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Abstract. Transverse particle momenta have been
measured in e*e~ annihilation into hadrons at c.m.
energies between 9.4 and 31.6 GeV. The data are ful-
ly corrected for detector effects and radiation in the
initial state. A comparison is made with recent QCD
calculations.
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The fragmentation of fast moving quarks produces
hadrons with limited transverse momenta. This leads
to the formation of jets which become more colli-
mated with increasing quark energy, in accordance
with many observations in the 4-10GeV range. On
the other hand, QCD relates the jet width to gluon
emission, and predicts growing transverse momenta,
also called jet broadening, at higher energies [1].
These effects have been observed in jets produced in
both e* e~ annihilation and deep inelastic lepton-
hadron scattering [2,3].

The presently available data extend from low en-
ergies, where fragmentation dominates, into a tran-
sition region where QCD features clearly emerge in
some observables, but still have to be disentangled
from strong and not well understood fragmentation
effects.

Since the interplay between perturbative QCD
and fragmentation effects appears to be different in
different observables, a quantitative investigation of
QCD requires the study of a variety of jet measures.

The aim of this paper is a presentation of several
quantities related to the transverse spread of jets,
(P, KBy, 3. P> and (3 P?). The data presented
are corrected for detector effects and for initial state
radiation (which also produces detector-dependent
biases), so that they can be directly compared with
theoretical predictions as well as with corrected data
from reactions other than e* e~ annihilation. As an
example a comparison to some recent predictions of
perturbative QCD in the leading log approximation
will be presented.

The data which have been used in the present
analysis have been obtained with the PLUTO de-
tector at the storage rings DORIS and PETRA at
DESY, Hamburg. Details on the experimental set-up
have been published clsewhere [4]. For a rough
orientation we summarize the main features of the
detector as follows: a) PLUTO is a magnetic detec-
tor with a field of 1.64 Tesla provided by a super-
conducting solenoid, b) Charged particles are tracked
in a inner detector consisting of thirteen layers
of cylindrical proportional chambers covering 87 %
of 4=, ¢) Neutrals are detected with the help of bar-
rel and end-cap lead scintillator counters covering
together 96 %, of 4.

The data selection criteria demand that a) the
visible energy should be greater than half the no-
minal c.m. energy, b) at least four charged tracks
should have a common interaction vertex centered
within +4cm around the bunch-bunch collision
point, and c) the angle 3 between the jet axis and
the e* beam direction should satisfy |cos 3| <0.75.
Final states selected this way were visually inspected
and found to contain a negligible contamination
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from showering cosmic ray particles, QED events
and from beam-gas interactions (<29 total).

The data used in the present analysis have been
obtained at c.m. energies of 7.7, 9.4, 12, 13, 17, 22,
27.6GeV and in an energy scan between 30 and
31.6 GeV. The analysis for a given event proceeds as
follows:

a. The thrust axis [5] is
charged and neutral particles

b. The transverse momentum P, of the final state
particles with respect to this axis is measured and
used to determine the mean values (P> and {P?)
as well as the mean total transverse momenta
Q. Py and () P?> with the sum running over all
particles including neutrals.

In order to correct the mean values for detector
acceptance and resolution as well as for radiation in
the initial state the above analysis procedure has
been applied to two samples of Monte Carlo gener-
ated events, one with an ideal final state undisturbed
by detector effects and by initial state radiation, and
the other after including a complete simulation of
the apparatus, the selection criteria and radiative ef-
fects in the initial state. From a comparison of the
observables obtained from these two samples a cor-
rection factor was derived and applied to the data.
At low energies the Field-Feynman model was used
as a Monte Carlo generator [6] while at energies
above 17GeV QCD corrections were taken into ac-
count according to Hoyer et al. [7], including ¢- and
b-quarks. These two sets of Monte Carlo generators
have been found to adequately describe our data
[2].

The corrections obtained were found to be rea-
sonably small, ranging from 3% at 7.7GeV to 209
at 30GeV for (P.», and smaller than 59 at all en-
ergies for ()’ Pp>. As a check the whole analysis was
repeated using only charged particles. The correction
factors were found correspondingly larger for the
case of jet quantities like ¢}’ P> but smaller, ~10%,
at 30GeV, for single particle averages like (P.). In
all cases however the corrected values for the sample
of charged particles only were compatible with those
previously obtained for the charged and neutral
sample.

Finally we have investigated what biases might
be introduced by the jet axis finding algorithm. To
this end we repeated the whole analysis using three
different approaches:

a. Rather than defining one axis as given by thrust
we partitioned every event into two hemispheres
by defining two independent axes along which the
sum of the longitudinal momenta of final state had-
rons was maximized. The algorithm described in
[12] was used. The corrected values obtained using

determined from
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this procedure agreed within errors with those from
the thrust algorithm. This means that radiative ef-
fects which lead to non-collinear jets are adequately
corrected for.

b. We defined the jet axis as the sphericity axis
[8]. The resulting values for <(P.> and <{P?> mea-
sured with respect to the sphericity axis are, as ex-
pected, systematically somewhat lower than those
obtained with respect to thrust. The differences are
in most cases statistically significant.
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Fig.1. (P> as a function of c.m. energy. The full (open) circles
refer to (P> values obtained with respect to the thrust (sphe-
ricity) axis. The open triangles refer to values obtained with re-
spect to the most energetic parton direction. The solid curve re-
presents the expectations from the Field-Feynman Monte Carlo
for energies below 17GeV, and those from Hoyer et al. for en-
ergies above. Note the bb threshold near 1/s_ =10GeV in this and
the following figures
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Fig.2. (P?) as a function of c.m. energy. The full (open) circles
refer to (B?) values obtained with respect to the thrust (sphericity)
axis. The open triangles refer to values obtained with respect to
the most energetic parton direction. For comparison data from
the TASSO Collaboration [2b], obtained with respect to the
sphericity axis, are also shown, full triangles. The solid curve re-
presents expectations from Monte Carlo models as in Fig. ]
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c. In the Monte Carlo sample representing final
states undisturbed by detector effects we introduced
the jet axis as that of the most energetic parton. The
values for (P> and {P?) thus corrected at the
quark axis level were within error bars compatible
with those obtained with respect to the thrust axis,
though systematically slightly larger.

The final results for (P>, <{P7>, <} P> and
(). P} are shown in Figs. 1, 2, 3 and 4 respectively
as a function of c.m. energy. Tables 1 to 4 contain a

T
¢ Thrust axis
¢ Sphericity axis E
+Quark axis

T
PLUTO

0.6~ Corrected data

W
N
02L Qacb |
0.0 1 | 1
0 10 20 30 40
Vs (GeV)

Fig.3. 3 PT>/]/§ as function of c.m. energy. The full (open) points
refer to ) By values obtained with respect to the thrust (sphericity)
axis. The open triangles refer to values obtained with respect to
the most energetic parton direction. The solid line indicates the
QCD prediction in LLA of [9] for 4 =600 MeV

T T T
$ Thrust axis
go PLUT i
' Corrected data +Sphericity axis
| 4Quark axis
"
o 40
~
b
V\I"
N 201
i & 1
0 1 1 |
0 10 30 40

20
Vs (GeV)
Fig.4. (3" P?) as a function of c.m. energy. The full (open) circles
refer to <3 P?> values obtained with respect to the thrust (sphe-
ricity) axis. The open triangles refer to values obtained with re-
spect to the most energetic parton direction. The evaluation of (2)
according to [9] is represented by the shaded area. The solid
curve represents the expectations from Ali Monte Carlo [15] in-
cluding complete second order effects using a value of A of
200 MeV. The sphericity axis was considered as jet axis. Similar
results are obtained with the Monte Carlo of Hoyer et al. [7]
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Table1. <P.> values (in MeV) as a function of c.m. energy, mea-
sured with respect to the sphericity, thrust and most energetic
parton axis

Energy (B B> B
Sphericity axis  Thrust axis Parton axis
7.7 2853+ 33 2970+ 33 300.1+ 3.2
9.4 301.1+ 3.6 313.14 37 3153+ 39
12.0 3306+ 6.3 3427+ 69 3501+ 7.2
13.0 329.0+ 79 341.7+ 86 349.1+ 89
17.0 3339+ 86 3393+ 97 3388+ 9.7
220 350.6 +18.5 3609 +18.8 358.5+18.7
27.6 3691+ 79 3755+ 9.0 3781+ 9.0
30.0-31.6 399.7+ 6.1 4086+ 7.6 411.5+ 7.6

Table 2. {P?) values (in 10® MeV?) as a function of c.m. energy,
measured with respect to the sphericity, thrust and most energetic
parton axis

Energy <Ph By (B
Sphericity axis  Thrust axis Parton axis
7.7 1200+ 2.8 13144 33 13734+ 4.5
9.4 13514+ 37 147.3+ 4.8 1544+ 5.0
12.0 16834+ 74 184.0+ 8.6 1963+ 94
13.0 1579+ 84 1717+ 9.6 183.3+10.4
17.0 167.7+11.6 184.24+16.0 184.2+16.0
22.0 207.34+33.1 217.0+35.8 21484354
27.6 22474149 239.2418.6 2456+ 18.6
30.0-31.6 279.84+12.7 31144178 319.7+174

Table 3. 3" P, values (in GeV) as a function of c.m. energy, mea-
sured with respect to the sphericity, thrust and most energetic
parton axis

Energy <Z Fr) <Z B> QP
Sphericity axis  Thrust axis Parton axis
7.7 2934007 3.06 +0.06 3.18+0.07
9.4 3.50+0.08 3.61+0.09 3.754+0.10
12.0 4.48+0.13 4.62+0.14 4.71+0.16
13.0 4.39+0.16 4.55+0.16 4.64+0.20
17.0 5.05+0.23 5.15+0.23 5.1240.22
220 6.02+0.48 6.15+0.48 6.11+0.46
27.6 7.31+£0.26 7.49+0.26 7.47+0.26
30.0-31.6 8.03+0.23 8.241+0.23 8.22+0.23

Tabled. (3 P?> values (in GeV?) as a function of c.m. energy,
measured with respect to the sphericity, thrust and most energetic
parton axis

Energy  (TBD (TP (TP

Sphericity axis  Thrust axis Parton axis
7.7 1.12+0.03 1.224+0.04 1.344+0.05
9.4 1.541+0.07 1.7540.08 1.92 +0.09
12.0 2.27+0.13 248+0.14 2.72+0.16
13.0 2.12+0.14 229+0.15 2.51+0.16
17.0 2.53+0.25 2.79+0.28 2.9840.31
22.0 3.56+0.88 3.70+0.88 3.95+0.94
27.6 4.45+0.40 4794042 5174045
30.0-31.6 5.62+0.35 6.29+0.41 6.79+£0.45
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summary of our measured values. For the sake of
completeness three sets of values ie. measured with

respect to the thrust and sphericity axis as well as

those corrected with respect to the most energetic
parton direction are given.

The effects of jet broadening are clearly seen in
the data. They are particularly strong in () P> and
<) P?». The increase with energy of the values for
(P> and {P?) has been already reported at the lev-
el of observed quantities in earlier publications [2].
There it was already stated that these effects are in
disagreement with the expectations from the quark-
parton model with fragmentation as implemented in
the Field-Feynman model. The data are reasonably
described if QCD corrections are included following
for instance Hoyer et al. [7] (solid curves in Figs. 1
and 2).

Recently the possibility of describing this jet
broadening by perturbative QCD calculations, where
the effects of soft gluon corrections are taken into
account within the leading log approximation, has
been studied [9]. The authors of [9] find the vari-
ables <) P> and <} P?) best suited to this purpose
and predict

QL By=1290a(s)}s (1)
and

2\ as(s)
(LREY=2~

+s{0.1365[M, (2, 5)+ M,(2,5)] +0.2324 M, (2,5)}  (2)

with M, (n,5), My(n,s) and M,(n,s) the nth moments
of the quark, antiquark and gluon fragmentation
functions defined as

M,(n,5)=[dzz"D(z,5) a=4q,q,g (3)

where the D, describes the fragmentation of parton a

with energy ]/E into unspecified hadrons of frac-
tional energy z.

Equation (1) which is constructed from the first
moments of the quark and gluon fragmentation
functions, is independent from fragmentation effects,
due to the trivial relation M(l,s)=1. It shows the
linear rise of the transverse momenta characteristic
of perturbative field theories, damped by the variation
of the coupling constant. The results of fitting this
prediction to our data, referred to the sphericity
axis, are also shown in Fig.3. The resulting y? is 9
for 6 degrees of freedom and the best estimate for A,
the only free parameter entering in the fit through
the relation a,=4n/b-In(s/A%)*, is 600+25MeV.

* b is defined as usual as 11—4N; with N, the number of active
quark flavors
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This corresponds to « (900 GeV?)=0.20+0.01 in rea-
sonable agreement with previous results derived
from the energy dependence of various jet measures
[13]. Corresponding fits using the data for the thrust
or quark axis yield a value of 4=667+20MeV thus
indicating a systematic error for «, (900GeV?) of
slightly less than 0.01 from the choice of jet axis.

An estimate of the systematic uncertainty intro-
duced by the fragmentation effects may be obtained
by assuming that a detector could reconstruct all
primary pseudoscalar and vector mesons from their
decay products, and by calculating <) P> from
these primary mesons. If this excercise is performed
with the help of the Field-Feynman fragmentation
model, one obtains values for «, which are 25 %, low-
er than those from the decay products. The ratio of
the two results is independent of the c¢.m. energy, so
that it is not possible to resolve it by extrapolating
the energy dependence to asymptotia like in other
jet observables ({1 —T) or (M?/s), see [13]). It thus
appears that the simple prediction (1), in spite of the
striking agreement with the energy dependence of
(3. P>, cannot be used for a precise determination
of the strong coupling constant.

Inserting plausible assumptions about the quark
and gluon fragmentation functions, their scaling
violating s-dependence [10, 11], and an additive
constant (=1) accounting for non-leading correc-
tions to (2), the authors of Ref [9] predict an energy
dependence of <}’ P7) as given by the shaded area
in Fig. 4. In comparison, the rise of our data appears
to be stronger. We have checked that the moment
M, ;(2,s) measured by PLUTO [14] agrees too well
with the one assumed in [9] as to explain the dis-
crepancy. We have further verified that the differ-
ence cannot be due to the fragmentation effects in-
duced by the decay of vector mesons. In fact the
data on () P?) corrected at the level of primary
mesons agree in normalization and shape with that
corrected at the level of final state hadrons within
15%.

To summarize, mean values (P>, (P>, O P,
and () P?» are presented over a wide energy range.
They have been corrected for detector acceptance
and resolution as well as for radiative effects in the
initial state. Signs of jet broadening are clearly pres-
ent in the data. This is inconsistent with the expec-
tations from the quark-parton model where the
transverse spectra of jets should be energy indepen-
dent. A good description of the data can be ob-
tained by Monte Carlo calculations where hard
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gluon emission is taken into account. The energy de-
pendence of the mean total transverse momenta
() Py appears to agree with a QCD calculation,
where the broadening is attributed to the effects of
gluon radiation as calculated in the LLA. On the
other hand, the predicted independence on fragmen-
tation 1s not observed in the data. The strong cou-
pling constant a; (s =900 GeV?) comes out to be 0.20
or 0.15, depending on whether the LLA prediction is
applied to the data at the final state hadron or the
primary meson level. The quantity () P?) shows a
dramatic increase with energy. Here the correspond-
ing QCD prediction (2), which is explicitly dependent
on moments of the quark and gluon fragmentation
functions, does not properly describe the data. Monte
Carlo calculations including complete second order
effects [ 157 describe properly the data thus indicating
that () B?)> receives non-negligible contributions
from fragmentation processes.
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