to slow partons with non-collinear momenta
—the QRM refers to the production of fast hadrons
only. During the production of slow hadrons in
regions of phase space where the parton density is
large, it may happen that several antiquarks, e.g.,
compete with each other in trying to recombine with
a given quark. This effect is not included in the stand-
ard QRM

—Monte-Carlo studies [25] of the branching pro-
cess of jet formation have demonstrated that the
approach to asymptotic conditions, like (6) is extreme-
ly slow, and that at present energies the parton spec-
trum is dominated by phase space restrictions

In order to overcome these problems, the process of
quark generation and recombination has been simu-
lated as an exclusive reaction in a Monte-Carlo
approach, thereby keeping trace of all nonasymptotic
effects due to non-zero particle masses and -transverse
momenta. To simulate the final confinement step, a
lorentz invariant generalisation of the recombination
function is proposed. By construction, the model
avoids problems of double counting (which occur in
the standard QRM for slow hadrons): the chance for
a given quark i to recombine with another quark j is
reduced. if other quarks are close to i in phase space.

The main building block of the model is a generator
for exclusive n-parton densities. Such a parton cloud
arises e.g. during the confinement of a quark and an
antiquark moving in opposite directions.

Since QCD-calculations of the development of
parton jets have proven that phase-space constraints
dominate the evolution of parton densities at present
energies [25], and since QCD formula are expected
to be rather unreliable at masses below ~ 1 GeV, a
phase-space model with limited transverse momentum
with respect to the axis of the initial quark has been
used to describe the distribution of quarks of “size”
Q, within a jet. The matrix element f for quark pro-
duction in the parton cascade is assumed to depend
only on the transverse energy E, of the quark

f(p..p,)~exp(— BE)) (7)

Scaling of spectra in E | is expected in QCD-based
parton models [2, 3], the slope B=6.5 GeV ! has
been chosen to fit the measured mean p, of final state
particles. In a string model of hadrons, B is related
to the Regge slope o' via B >~ n\/Z’ ~ 4 GeV~ ! which
is not too far from the value actually used. Since quark
transverse momenta are explicitly included, the rest
masses of the quarks are given by their current masses
[26] (m, =m, ~ 10 MeV, m_= 350 MeV). For u- and
d-quarks, E | is almost entirely given by their trans-
verse momenta the precise value of m, , is uncritical.
The large s-quark mass however introduces a SU (3)
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breaking—the ratio of strange to nonstrange quarks
is ~0at p, = 0 and approaches 1/2forp, >m_.

Since the matrix element (7) is identical for all types
of quarks, the model in its present form does not
include “leading flavor” effects [27]. The flavor of the
primary quark is simply assigned to an arbitrary
“final state” quark. The flavors of the remaining
cascade partons are chosen based on (7).

The multiplicity of generated quarks is adjusted
such as to reproduce the KNO-scaling observed
experimentally [28].

In the next step, the recombination of quark-
partons into mesons and baryons has to be simulated.

A lorentz invariant formulation of the recombina-
tion cross section R can be achieved by noting that
(3) describes an interaction of short range in rapidity.
In other words. R is large for quark systems of low
invariant mass M :

m?

M?
m is the effective mass of the quark-partons.
In this paper R has been chosen to

— M2/242) 9)

inspired by the sharply cut-off mass distribution of
colorless clusters in QCD jets [25]. A, defines the
effective range of confinement forces between partons.
A, is expected to be of the same order as e.g. the scale
parameter governing the violations of scaling obser-
ved in deep inelastic lepton—nucleon scattering (in-
dependent of its interpretation in terms of leading-
order QCD graphs or non-leading higher twist
effects!), therecombination scale Q, [ 6 ], or the pmeson
mass. We choose A, =0.5 GeV. R is used for both
quark-antiquark and three-quark recombination,
except for an additional suppression factor 3 in the
latter case, since three arbitrary quarks have a chance
of 1/27 to be in a color singlet state, as compared to
1/9 for a gq pair [29]. The recombination then pro-
ceeds as follows: for a given quark i, the probabilities
for recombination into mesons, W,;. and into baryons,
Wl .- are calculated according to (9) and their sum
is normalized to 1. According to these probabilities,
a specific mode of recombination is chosen at random.

The spin/parity assignment of the hadron is derived
via the principle of semi-local duality [30]. For
example. let m, and m, be the mean mass of non-
strange mesons of spm 0 and spin 1, respectlvely
A bound u — d quark system is taken to have spin 0,
if m, <_(m0 +1,), and spin 1 else. Tensor meson
production is neglected. Meson mixing angles are as
describe in [1]. For three-quark recombination. only
the low-lying octet or decuplet baryon states were
considered ; the excitation of higher masses turned
out to be negligible,

After deciding on the spin/parity of the hadron.
its energy is corrected to put its mass on the nominal
value.

RM(x.x,.x,) ~ & &, ~ ®)

R ~ exp(
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At this stage, the total energy of all hadrons will
differ slightly from the initial cms energy. In order
to avoid any distortion of inclusive spectra, longi-
tudinal momenta of particles are rescaled in order to
ensure exact conservation of energy (if a rescaling of
more than 10% is required. the event is rejected).

Finally. instable hadrons decay.

Gluon jets, which originate e.g. from the decay of
a heavy ¢q state into two or three gluons are simulated
as follows: each gluon splits into a ¢g pair according
to a branching function p(x). A quark ¢ from one
gluon and an antiquark g’ from another gluon form
a gq system whose cms moves at a speed f=
(¢, +pE, + E,) with respect to the overall cms.
This qq system is fragmented into a cloud of quarks
distributed along the color—anticolor axis. Finally, the
joint quark distributions from the two or three
gluons are recombined into mesons or baryons.
Two types of splitting functions have been used

a) LUND-type[2]  p(x)~ d(x — 0.5)
b) QCD-type[13]  plx)~x?+(1 —x)* (10)

Note that even with the LUND fragmentation func-
tion, where each quark in the parton cascade has
x £0.5, mesons with x> 0.5 will be produced by
recombination of quarks from different ¢gg sub-
systems.

4) Results

Figure 1 compares the predictions of the recombina-
tion model with experimental data on quark frag-
mentation [11. 31, 32]. In the model calculation for
the high-energy data at \/5 =30...36 GeV. the
existence of gqg-events has not been taken into
account explicitly. The increase of parton densities,
which occurs due to the additional gluon jet, however,
is implicitly contained in the model, since multipli-
cities are chosen such as to reproduce the experi-
mental values.

Another approximation concerns those events with
primary charmed- or bottom quarks. Since the model
is not yet able to deal with decays of charmed hadrons,
these events have been treated as s§ cvents. Assuming
that charmed quarks predominantly decay in the
Cabibbo-favored mode. this assignment correctly
accounts for the number of stable strange hadrons
per event. It has been checked that this simplification
does not lead to major systematic effects, at least at
the present level of accuracy. The fraction of bb
events is anyhow small and has been entirely neglected.

Figure la shows the inclusive spectrum of charged
hadrons as a function of x| = P/P,, .. The theoretical
curves are absolutely normalized, using R=0,_,/
o, ~38

#"Figures 1b.c display inclusive kaon- and proton
spectra. Obviously the high-energy scaling limit of
the model predictions is not yet reached at DORIS
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energies, at least as far as production of heavy hadrons
is concerned [33].

1t is interesting to note that the model also predicts,
via semi-local duality, a ratio of direct p-meson to
direct m-meson production of 1.06 (averaged over
x and p,) which is close to the commonly accepted
value of ~ 1[1,34].

Figure 2a displays the model predictions for
inclusive spectra of stable hadrons in quark jets,
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Fig. la-c. Comparison between measured inclusive quark frag-
mentation spectra [11, 31, 32] and model predictions a e*e™ —
ht+ X.bete > K*+ X.ce*e™ - p,p+ X. Reflecting the syste-
matical errors of R = o, ,/c,,, the overall normalisation of model
predictions vs. data 1s uncertamn by ~ + 15

gluon jets and in three-gluon decays of the Y-meson.
The Y-spectra are compared for the two extreme
choices of the gluon splitting function (10). The mean
multiplicity in ¥ decays as compared to quark jets
is predicted to increase by 14...18°/, depending on
the choice of p(z). These numbers are in fair agree-
ment with data:

EXp. <nch >YDlrect -1
<nch >qq
PLUTO [12] 19+ 3%
LENA [12] 18+ 5%
DASP II (Inclusive) [10] 14 +£10%
DASP II (Full events) [12] 144+ 4%

This relatively modest increase of <n, ) might seem
embarrassing, since the sum of the parton multipli-
cities in the parton clouds generated by the three
gluon jets is expected to grow much stronger. In fact,
the number of quarks from the parton cascades
increases by 27...35%,. However, this increase is
partly cancelled by an effect pointed out first by
Brodsky [35]: due to the increased density of partons
in phase-space, the mean g¢ mass decreases, and the
ratio of direct p-mesons to direct n-mesons, e.g.,
reduces to ~0.6. Thus the number of stable final
hadrons grows slower than the number of primary
hadrons.

Figure 2b compares predictions for the lorentz
invariant  cross-sections Y - ggg ->n* + X and
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The overall agreement is satisfying, although the
slopes of the spectra are predicted slightly too flat.
The model calculations show that integrated over
the whole range in x, the fraction of baryons among
the secondaries is augmented by 30...45%; in Y decays
as compared to gq jets. This enhancement of baryon
production is more clearly visualized in Fig. 2¢c where
the ratio of inclusive cross sections in quark jets and
in Y decays is plotted vs. x = 2E/\/§ . At small x the
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Fig. 2.a. Inclusive particle spectra (1/0)(do/dx) as predicted
for quark jets (—-), gluon jets using p(x) ~ x> + (1 ~ x)*(~ — —)
and Y decays into three gluons, with p(x) ~ x> + (1 — x)? (...... )and
with p(x) ~ 3(x — 0.5)( = — - — ), for /s = 9.46 GeV The shaded

region indicates the range of predictions for }-decays, depending
on the specific choice of p(x). b Model predictions for inclusive
pton (—) and proton (——-) spectra in three-gluon decays of the
Y as compared to data [10] The curves shown refer to p{x) ~
d(x — 0.5); however for the range in x used here, the predictions
do not depend strongly on p(x). Overall normalisation error
~ + 20%. ¢ Range of model predictions for the ratio of inclusive
spectra in ¥ decays and 1n quark jets, for e*e” —»n* + X and

ete  >pp+ X, at\/ = 9.46 GeV, compared to data [10]

number of baryons in Y decays is calculated to be
1.7... 2.3 times as large asin g4 jets, which is in qualita-
tive agreement with the DASP II results also shown
in Fig. 2c. Quantitatively, the measured baryon
enhancement is even larger than predicted by the
model; however, once the size of the error bars is
taken into account it seems premature to draw
definite conclusions.

Let me finally remark that the model predicts a
small decrease (~ 20...30%) of kaon yields on the
Y as compared to the nearby continuum. The reason
is that the increased strange particle production by
gluons does not fully compensate for the absence of
primary charmed quarks, which decay into strange
mesons (in contrast to the other model results, this
last prediction however depends strongly on the
precise value of strange quark mass used in (7)).

5) Discussion

As is obvious from Figs. 1 and 2 the model agrees
reasonably well with data, especially as far as proton
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production in quark jets and in Y-decays is concerned.

At this point. it should be mentioned that is has not
been tried to vary parameters in order to obtain a
perfect fit to the data points; the only quantities
adjusted to match the data on quark jets are the
multiplicity distribution for charged secondaries and
the mean p, of secondaries.

To judge the physical significance of the results
shown above one has to know how stable the model
is with respect to changes in the various assumptions
put in. During the development of the model, a
number of different versions were used: in a first
attempt, two- and three-parton recombination was
studied for identical partons, ignoring flavor effects
and resonance production: the next step was to
consider the SU(3) breaking due to the different quark
masses, and finally resonance production was includ-
ed. Besides the phase-space event generator, a
recursive generator simulating the successive breaking
of color strings (like in the LUND-model [2]) and a
QCD-like branching process [13] were employed.
In addition, different parametrisations of the re-
combination function R were tried. All these models
yielded very similar results for the inclusive spectra
once the multiplicity distribution was correctly
adjusted ; all show an enhancement of baryon produc-
tion in Y-decays by factors up to 3, and all predict
a substantial fraction of large-momentum protons in
quark jets.

Furthermore, the main results presented in this
paper are expected to hold for the whole class of
models which are based on a similar physics as the
QRM. Such models are e.g. the valon picture [6], or
the QCD jet calculus leading to a preconfinement
stage [13,25].

Although the model has been developed with the
aim to understand the enhancement of baryon
production in Y-decays, it can be applied to other
deep inelastic reactions as well. The two following
predictions e.g. allow to check the basic assumptions
used in the model:

—in the reaction e* e~ — ggy, the ratio of baryon to
meson cross sections rises in that hemisphere of the
event which contains a quark and the gluon (“fat
jet”-side), as compared to the opposite hemisphere
{“slim jet”)

—in hadronic interactions, where particles or jets
of large transverse momentum (with respect to beam
axis) are produced, [33] the fraction of slow anti-
protons should increase as compared to “normal”
inelastic hadronic interactions, since in the central
region of such events four parton jets (the two jets
of large p, and two spectator jets) overlap.
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