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We have found a simple powerful Ansatz, interpreting the Lund symmetric-fragmentation function as
a universal production density, which predicts multiplicities and momentum and P# distributions of the

many meson and baryon flavors observed in e *e ~

collisions at E.m =30 GeV almost perfectly with only

two ‘“natural” parameters of the Lund symmetric-fragmentation function. The model depends only on
hadron masses and not on quark-level suppression factors such as s/u or gq/q. At a minimum, it pro-
vides an easy basis for the prediction of particle production rates and distributions, and may provide in-

sight into the actual production mechanism.
PACS numbers: 13.65.+i, 13.87.Fh

Figure 1 depicts the general situation for an e te ~ an-
nihilation in which the virtual photon couples to a pri-
mary quark-antiquark pair. This in turn produces a
“color field” (to use QCD language) from which virtual
qq pairs are produced as the system evolves into the ob-
served hadrons. The salient experimental features are as
follows: (1) The hadrons have limited Pr relative to the
primary ¢g axis, (2) production of high-mass hadrons is
suppressed, (3) spin counting is important (e.g., p/x pro-
duction is enhanced by a factor of 3), and (4) there is a
longitudinal distribution favoring low momenta. Pre-
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FIG. 1. Evolution of a gg color-field system into a chain of
observed hadrons.
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sumably the Pr and high-mass suppression may occur ei-
ther on the quark level of the virtual gg pairs or on the
final-hadron level. In addition, in the QCD description,
the self-coupling of the many emitted soft virtual non-
perturbative gluons typically leads to a narrow high-field
color flux tube between the primary quark and anti-
quark.

The very successful Lund model' presumes that the
narrow color flux tube is well approximated by a relativ-
istic string. In 1982, the Lund group proved the impor-
tant theorem? that with the assumption of (a) a relativis-
tic string of constant tension, (b) a central rapidity pla-
teau, and (c) an iterative implementation in which the
results are statistically left-right symmetric in terms of
picking the string end of the next hadron, then the only
allowable form of the fragmentation function for a single
hadron flavor is

f(2)e<[(1 —2)%z)expl—b(mf+Py)/z], (1

where z = (E + Py )hadron/ (E + Py) quark, My is the hadron
mass, Pry and P are the hadron transverse and longitu-
dinal momenta, b is a universal constant related to the
inverse of the string tension, and a is a constant which
could be flavor dependent. Thus, it was anticipated that
Eq. (1), known as the Lund symmetric fragmentation
function (LSFF), would be a good approximation to the
longitudinal z distributions of the various directly pro-
duced hadrons. It has, in fact, met with considerable
success: the general momentum spectra of the observed
hadrons, the very high-momentum particles® and the D*
distribution® which presumably contain the primary
quark with little resonance decay dilution, the tendency
for higher-mass hadrons to have higher momenta, and
the baryon-antibaryon short-range anticorrelation re-
cently reported by Aihara et al. (TPC/Two-Gamma Col-
laboration).® Following the tradition of Field and Feyn-
man,® the Lund model is presently implemented by one’s
first picking the quark P#, with a Gaussian distribution
such that typical hadron Prg’s are =350-450 MeV/c,
then using quark-level (gq/gq for baryon/meson, s/u for
strange particles, etc.) and hadron-level (vector/all for

1997



VOLUME 59, NUMBER 18

PHYSICAL REVIEW LETTERS

2 NOVEMBER 1987

vector mesons) suppression parameters to pick the had-
ron identity, and finally inputting these into Eq. (1) to
pick z and thereby ensure the left-right symmetry. Typi-
cally, 6-10 effective parameters are involved.

Our modification of the Lund approach arises from
(a) the idea that perhaps all the mass and Pr suppres-
sion should occur on the observable hadron level and not
on the unobservable intermediate quark level and (b)
noting that the LSFF, if used as a production density in
my and P#y as well as z, gives both a “natural”
hadron-level suppression to heavy-mass states (see Fig.
2) and a “natural” P#y spectrum from exp(—bP#y/z)
of typically 350-500 MeV. In essence, our normaliza-
tion condition on the LSFF is

1=NY f—(—l—"zi expl—b(mpj+ P#y)/z1dz dP#y
H

with a universal normalization constant N for all possi-
ble hadrons, whereas the present Lund recipe implies
Jf(z)dz=1 for each hadron species after selection of
the hadron flavor by use of the various suppression fac-
tors. We note that the original derivation of the LSFF
was made with use of only one hadron mass; at present
in the extrapolation to many masses, there is not yet a
theoretical preference for either interpretation.

The most likely visualization behind our approach
would seem to be that the primary gg color-field system
undergoes a global low-0? nonperturbative transition in
which it must project quantum mechanically as a whole
onto a chainlike set of hadrons of discrete known masses.
In this context, our use of the LSFF would seem to
represent a phase-space-like suppression (somewhat re-
sembling the phase-space suppression of QCD cluster
models”) involving the conversion of local energy stored
in the color field into hadron mass and P#. We note
that, though the soft-gluon self-coupling presumably
creates the narrow color flux tube, in our approach there
is no dependence of the virtual gg production on the
gluon mass (or virtuality) spectrum; we presume an en-
ergy density in the color field sufficient to provide what-
ever virtual gg pairs are needed, subject only to the
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FIG. 2. The Lund symmetric fragmentation function. Note
that a “natural” heavy-mass suppression is suggested.
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hadron-level suppression from the LSFF.

In practice our Ansatz is implemented by an iterative
adaptation of the Lund JETSET program® in which the
Lund technique for choosing P#, my, and z is replaced
by ours, but all other features of the Lund implemen-
tation are preserved. Since there are no ‘“‘arbitrary”
suppression factors in our model, we must use the exact
Clebsch-Gordan coefficient coupling from the virtual
qq pairs to the final-hadron-state functions. Though
baryons are more complicated objects, we have followed
the same simple prescription for them as well.

The iteration procedure is illustrated in the inset of
Fig. 1, where g; is a spin-up up quark (x#1). Some possi-
ble hadron state functions are also shown. Thus, ut cou-
ples to =+ with strength 4, p* with total strength 7,
K* with +, and A3l +3, with #. We note that spin
counting is automatic; e.g., vector to pseudoscalar meson
production is enhanced by 3/1. Also, from the many
baryonic spin and flavor states, we find a baryon-to-
meson enhancement of =3.2. A further necessary itera-
tive feature is that when an s5 or diquark-antidiquark
pair is created (rather than a wit or dd pair), two had-
rons in the chain are heavier and both thereby provide
suppression to the global probability of the overall chain.
This phenomenon is simply handled by our weighting the
production of the hadron at one stage by the appropriate
weights from the next few stages. In practice, two addi-
tional stages are enough. In this way, what may in fact
be a global transition can be treated rigorously in an
iterative implementation. At present, no other correla-
tions are used between stages in the iteration procedure;
our studies indicate that such effects are typically
< 10%.

Thus, overall in our model’s iterative implementation,
the probability of creating a hadron; (see Fig. 1) with
mpy, P#y, and z is simply proportional to the product of
(a) the square of the Clebsch-Gordan coefficient cou-
pling the “input” quark g¢; to the hadron;, (b) the LSFF
for that my, P#y, and z, and (c) the relative weight of
the next two stages for the “output” quark g; +1.

We divide our comparisons with data into three parts:
multiplicities per event, distributions in Xg = FEhadron/
E guark, and P# distributions. To make the best possible
multiplicity comparisons with data, we have compiled
approximate ‘“world averages” adjusted to E.m, =29
GeV [appropriate to the SLAC storage ring PEP] for
various flavored hadrons.® The uncertainty is typically
5%-10% for # ¥, n°% K+, K° p, and A; 10%-20% for
the vector mesons; and 30%-70% for the hyperons. The
D** and D° data have been corrected to the 1986 Par-
ticle Data Tables branching fractions. There also are
uncertainties in model implementation which are typical-
ly =20% from such sources as decay-table uncertainties,
finite-E ., effects, etc.

In Fig. 3, we compare our model predictions with the
“world average” measured multiplicities for various had-
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FIG. 3. Comparison of “world-average” experimental multi-
plicities (Ref. 9) with the predictions of our model for various
hadron flavors created in e Ye ~ interactions at Ecm. =29 GeV.
Antiparticles are included in all cases.

rons. Using Lund JETSET version 6.2% with matrix ele-
ment calculation of 0-2 emitted gluons, we find best-
tuned values of a=1.1 and b=0.75 (GeV/c) 2
Though the multiplicities vary by 3 orders of magnitude,
we find very good agreement with the data, typically
within 20% or 1.56. [We find similar predictions with
a==0.5 and »=0.85 (GeV/c) ~? using JETSET version
6.3 % with a gluon shower cutoff of Qg=1 GeV/c.] The
only hints of systematic effects are the suggestion that
our model might overpredict strange-meson production
by about 15% and that it might somewhat overpredict
spin- > baryon production, though the latter is not yet
well determined experimentally.

In Fig. 4, we compare our predictions with experimen-
tal Xg distributions for characteristic hadron flavors.®
To facilitate the shape comparison, we have normalized
the data distributions to the world-average multiplicities.
We see no indication of any systematic shape effects in
these comparisons. It is particularly significant that the
LSFF can predict the D*¥ distribution, which dom-
inantly comes directly from a primary quark. In Fig. 5,
we display the P# distributions predicted by our model
for |y| <1, for #* and protons.'® Again, the agree-
ment is good.

Because of the rigidity of our model, it makes rather
specific predictions (good to about = 10%-20%) when
expressed in terms of the language of adjustable Lund-
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FIG. 4. Comparison of experimental Xg distributions with
the predictions of our model. The iri, K i, D*i, p, and A
data are from TPC/Two-Gamma Collaboration, p® and =~
from MARK II Collaboration, and £* * from HRS Collabora-
tion (Ref. 9).
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FIG. 5. Comparison of experimental distributions in P# rel-
ative to the sphericity axis for 7 ¥ and protons with rapidity
=< 1.0 (Ref. 10).
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model parameters. We predict, beginning with a light
(strange) [charmed] quark, that gq/q (the baryon/meson
ratio) =0.082 (0.069) [0.042] and s/u=0.34 (0.38)
[0.38] for meson formation. Vector/all=0.39 (0.49)
[0.63] in formation of a light-quark (strange) [charmed]
meson. The baryon parameters vary considerably with
the specific flavor: We find values for 6= (su/ud)(s/
d) ™" of 0.6-1.1 and for a= ¥ (gq):/(gq)e of 0.15-
0.30."" Further, our model predicts that as z— 1, where
all observed hadrons directly contain the primary quark,
the n/K/p ratio is ~62%/25%/13%. Future PEP data
should sharpen these tests considerably. Also c/u
(analogous to s/u for virtual ¢¢ production) is =10 "% to
10 7% in our model. This may be measurable at the
Stanford Linear Collider or the CERN collider LEP.

There is an interesting additional degree of freedom
which probably ought to be implemented for baryons.
Thus far, we have treated a diquark as a single topologi-
cal unit (see, e.g., Fig. 1) in which the baryon and anti-
baryon share two virtual gg pairs (the diquark-anti-
diquark pair). However, because a baryon contains
three partons, baryon production has additional “pop-
corn” degrees of freedom!'? unavailable to mesons in
which the baryon and antibaryon share one or no virtual
qq pairs, with one or more mesons “in between” them.
Within the framework of our model, it appears that
these topologically new degrees of freedom should add to
the overall baryon production. As a beginning approxi-
mation to adding ‘“‘popcorn,” we have tried simply in-
creasing the baryon production weights arbitrarily by
factors of 2-3 and readjusting the values of a and b to
keep the 7= and proton multiplicities constant. In-
terestingly, this procedure slightly lowers the production
rates of intermediate-mass mesons such as kaons, p, K*,
¢ and of higher-mass hyperons and somewhat improves
the overall agreement with the data.

In conclusion, we have found a simple, elegant Ansatz
combining exact Clebsch-Gordan state-function coupling
with the Lund symmetric fragmentation function as a
production density function using only two “natural” pa-
rameters. Given only a particle’s mass, spin, and quark
content, the model predicts production rates and distri-
butions for e e ~ interactions at E.n, =30 GeV quite
well. The model will be carefully tested by the
TPC/Two-Gamma Collaboration data from the upcom-
ing PEP high-luminosity era. Future elaborations on the
model will include (a) the addition of ‘“popcorn” (see
previous paragraph), (b) the addition of local Pr com-
pensation (e.g., with use of —P7 of one hadron as the
central Py value of the next), and (c) studies of how to
shift systems with different £ ,’s. The simplicity of our
model and its good agreement with experimental results
suggests that the suppression of heavy-mass states and
the generation of Pr may in fact occur on the observable
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level of produced hadrons and not on the unobservable
intermediate quark level.
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