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Observation of Scale Breaking in Inclusive Hadron Production by e+e Annihilation

J. F. Patrick, V. Luth, J. L. Siegrist, '" G. S. Abrams, M. S. Alam, ' 'D. Amidei, A. Backer, '"
C. A. Blocker, A. Blondel, () A. M. Boyarski, M. Breidenbach, D. L. Burke, W. C. Carithers,

W. Chinowsky, M. W. Coles, '~ S. Cooper, W. E. Dieterle, J. B. Dillon, J. Dorenbosch, ('~

J. M. Dorfan, M. W. Eaton, G. J. Feldman, M. E. B. Franklin, G. Qidal, L. Gladney,
Q. Goldhaber, L. J. Golding, G. Hanson, K. G. Hayes, '" T. Himel, '" D. Q. Hitlin, '~'

R. J. Hollebeek, W. R. Innes, J. A. Jaros, P. Jenni, '" A. D. Johnson, J. A. Kadyk,
A. J. Lankford, R. R. Larsen, B. LeClaire, M. Levi, N. Lockyer, B. Lohr, '"'

C. Matteuzzi, R. E. Millikan, M. E. Nelson, C. Y. Pang, M. L. Perl,
B. Richter, A. Roussarie, '" T. Schaad, H. Schellman, D. Schlatter,

R. F. Schwitters, J. Strait, H. Taureg, '" M. Tonutti, '"'

G. H. Trilling, E. N. Vella, '&'R. A. Vidal, I. Videau, ' '

G. von Dardel, '"' Y. Wang, '" J. M. Weiss, ,
M. Werlen, ' ' J. M. Yelton, C. Zaiser,

H. Zaccone, "' and G. Zhao'"
I.aserence Berkeley Iaboratory and Department of Physics, University of California, Berkeley,

California 94720, and Stanford Linear Accelerator Center, Stanford University, Stanford,
California 94305, and DePartment of Physics, Harvard University, Cambridge,

Massachusetts 02138
(Received 1 July 1982)

Measurements are presented of the inclusive charged-particle cross sections sdo'/dx
for e+e annihilation at center-of-mass energies of 5.2, 6.5, and 29.0 GeV. Significant
scale breaking is observed in these cross sections.

PACS numbers: 13.65.+i

The naive quark-parton model provides a good
qualitative description of the process e'e - had-
rons. At sufficiently high energies, where quark
and hadron masses may be neglected, this model
predicts that quark fragmentation depends only on
the quark flavor and the dimensionless variable
x, the ratio of the hadron energy to the beam en-
ergy. Thus the cross section sde/Ch should be
independent of the center-of-mass energy vs. ' In
quantum chromodynamics (QCD), emission of
gluons by the primary quarks leads to a depletion
of particle production at large x by an amount
which is s dependent. ' Since these effects are
small and vary only logarithmical. ly with s, a
sensitive test of these predictions requires a
large energy range and good understanding of sys-
tematic errors. Previous measurements showed
that scaling is approximately valid in the region
3 GeV&@"s &8 GeV. ' However, as a result of
large systematic uncertainties early measure-
ments at higher energies were not sufficientl. y
sensitive to observe deviations from seal. ing be-
havior. 4

In this Letter, we present measurements of the
cross section sdo'/dx for charged particles at
center-of-mass energies of 5.2, 6.5, and 29.0
GeV. Since in this experiment particles were

not identified, x was approximated by the ratio
of the particle momentum rather than energy to
the beam energy. ' The data were acquired with
the Mark II detector at the SPEAR (for vs = 5.2
and 6.5 GeV) and PEP (for v's =29 GeV) storage
rings located at the Stanford Linear Accelerator
Center. The corresponding integrated luminosi-
ties were 4.16, 1.63, and 13.6 events/pb at the
three energies. The use of the same detector
over this wide range in energy hei.ps to reduce
the systematic errors to a level. where deviations
from the simple quark-parton model can be ob-
served.

The Mark II detector' was essentially the same
Bt SPEAR and PEP. Charged particles were
tracked by an array of cylindrical drift chambers
in an axial magnetic fiel.d of 4.1 kG at SPEAR and
4.65 kG at PEP, with a momentum resolution of
(0.01 P'+ 0.015')' ' (P in gigaelectronvolts).
Tracks which passed within 1.5 cm in radius and
15 cm in z from the beam interaction point were
constrained to this point, improving the momen-
tum resolution to (0.007'p'+ 0.015')' '. The track-
ing efficiency estimated from Monte Carlo stud-
ies and a visual. scan of a subset of the data was
) 99'%%up for the data taken at SPEAR, and 95% for
the PEP data as a resul. t of the much larger track

1232 1982 The American Physical Society



VOLUME 49, NUMBER 17 PHYSICAL REVIEW LETTERS 25 OcTQBER 1982

density. In both cases, the efficiency was ap-
proximately independent of x. The detector trig-
ger required at least two charged tracks to be
found by a hardware processor. At 6.5 and 29.0
GeV both tracks were required to be within the
central 65% of the detector solid angle, whereas
at 5.2 GeV the second track was only required to
be within the central 85/0. At 29 GeV an inde-
pendent total-energy trigger was added which was
satisfied if more than 1 GeV of energy was de-
posited in the front half of each of at least two
liquid-argon modules. From the redundancy pro-
vided by this requirement, the trigger efficiency
for hadronic events was found to be & 99%.

For the 5.2- and 6.5-GeV data sets, hadronic
events were required to have at least three
charged tracks with transverse momentum &100
MeV/c and i cosgi & 0.79, both with respect to the
beam direction. The tracks were also required
to pass within 6 cm in radius from the beam in-
teraction point, and satisfy an x-dependent re-
quirement on the distance of closest approach
along the beam (z) direction varying from &30 cm
at small x to ( 5 cm for x)0.5. To reduce con-
tamination from interactions of the beam with the
walls of the vacuum chamber or with the residual
gas, the fitted event vertex was required to lie
within 4 cm in radius and 10 cm in z of the beam
interaction point. The remaining contamination
was estimated by studying the distribution of
vertices along the z direction with iz„i & 10 cm,
and was found to be (6.5 + 0.6)% of the events at

v s = 5.2 GeV and (15.8 + 1.6)% at Es = 6.5 GeV.
This contamination, which contributed only to x(0.4, was subtracted from the observed distribu-
tions. An estimated (3+ 1)% of genuine annihila-
tion events were lost by the vertex-radius cut.
This loss was due to displacements of the recon-
structed vertex by tracks scattered in the materi-
al preceding the drift chambers, or by tracks
from K, or A decay. To suppress background
from QED processes, three-prong events were
rejected if they contained a track with momentum
& 900 MeV/c identified as an electron from its en-

ergy deposition in the liquid-argon shower count-
ers. Four-prong events with two such tracks
were also rejected. A visual scan of a subset of
the data showed that background from radiative
Bhabha scattering was negligible. Cosmic-r ay
events were eliminated on the basis of time-of-
flight information. The contribution from &-lepton
production and decay was statistically subtracted
by use of a Monte Carlo-generated sampl. e in-
corporating measured branching ratios. This cor-

rection amounted to (8.6+ 1.3)%%uo of the events at
5.2 GeV and (6.8+ 1.2) /0 at 6.5 GeV, the uncer-
tainty due mainly to uncertainties in the branch-
ing ratios. The ~ contamination in the inclusive
distributions prior to subtraction varied as a
function of x from 4.5% at small x to 20% at x
= 0.8. After subtraction of the estimated beam-
gas and & backgrounds, there were 44180 events
remaining at 5.2 GeV and 11900 events at 6.5
GeV.

For the data at Ks =29.0 GeV, hadronic events
were required to contain at least five charged
tracks as defined above. In addition, to suppress
background from two-photon processes, as well
as from beam- gas inter actions, the sum of the
magnitudes of the particl. e momenta was required
to exceed 7.25 GeV, or 3.75 GeV if there was at
least 4 GeV of energy in photons deposited in the
liquid-argon shower counters. After these cuts,
background from beam-gas interactions was
negligible, and background from ~ production was
estimated to comprise (2.5+ 0.5)% of the remain-
ing events (varying from less than 2 /c at small x
to 6% above x =0.4 for the inclusive distributions).
Background from hadron production via the two-
photon process was estimated to be (1.5+ 0.8)%,
concentrated at low momentum, from Monte Car-
lo simulations and from events in which an el.ec-
tron was detected in a smal. l-angl. e tagging sys-
tem covering the range 22-80 mrad from the
beam direction. There were 4750 events remain-
ing after statistical removal of these backgrounds.

Detection efficiencies were computed with a
Monte Carlo simulation based on the quark frag-
mentation model of Field and Feynman, ' with ex-
tensions by Ali et al. ' for gluon emission at high
energies. With appropriate fragmentation pa-
rameters, these model. s provided a good descrip-
tion of the observed charged-particle mul. tipl. icity
and momentum distributions. The charged-parti-
cle detection efficiency as a function of x (in the
absence of initial-state radiation) is displayed in
Fig. 1. To determine the sensitivity of these ef-
ficiencies and background subtractions to the pro-
duction model, the cuts on multiplicity, momen-
tum, icos&i, and charged energy were varied.
Different fragmentation parameters and produc-
tion models were used. From the corresponding
variations in the computed cross sections, the
uncertainties in these efficiencies are estimated
to be 4% independent of x at 29 GeV, and to vary
from 4% at small. x to 7% for x &0.4 at the two
low energies. This uncertainty is larger for the
SPEAR energies at large x because of the re-
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FIG. 1. The charged-particIe detection efficiency as
p/Ebeam at ~s = 5.2, 6.5, and 29.0

GeV.

quirement that three tracks be observed; events
containing a high-momentum track tend to have
lower than average multiplicity.

The inclusive particl. e spectra include long-
lived charged particles produced either at the
primary vertex or from the decay of short-lived
particles, such as K, and A. A correction was
made for electrons from photons which converted
in the 0.065 radiation length (0.09 at PEP) of mat-
erial preceding the drift chamber". This cor-
rection was about 5% at x = 0.1 and about 1% above
x = 0.25.

Corrections for initial. -state radiation were corn-
puted with the method of Berends and Kl.eiss. ' As
a function of x this correction varied from (10
+2)% at small x [(15+2.5)% at 29.0 GeV] to less
than (5+ 1)% at large x. The quoted errors are
due to uncertainties in the cross section and de-
tection efficiency at lower energies, and from
the possible contribution of higher-order effects.

The normalization was obtained from Bhabha
scattering events observed in the central detector.
The uncertainty in this measurement is estimated
to be+ 3% at each of the three energies consid-
ered, due mainly to uncertainties in the n' and
higher-order radiative corrections. Bhabha
events detected in a monitor located at small
angles to the beam line provided a cross check,
with a systematic uncertainty of 6% at 5.2 and
6.5 GeV and 37o at 29.0 GeV. Both measurements
agree well within the estimated errors.

The total systematic error in the incl.usive
cross sections is estimated to be +6% at small.
x, rising to + 10% for the largest x considered.
This rise is due to the model dependence and ~
subtraction at the bvo low energies, and to un-

certainties in the tracking efficiency and mo-
mentum resolution eff ects at 29 GeV.

The inclusive cross sections s do/dx are shown
in Fig. 2. The 29-GeV data lie above the l.ow-
energy data for x &0.2, and significantly below
for x &0.2, the difference being well. outside the
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FIG. 3. (1/0.) do/dx vs center-of-mass energy. Both
statistical and systematic errors are included. Al so
plotted are data from Ref. 10 at ~s = 14, 22, 34, and
35 GeV.
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FIG. 2. The cross section sda/dx vs x for charged
particles measured at ~s = 5.2, 6.5, and 29.0 GeV.
Only statistical errors are plotted.
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estimated relative systematic errors. In Fig. 3,
the same data are compared with results from
the TASSO experiment of Brandel. ik et al. ,"
which cover the energy range 11 GeV &v's & 36
GeV. The data for each experiment have been
normalized to the corresponding measured total
hadronic cross section" ah, d to compensate for
differences in normalization and changes in total.
hadron production due to the b-quark threshold.
Above x =0.2, the cross sections decrease with
increasing s as qualitatively predicted by QCD.
A quantitative comparison with the predictions of.

QCD requires a knowledge of the c- and 5-quark
fragmentation functions and decay modes, since
only the decay products of particles containing
these quarks are detected. Furthermore, non-
perturbative effects that lead to a substantial
rise in multiplicity in this energy range may sig-
nificantly contribute to the observed scale break-
ing.
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