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Measurement of Energy Correlations in e+e ~ Hadrons
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Energy correlations have been measured with the MARK II detector at the PEP storage
r ing {Stanford Linear Accelerator Center) at c.m. energy of 29 GeV and are compared to
first-order @CD predictions. Fragmentation processes are significant and limit the pre-
cision with which the first-order strong-coupling constant can be determined.

PACS numbers: 13.65.+i, 12.35.Eg

We present a measurement of energy correla-
tions' of hadrons produced in high-energy e'e
annihilations. This kind of measurement probes
the general structure of hadronic events in a
simple way and can be used to test QCD, the
candidate theory of the strong interactions. It
has several advantages over other techniques' of
testing QCD: It does not require either the selec-
tion of specific event topologies, such as three-
jet events, or the definition of a jet axis. It uses
a simple parametrization to account for the frag-
mentation process' rather than detailed Monte
Carlo simulations. In particular, to first order,
the backward-forward asymmetry in the correla-
tion function is proportional to the strong-coup-
ling constant o.', and is assumed to be independent
of fragmentation processes. Good statistics al-
lows us to make the first experimental test of the
validity of this assumption. We find a significant
nonperturbative contribution to the asymmetry in
the data which could be due to the fragmentation
in three-jet events. This has to be taken into ac-
count in a determination of the strong-coupling
constant.

The data reported here were taken at a center-
of-mass energy of 29 GeV with the MARK II de-
tector at the PEP storage ring of the Stanford
Linear Accelerator Center and correspond to an
integrated luminosity of 15 000 nb '. The es-
sential features of the MARK II detector have
been described previousl. y. '

Charged tracks are used in the analysis if they
have a momentum greater than 100 M Ve/ cand

appear to come from within 10 cm of the interac-
tion point along the beam direction. Photons are
used if they are measured to have an energy
greater than 200 MeV in the lead-liquid-argon
calorimeters and are further than 10 cm from
any charged track at the entrance of the calorim-
eters. Events are accepted if there are at least
five charged tracks and at least one photon pass-
ing the above criteria, if the total visible energy
is larger than 15 GeV, and if the event vertex is
within 7 cm of the interaction point in the beam
direction and within a radial distance of 5 cm
from the beam axis. The total visible energy is
the sum of the energies of photons as measured
in the l.iquid-argon modules and of the energies
of charged particles as measured in the drift
chamber. Since we do not distinguish between
particle masses, a pion mass has been assigned
to all charged particles.

The fiducial volume for this measurement is
taken to be —0.7&cos«0.7, where 0 is the angle
with respect to the incident beams, and the entire
azimuthal acceptance with the exception of eight
gaps of 6' width corresponding to the edges of the
l.ead-liquid- argon calorimeter modules. With
the above selection criteria, 3000 events have
tracks inside the fiducial volume.

The energy-weighted cross section for observ-
ing the energy F- in the solid angle dO and the en-

1982 The American Physical Society 521



VOLUME 49, NUMBER 8 PHYSICAL REVIEW LKTTKRS 2$ AUGUsT 1982

ergy E' in the solid angle dQ' is defined by

1 dZ 1,EE'
o, dQdQ' NdQdQ' s

!.0 =

QCD
QCD+ qq frag,
QCD+(qq+qqg) frag.

1 dZ 1 EE'
v, d cosy Nh cosy s (2)

This corrected cross section summed over all
pairs of particles inside the fiducial volume is
shown in Fig. 1 as a function of cosy.' The peaks

The first sum is over all pairs of particles in the
solid angles dQ and dQ' while the second sum
runs over al. l. X events. The total. hadronic cross
section is denoted by O„and the center-of-mass
energy is v s. In this Letter we will study this
cross section as a function of the angle y between
dB and dQ'. In order to obtain the cross section
given in Eq. (1), corrections for the effects of
resolution, detection ineff iciency, initial-state
radiation, and weak decays have been made by a
Monte Carlo simulation. The sum of these cor-
rections is small inside the fiducial volume and
in the range of 20 &X &160'. They amount to 20%
at g = 20' and 5% at y = 90 .

The sum over all external angles keeping the
opening angle X fixed gives the following cross
section:

0. I

0.0!
0

cos(X)

FIG. l. (i/ooi dZ/d cosy as a function of cosy. The
size of the dots corresponds to the statistical errors.
The dashed line is the QCD prediction of Ref. 1. The
dash-dotted line is the QCD result plus the qq fragmen-
tation term [Eq. (4)]. The solid line is the sum of the
QCD prediction and the two nonperturbative contribu-
tions from Eqs. (4) and (5).

at cosy =+1 and —1 show the tendency of the
events to form into two back-to-back jets. Study-
ing the deviations of the data from a two-jet
structure requires comparison with a detailed
theoretical calculation. The cross section as de-
fined in Eq. (1) has been calculated for partons
in the framework of first-order perturbative
QCD." The explicit form is

1 dZ 3
[A(X, o.', )(2+ cos'0+ cos20')+B(y, o.', )(cosx+ cos0 cos0')j .

The direction of a particle with respect to the
beam is given by the polar angle 8. The func-
tions A and & have been calculated in the frame-
work of perturbative QCD to first order in o.,
and they depend only on X and n, . They describe
the energy correlation of a quark, an antiquark,
and a gluon, according to the two external. angular
terms. In the partonic pi.cture quark-antiquark
(qq) contribute only at X

=0' and y= 180' to the en-
ergy correlation. The first-order perturbative
cross section has singularities at X = 0 and X
=180', where the gluon, quark, and antiquark be-
come collinear. In the intermediate angular
range (20'&X &160') there is a very pronounced
asymmetry around y = 90 . Only those terms of
the cross section proportional to e, contribute
to this asymmetry.

In order to compare the theory with an experi-
ment, in which hadrons are observed instead of

! partons, a nonperturbative correction has to be
added to account for the fragmentation of partons
into hadrons. ' The fragmentation of the qq pro-
cess is in leading order symmetric around 90'
and is accounted for by an additional term added
to A. This term has been estimated to first or-
der in 1/v's as

A „-& (X) = A& '/(v's sini().

A second fragmentation term for events with a
gluon radiated off a quark or an antiquark (qqg)
has to be added to A. The dominant effect due
to this fragmentation is to spread the correlation
at 0 to larger values of the angle X. This term
is asymmetric with respect to 90 since for these
three-jet events there is no jet at 180 . Follow-
ing the description of fragmentation of a quark
according to Eq. (4) we tried the following Ansats
to account for the fragmentation from qqg events'.

(»)

(5b)
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a, Ai'/(/s sin'y) for X & 90',
A„-,f (x) =

o.', (A& '//s)(1+ cosy) for X) 90' (Ref. 9).
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Equation (5) is only an estimate of the net con-
tribution from qqg fragmentation, but it agrees
well with a Monte Carlo simulation in the angular
range 0 (X (80 . For angles &80 the actual
shape of the fragmentation term is l.ess important
since it is smal. l there. As will be shown below,
the addition of a fragmentation term like Eq. (5)
is necessary in order to describe the data. Note
that all terms which are asymmetric about y = 90
come from three-parton processes and are thus
proportional to e, in this model.

The solid curve in Fig. 1 is the result of a fit
of Eqs. (3)—(5), integrated over the MARK II
solid angle. For the parameters we obtained

n, =0.19+0.02, Af'=0. 7+0.2 GeV, andAf' ——2.6
0.5 GeV with a X' of 25 for 22 degrees of free-

dom. The errors are statistical only. The frag-
mentation terms account for =40% of the ob-
served correlation at X = 90 . The qqg fragmenta-
tion term is important in order to describe the
observed energy correlation. A fit without this
term (A&'=0) increases X' by a factor of 2 while
the value of o.', changes to 0.14.

The measurement of the asymmetry

D( )
1 ~ dZ

p' d cosy &) d (X)

which is given in Fig. 2, shows a change of near-
ly 2 orders of magnitude from X = 20 to X = 90'.
The sum of the perturbative and the qqg frag-
mentation component with parameters as de-
termined from the full. cross section is shown
together with the pure perturbative prediction.
The fragmentation of qqg events reduces the
asymmetry by about a factor of 2.

The systematic error in n, has been estimated
to be 0.03. The major source of this error is the
uncertainty in the form for the fragmentation
terms, particularly Eq. (5). We have estimated
the uncertainty by trying alternative forms of
Eq. (5) that are roughly consistent with the shape
predicted by the Monte Carlo simulations. The
uncertainties from the fragmentation terms dom-
inate the ones introduced by the Monte Carlo cor-
rections.

There are two other sources of uncertainty
which are not included in the error estimate be-
cause, in some sense, they are beyond the level.
of approximation we are considering. First, it
is possible that the qq fragmentation has a second-
order (~ 1/s), asymmetric component. Monte
Carlo simulations indicate that such components
exist and, if included, woul. d reduce the value of
a, by about 10%%uo. Second, no correction has been

I I

X
X
OD V

0.01

O
I I

0.001—

1.0 Q.5

COS(X)

FIG. 2. The asymmetry D(y) as a function of cosy.
The solid line is the QCD prediction with o., = 0.19 and

the qqg fragmentation term with A.f'= 2.6 GeV. The
dashed line is perturbative QCD alone.

made for second-order perturbative terms in the
cross section, because the calculation of them
has not yet been done.

Our result is in reasonabl. e agreement with sev-
eral. determinations of n, made at PETRA" "
(Deutsches Elektronen Synchrotron) at Es around
30 GeV." The values of o.', vary between 0.15
and 0.20. The systematic uncertainties in these
measurements come not only from different ex-
perimental methods but also from different treat-
ment of the fragmentation. The energy-correla-
tion method treats the fragmentation with a global
parametrization, whereas the other methods rely
on Monte Carlo simulations.

In conclusion, the energy-correlation cross
section is a rather unbiased measure of the
hadronic final state and allows a comparison with
theoretical predictions with, in principle, mini-
mal use of a Monte Carlo model. Quantitative
tests of perturbative QCD predictions, however,
depend on additional assumptions on the nonper-
turbative hadronization process, even in the op-
posite-side to same-side asymmetry, in con-
trast to previous expectations. With inclusion of
the fragmentation terms the strong-coupling con-
stant as defined in the first-order QCD calcula-
tion of Basham e$ al. is in good agreement with
results from other experiments.
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