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Scaling violations in inclusive e+e annihilation spectra
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The origin of the observed scaling violations in inclusive e+e annihilation is investigat-

ed. Perturbative jet evolution is not necessarily the only reason for scale breaking in the
hadron spectra at present energies. Remnants of finite-transverse-momentum and mass ef-
fects are still important in nonperturbative, cascade-type, jet formation in the —10 GeV
range. Heavy-quark fragmentation has a strong impact on hadronic inclusive spectra. A
simple parametrization for the heavy-quark fragmentation function is given which describes
well recently measured charmed-meson spectra. Taking these effects into account, good

agreement with the observed scaling violations is obtained in cascade-type jet models with

hard-gluon bremsstrahlung.

I. INTRODUCTION

The inclusive hadron spectra in e+e annihila-
tion show significant scale-breaking effects. ' The
purpose of this paper is to investigate the origin of
these effects. We ask whether these are necessarily
due to perturbative QCD or if there could be sub-
stantial remnants of nonperturbative effects contri-
buting as well in the energy range between =6 GeV
and =30 GeV.

The observation of three-jet events in e+e an-
nihilatiori has been taken as evidence for gluon radi-
ation off quarks expected in quantum chromo-
dynamics. Distributing the available energy among
more than two quanta on the scale of fm softens the
final hadron spectra. Since the bremsstrahlung
probability rises with energy, the spectra should
show scale-breaking effects. The magnitude of scale
breaking which one expects from perturbative QCD
calculations depends on the value of the mass cutoff
at which nonperturbative effects set in.

If the perturbative evolution of quark and gluon
partons proceeds undisturbed by confinement effects
down to masses as low as =mz, ' this is the only
source of scale breaking. Such a scheme might be
problematic as the multiplicities of gluons and
quarks radiated at distances of the order of l fm ap-
pear to be too small to avoid large color separation.

Alternatively one might assume the jets to be a
nonperturbative phenomena at present energies, with
all their properties fixed by confinement forces.
There is no perturbative evolution in such a jet.
Gluon bremsstrahlung is significant only if the
transverse momentum of the bremsstrahlung quan-
tum is large enough to pass unaffected through the
field of confinement forces and to create a jet on its
own. Here, perturbative QCD is considered to be

meaningful only on the scale of fm. Nevertheless,
scale-breaking effects in inclusive particle spectra
are not necessarily small in, e.g., a picture of nonper-
turbative jets, where hadrons are produced in the
flux field created by the outgoing quarks. Finite
masses and transverse-momentum effects inevitably

give rise to an energy dependence of the spectra.
1

For a typical transverse-mass scale of m j -—, GeV,
scale-breaking effects of the order (,n )&«(mz/E&«)'
with a -1—2 are expected. This energy dependence
of the spectra is of the same magnitude as predic-
tions of leading-logarithmic perturbative QCD.

In e+e annihilation, the production of heavy
quarks c and b with large mass scales poses an addi-
tional complication for the understanding of in-
clusive spectra. A quantum-mechanical argument
will lead us to a simple parametrization for the frag-
mentation function of a heavy quark Q to, e.g., a
heavy meson (Qq). The resulting spectrum has the
expected kinematical feature that the inertia of the
heavy quark Q is retained by the (Qq) meson.

The paper is organized as follows. In Sec. II we
study the influence of finite masses and finite trans-
verse momenta on scale breaking in a nonperturba-
tive cascade model. ' We also investigate scale
breaking due to the emission of a third quantum, a
hard gluon, in the Born approximation. Section III
is devoted to perturbative QCD predictions for the
energy dependence of hadron distributions in quark
jets. The jet evolution is derived from Altarelli-
Parisi-type equations" in first- and second-order'
QCD, and the result is confronted with the Born ap-
proximation of Sec. II. In Sec. IV heavy-quark pro-
duction is discussed with a simple conjecture for the
fragmentation function. In Sec. V we compare the
above models with recently obtained single-particle
spectra in e+e annihilation. A short outlook sum-
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marizes some attempts to get more insight into non-
perturbative and perturbative jet structures. '

II. SCALING VIOLATIONS
FROM NONPERTURBATIVE
PARTON FRAGMENTATION
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The creation of light-quark mesons with exponen-
tial falloff in transverse momentum during the frag-
mentation process suggests a nonperturbative treat-
ment of jet formation. Such a picture has been
sketched in the form of an inside-outside cascade by
Bjorken. 6 A parton moving out of the perturbative
interaction region on the scale of fm builds up a
color flux tube. When the length of the flux tube
grows larger than -1 fm, spontaneous creation of
quark-antiquark pairs occurs and the string breaks,
leaving us with mesons and yet another quark as the
new color source. Repetition of this mechanism re-
sults in a jet of hadrons with limited transverse
momentum.

Based on such a dynamical picture of jet forma-
tion, algorithms have been developed for Feynman-
Field-type cascades with ad hoc built-in (approxi-
mate) scale invariance and limited transverse mo-
menta of the hadrons. Nonzero transverse momenta
and finite hadron masses in the jet inevitably induce
scale-breaking effects. The correct incorporation of
these kinematical parameters in paitonic jet cascades
is a first, necessary step in the understanding of any
scale breaking. This way we hope to get an estimate
of the possible size of nonperturbative scale-breaking
effects. Calculating their precise form in QCD re-
quires solving this theory at large distances, which
has not been achieved yet.

For an average multiplicity (n }« in a jet we ex-
pect the scaling violation to be -[(n );«(m~/E„«)'j,

1mz- —, GeV being the average transverse meson
mass in a jet and a —1—2. For 3 GeV jet energy
with a multiplicity of primary hadrons in a jet of
(n },«-4, the influence of these kinematic factors is
huge, -40%%uo. Although the scale breaking disap-
pears as ~ (logE&«)/E;«' with rising energy, the ef-
fect is still —10% at E,„=15GeV with (n ))„-8.
Changes of order 2 are therefore expected in the
(scaled) energy spectra of mesons in quark jets when
the e+e energy is raised from 6.5 to 30 GeV.
These expectations are substantiated by an elaborate
Monte Carlo study of m. mesons in light-u, d, s-quark
jets. The Lund model' has been used for this pur-
pose. Figure 1 (dashed line) presents the results of
this study for various energy ratios.

It is clear that these scale-breaking effects are not
artifacts of cascade Monte Carlos. This can nicely
be demonstrated in longitudinal phase-space models
in which particles are produced with limited trans-
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FIG. 1. (a) Ratio of (I/o. )do/dx at 29 and 6.5 GeV
for q =u, d, s from a Monte Carlo simulation of qq events
(dashed line) and qqg events (full line, A =200 MeV). (b)
Same as (a) but for 30 GeV/14 GeV.
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III. PERTURBATIVE @CD JETS

Assuming that QCD perturbation theory is valid
down to cutoff parameters of order mz, all energy
dependence of the inclusive cross section for light

verse momentum along the jet axis, and probabilities
given otherwise just by phase space. '

In addition to these scale-breaking effects of pure-
ly nonperturbative nature we expect additional ef-
fects due to perturbative gluon bremsstrahlung in
QCD. As the nonperturbative section of QCD is
not solved, we have to rely on conjectures for the
merger of perturbative and nonperturbative effects.
In a first attempt to construct a phenomenological
model of gluon bremsstrahlung combined with had-
ronization of quark and gluon jets, a cutoff of &4
GeV for the invariant mass of quark and gluon pairs
is introduced. ' Gluons emitted below this mass
submerge in the nonperturbative qq two-jet forma-
tion. The magnitude of this cutoff coincides with
the limit of e e energy below which two-jet struc-
tures cannot be resolved any more. A sudden
change from the nonperturbative QCD regime is
suggestive as it occurs in lattice gauge theories and
bag-type models as well. (The magnitude of the cut-
off mass need not be the same in different dynami-
cal problems though. ) The solid lines in Fig. 1

describe first-order gluon bremsstrahlung added to
the cascade jet evolution of light quarks, with a cut-
off parameter M(qg)=4 GeV. At low energies the
scale-breaking effects due to bremsstrahlung are
small as compared with nonperturbative effects. At
large energies, however, all scale-breaking effects are
due to gluon bremsstrahlung as finite pj and mass
effects disappear asymptotically. We have checked
this explicitly in the Lund Monte Carlo for x &0. 1

by comparing hadron spectra at 30 and 90 GeV.
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mesons originated from gluon radiation off quarks
and gluon splitting into gg and qq pairs.

The change of the meson spectrum with rising en-

ergy can then be described by evolution equations
closely related to the well-known Altarelli-Parisi
equations '

D (x,Q )= f [D (y, g')P, (x/y)+D (y, g')&sq(x/y)],
Bing /A

2 z Ds(x, g )= f QDs(y, g gqs(x/y)+Ds(y, g )I'ss(x/y)
aing /A

(la)

(lb)

Ds is the quark fragmentation function into mesons
(for simplicity all are assumed to be n's), Ds is the
gluon fragmentation function. For Ds the same
shape was taken as for Dz at the initial value Qo.

'

We have fixed Qo ——6.5 GeV where data are avail
able. The value of A was chosen to be 200 MeV.
Figure 2 shows the evolution of the meson spectrum
for the same energies as considered in the previous
section.

Before discussing these results in greater detail we
add some comments on second-order corrections.
All higher-order QCD corrections are plagued by in-
frared problems. The positive divergences due to
soft-gluon radiation are canceled by negatively infin-
ite vertex corrections. The result is finite once the
parameters of jet resolution are properly chosen. In
a space-time picture this cancellation involves infin-
ite distances. However, confinement in QCD intro-
duces a cutoff preventing partons from traveling
freely to distances of many fm. Thus we do expect
corrections to perturbatively calculated cross sec-
tions to —1 GeV even without considering any de-
tailed hadronization model. To check the internal
consistency of the perturbative calculation, we leave

l.25

I .00

these provisos aside for the moment, and use the
second orde-r corrections to fragmentation functions
from Ref. 12. The solution of the integrodifferential
equations is found numerically by adapting a
method developed in Ref. 17. The ratio of scaling
violations of second order to first order is bigger in
e+e than in deep-inelastic scattering. In the evo-
lution from 6.5 to 29 GeV, however, the higher-
order corrections remain small compared to the
leading-logarithmic corrections; they are of order
10', rising slowly with x (see Fig. 2, dotted line).
These higher-order corrections increase scaling
violations slightly.

The results obtained in the cascade model (full
line in Fig. 2) and the perturbative jet evolution
(dashed and dotted lines in Fig. 2) are remarkably
close to one another at present energies. This is no
accident. Both are branching processes and both are
characterized by energy parameters of similar size,
the cascade by (pt )=400 MeV and n, p masses and
the perturbative parton shower by A =200 MeV. A
large lever arm in energy, starting at a high Qo, can
separate these effects.

IV. HEAVY-QUARK FRAGMENTATION

Whereas light-quark fragmentation into mesons is
characterized by a behavior z '(1—z)2, quite a dif-
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FIG. 2. (a) Ratio of (1/o)der/dx at 29 and 6.5 GeV
for q =u, d, s. Full line is a Monte Carlo simulation of qqg
events The dashed . line is the first-order QCD evolution
with A =200 MeV, the dotted line is the second-order re-
sult. (b) Same as (a) but for 30 GeV/14 Gev.

FIG. 3. The fragmentation of a heavy quark Q into a
meson H(gq}. Dashed lines are time slices used in the
derivation of Eq (3)
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cussed in Ref. 18. The gross features of the ampli-
tude for a fast moving heavy quark Q fragmentation
into a hadron H=(Qq) and light quark q (Fig. 3)
are determined by the value of the energy transfer
AE =E&+Eq —E~ in the breakup process,

amplitude (Q~H+q) ~bE (2)

Expanding the energies about the (transverse) parti-
cle masses (m~-m& for simplicity},

bE=(m +z P )' +(m +(1 z) P—)'
Q

Q( 2+P2)1/2

FIG. 4, Fragmentation furictions D,(z) and DI,(z) from
Eq. (4) using e, =0.15 and ~~ ——0. 15(m, /m&)'=0. 016.

ferent shape is expected for the fragmentation of
heavy quarks Q =c,b, . . . into hadrons containing Q.
This follows from simple kinematical considerations
as first pointed out by Bjorken and Suzuki. At-
taching a light antiquark q to a heavy quark Q (or a
diquark qq for baryon production) decelerates the
heavy quark in the fragmentation process only
slightly. Thus Q and (Qq} or (Qqq) should carry al-
most the same energy. This kinematical effect is ex-
pected to dominate over more suitable dynamical de-
tails.

In this section we derive a simple form for the
heavy-quark fragmentation functions by adopting
the standard quantum-mechanical parton-model re-
cipe to estimate transition amplitudes, recently dis-
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FIG. 5. (a) Charm fragmentation function at lower en-
ergies from the CDHS p p+ neutrino data (Ref. 20), and
the MARK II—SPEAR D data (Ref, 19) compared with
the prediction of Eq. (4) with e =0.1. (b) D, (z) from the
MARK II—PEP D data (Ref. 21) at 29 GeV together
with the parametrization of Eq. (4) with e =0.2.

~ 1 —(1/z) —(ei2/1 —z)

and taking a factor z ' for longitudinal phase space,
we suggest the following ansatz for the fragmenta-
tion function of heavy quarks Q

z[1—(1/z) —e~/(1 —z)]

The normalization E is fixed by summing over all
hadrons containing Q,

g I dzDg(z)=1 .

According to the above derivation, the parameter e&
is -mz /I&, the ratio of the effective light- and
heavy-quark masses. We expect the parameter mq
to be of the order of the nonperturbative stronq-
interaction scale -(—, to 1)mz which gives eg-( —,

to —, )/m~ . The fragmentation function peaks at
z=l —2Eg with a width -eg. This function is il-
lustrated in Fig. 4 for Q =c and b with e, =0.15 and
eh=(m, /mb) e .

A few comments ought to be added. The second
step in Eq. (3) is strictly valid in the P +00 limit. —
For finite energies light-cone variables are supposed-
ly more appropriate. The fragmentation function is
then defined by Eq. (4) above the minimum value of
the light-cone variable where we cutoff the function
sharply. Although this account of threshold effects
is very crude it follows the pattern of bremsstrah-
lung models. This can be shown by calculating
e+e ~ y ~ Q+H(Qq)+q for a pseudoscalar
meson H with effective y5-type coupling to quarks
and the transverse momentum cutoff by hand. In
practice we can use Eq. (4) for the energy distribu-
tion, cut off at m~/E. [Even for a beam energy
E=3 GeV this is suprisingly close to the energy dis-
tribution which is obtained from postulating (4) for
the light-cone variable of charmed particles. ]

We will discuss here three measurements of the
charm fragmentation function. At low energies the
direct measurement of D production in e+e an-
nihilation at SPEAR by the MARK II group' and
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Dk+ ~40
7

or in b cascade decays,

e+e'~ bb

(5)

c+(ud ) or (leptons)

Dg + Dtlto (6)

Whereas the D" spectrum of Eq. (5) is hard (dashed
curve in Fig. 6), the spectrum of cascade decays is
soft, since the energy on the average is equally dis-
tributed among the three fermions in the weak b de-
cay of Eq. (6). Folding the c quark spectrum with

an indirect measurement by analyzing opposite-sign
dimuon production in vN interactions by the
CERN-Dortmund-Heidelberg-Saclay (CDHS) colla-
boration. z The data of the second experiment indi-
cate that charmed mesons are produced predom-
inantly at large values of z=EJI/E, in good agree-
ment with our simple ansatz [Fig. 5(a)]. The
SPEAR data, which have a cutoff at about z=0.7,
show that threshold effects indeed extend only very
little beyond the cutoff. At higher energies the
MARK II group has measured the D* spectrum at
PEP at 29 GeV. ' These data show the same gen-
eral trend as the CDHS data. The two curves corre-
spond to e parameters of 0.1 and 0.2, the range
which we anticipated for charm fragmentation. In
regard to the small mass difference between D and
D* we expect the same shape for the D' fragmenta-
tion function as for D. At Q =30 GeV, D"s are ei-
ther produced through fragmenting c quarks in

e+e ~ cc

the c~D' fragmentation function gives the full
curve of Fig. 6. In total, the D' spectrum is slightly
softened by the b ~ c cascade since the b:c produc-
tion ratio is 1:4at present e+e energies.

V. COMPARISON WITH MEASURED
INCLUSIVE CROSS SECTIONS

The two experiments which have reported scaling
violations in the inclusive cross section cover two
different energy intervals. The MARK II group has
measured hadron spectra at 6.5 and 29 GeV (Ref. 1)
and the TASSO group has several measurements be-
tween 12 and 36 GeV (Ref. 2). Both experiments are
above the charm threshold, while only the TASSO
experiment is also above the bottom threshold.

Let us first consider the perturbative jet evolution.
The light quark jets are assumed to evolve due to
gluon bremsstrahlung and gluon splitting into
quark-antiquark pairs with a A parameter of 200
MeV. For the initial fragmentation functions at

Qo ——6.5 GeV we have chosen Dq(x) =x '3(1—x)~
for x & 0.1 (in agreement with the measured spectra)
and the same form for Dq(x). For the fragmenta-
tion of heavy quarks we have assumed a form ac-
cording to Eq. (4) with e, =0.1 independent of ener-

gy. We have repeated the analysis by taking e, =0.2
at high energies which yields a very small increase
(=0.5%) of the scale-breaking effect. (Such a
change could in fact be a consequence of gluon
bremsstrahlung. ) The result is shown in Fig. 7. The
light-meson spectrum in heavy-quark fragmentation
has been calculated by folding the Q +H+q frag-—
mentation function with the light-quark q fragmen-
tation function. Figure 7(a) shows the measured ra-
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FIG. 6. Charmed-particle spectra in e+e annihilation
at 29 GeV. From charm-quark fragmentation {dashed
line), from bottom decays (dotted line), and the superposi-
tion of both charm production mechanisms in e+e col-
lisions (full line). All distributions are separately normal-
ized to 1.

FIG. 7. (a) Ratio of (1/cr)der/dx at 29 and 6.5 GeV
for q =u, d, s,c, (b) from MARK II. Full line is a Monte
Carlo simulation of qqg events with A =200 MeV.
Dashed line is the Monte Carlo result for qq events. Dot-
ted line is the second-order QCD evolution with A =200
MeV. (b) Same as (a) but for the TASSO results at 34
GeV {35GeV)/14 GeV.
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tio of charged-particle yields at 29 and 6.5 GeV in
the MARK II experiment, together with the expec-
tation from perturbative quark-jet evolution. Figure
7(b) shows a similar comparison for the TASSO
data at 34 GeV (35 GeV) and 14 GeV.

Though these calculations are in reasonable agree-
ment with the data, perturbative jet evolution is not
necessarily the only explanation of scale-breaking ef-
fects in inclusive e+e annihilation spectra. The
predictions of nonperturbative cascade models'
with occasional hard-gluon bremsstrahlung do
describe the data as well (see Fig. 7). While the ef-
fect of gluon bremsstrahlung on the ratio of the 6.5-
and 29-GeV spectra is marginal compared to finite

pt and mass effects, gluon bremsstrahlung improves
the agreement between this model and the data con-
siderably at higher energies.

VI. CONCLUSIONS AND OUTLOOK

Scale-breaking effects in inclusive e e annihila-
tion spectra are complex phenomena. The onset of
scaling effects, aggravated by large masses in
heavy-quark production, and perturbative scale
breaking due to gluon bremsstrahlung in QCD mix,
thus generating the experimentally observed pat-
terns. It is nevertheless very important to study
these effects both experimentally and theoretically
as the hadron spectra result from the interesting in-

terplay of short- and long-range forces in QCD.
Two different models have been pursued to explain
the hadron profile of quark and gluon jets. In one
approach jets are essentially a perturbative QCD
phenomenon, nonperturbative QCD forces being just
responsible for a slight rearrangement of color-
neutral energy clusters to hadrons. Perturbative jet
evolution is then the origin of all scale-breaking ef-
fects. In another extreme case, jets in the —10 GeV
range are assumed to be a nonperturbative

phenomenon, with gluon bremsstrahlung occasional-
ly developing a third jet in e+e annihilation. In
this picture scale-breaking effects are largely
kinematic in origin at low energies, due to finite
masses and transverse momenta, but they are due to
dynamical gluon bremsstrahlung at high energies.

At present energies, data cannot (yet) clearly
discriminate between these two models since their
algorithmic structures are rather similar. Both are
treated as branching processes, with parameters of
similar size. %hen the jet energies are raised, how-
ever, the finite mass and pt effects in the nonpertur-
bative model disappear, and we are left with
moderate scale-breaking effects due to hard, noncol-
linear gluon bremsstrahlung —in contrast to large
scale breaking in perturbative jet models. (More
precise measurements of heavy-quark fragmentation
functions can eliminate the uncertainties due to
copious heavy-quark production in e+e annihila-
tion. )

Of course, the measurement of other observables
can help in telling the hadronization models apart. '

Transverse-momentum spectra, energy correlations,
direct photon distributions, and many other mea-
surements will, together with the inclusive spectra,
enable us to resolve this important dynamical prob-
lem.
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