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Bose-Einstein correlations in e+e annihilations in the Y region
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We have used the CLEO detector to study Bose-Einstein (BE) correlations among charged pions
produced in the hadronic decays of the P(IS) and in continuum e+e annihilations around
V s =10.5 CxeV. We discuss different parametrizations of the effect, and find indications that the
production of long-lived particles in these events can account for the observed reduction of the
strength of the effect. We determined source dimensions of quark and gluon jets. From the stand-
point of BE correlations, we see no difference between the hadronization of quarks and gluons.

I. INTRODUCTION

In the late 1950s, Goldhaber, Goldhaber, Lee, and Pais
(GGLP) observed a difference between two-particle distri-
butions of like- and unlike-sign pions produced in the an-
nihilation of protons and. antiprotons, . and showed that
this difference was related to the finite size of the pion
source. ' Since then the study of Bose-Einstein (BE) corre-
lations has been used to probe the spacetime structure of
np, Ep, pp, pp, aa (Refs. 2—5), e+e (Refs. 6—9), and
heavy-ion' ' collisions. With this technique, we can

measure the size and shape of the volume in spacetime
from which particles originate. In the Y region we have
the opportunity to compare BE correlations in the direct
decay of the Y(lS) with those of the continuum nearby,
and make inferences about quark and gluon hadroniza-
tion. In e+e annihilations, pions are produced in the
hadronization of quarks and gluons directly, or in the de-
cay of heavier objects produced in the hadronization.
From the measured size of the production volume, as well
as from the strength of the BE effect, we may learn about
the nature of quark and gluon hadronization.
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In Sec. II we give an overview of the theory, where we
discuss different parametrizations. We discuss different
methods for obtaining a reference sample. In Sec. III we
describe analysis cuts and the effects of detector resolu-
tion, and in Sec. IV the results of the analysis are present-
ed. We present an estimate of the reduction of the ob-
served strength of the BE effect due to the presence of
long-lived particles in our sample. Section V contains our
conclusions.

II. THEORETICAL OVERVIEW

We picture the production of pions in the hadronization
of quarks and gluons as occurring at spacetime points x
inside some finite spacetime volume. The distribution of
these production points is described by a function f(x),
and can be characterized by a radius of a four-
dimensional volume. The situation is schematically de-
picted in Fig. 1. We consider two pions, with the same
charge, produced at points xz and xB (Ref. 15). They are
observed at detectors 1 and 2, with four-momenta p& and
p2, respectively. We assume that we can describe the
pions by plane-wave functions. Because of the ambiguity
in the origin of the pions, the wave function describing
the two pions has to be properly symmetrized, and reads

where 4» is the wave function for a pion produced at xz
and traveling to detector 1, and so on. The probability
density IBE=

~

%'
~

takes the form

R BE=IBE~lref

In this ratio, most two-particle production features such
as phase space will divide out (but not certain final-state-
interaction and resonance-decay effects), so that our con-
clusions are relatively independent of the actual shape of
the one- and two-particle distributions. When we general-
ize from two point sources x„and xB to the distribution
of pion production points x described by f(x), RBE takes
the form

RBE(pi,p2) = 1+
I
G [f(x)l

I

' (4)

IBE——1+cos[(p i
—

p2 )(xg —xB )]

IBE is a function of the four-momentum difference, and
this distribution is characterized by a parameter
(xz —xB). For a reference sample consisting of opposite-
sign pions, no symmetrization is necessary, and I„g——1.
The Bose-Einstein ratio RBE is the ratio of the two proba-
bilities

A. The Goldhaber parametrization

Leaving a precise description for f(x) aside for the mo-
ment, we write (4) in the form first proposed' by GGLP:

RBE ——1+exp( —pg ),
where

Q = —(pi —p2) =M —4m2= 2= 2 2

(5)

M is the invariant mass of the two pions. We can inter-
pret VP as the rms radius r of the spacetime volume in
which pions are produced. Converting to SI units,
r =0.197VP fm (with 13 in GeV ). Q is obviously a
relativistic invariant. If we fix a direction in our two-
particle system, we can find one more independent invari-
ant quantity, and we can introduce another independent
parameter (y). Following Kopylov, ' we introduce qT,
qL, and qo, defined in Fig. 2, and rewrite (5) as

RBE——1+exp[ pqz y(—ql q—o )] . — (6)

ql. (qT) is the component of the three-momentum differ-
ence parallel (transverse) to the average momentum
p„=(pi+p2)/2. qr and (ql —qo ) are relativistically
invariant with respect to boosts along p,„. Equation (5)
and the expanded form (6) will subsequently be referred to
as the Goldhaber parametrization.

B. The Kopylov parametrization

Kopylov and Podgoretsky' ' and Cocconi' intro-
duced a parametrization that has found widespread use in
the interpretation of experimental results. ""' In
this paper, it will be referred to generically as the Kopylov
parametrization. Their model for the source of the in-
terfering pions is a spherical surface of radius R popu-
lated with pion radiators of lifetime r Using the g. eneral
equation (4), this leads to

RBF ——1+I (qR)
1+(qor)'

where l(y)=2Ji(y)ly, J& being the first-order Bessel
function. q =

~ pi —pz ~

and qo=Ei Ez, as before. The-
aim of this parametrization is to extract from the data not

where

G[f(x)]= I f(x)e ' ' dx

is the Fourier transform of f(x). Thus by studying the
correlations between the momenta of pion pairs we can
determine the distribution of the points of origin of the
pions.

f(xj

=2p )2

q.=- E,-E,

p + p

FICi. 1. Schematic representation of the BE effect. FICx. 2. Definition of the Kopylov variables.
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only the radius R of the source distribution, but also the
scatter in time r of the production times. In most appli-
cations, qr is used in Eq. (7) instead of q. The advantage
of this is that qo and qT are independent variables,
whereas q0 and q are correlated: particles are restricted to
roughly half of the qo-q plane.

C. Comparison of the Goldhaber and Kopylov forms

In order to facilitate comparison of Eq. (7) with Eq. (6),
we make some substitutions. The function I in (7) is vir-
tually indistinguishable from a Gaussian. The term in-
volving q0 is likewise a rapidly falling function, and can
also be approximated by a Gaussian. Furthermore, we
split the three-momentum difference q into q2. and ql. .
Equation (7) can now be written

R BE= 1 +exp[ 13(q2'—+ql ') ~q0

This is also obtained from (4) assuming f(x) to be a
Gaussian in four dimensions. 5 is approximately 0.72.
Equation (8) should be compared with Eq. (6). The essen-
tial difference between the two formulations is in the sign
of the qo term Th.is means that we cannot write the Ko-
pylov parametrization in a relativistically invariant form,
as we did with the Goldhaber parametrization. On the ex-
perimental side, the difference between (8) and (6) should
be readily visible, because q0 and qL are strongly correlat-
ed. To show this, we first define p =p&+p2, q =p& —p2,
the sum and difference of the four-momenta. For equal
(pion) masses m, p q=o; therefore,

polo =p'q=
I p I qL, ~

(a) ail q&

1 0t ~+ ~ ~ oo ~ + ~ ~ ~ ~ ~ ~ oq ~ ~ ~ ~ ~ ~ ~ + ~ ~ ~ ~ ~ ~ ~ ~~ ~ ~ O~

0.8—

1.8—
(bI q =0-0.2 GeY

1.6- T

~ 1.4-

I I I I I l l
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q. (GBVj

FIG. 3. RBE versus qo for (a) all qT, and (b) qT ——0—0.2 GeV.

D. The strength of the BE effect

Equation (6) tells us that the value of RBB should be 2
in the limit q0, qT, and qL —+0. Experimentally, this is
not the case. Therefore, (6) is modified:

(8), RBB should show a Gaussian drop as a function of qo.
Both the Goldhaber and the Kopylov form predict the
same Gaussian behavior of RBB as a function of qT. As a
result, we have to conclude on both theoretical and experi-
mental grounds that the Kopylov parametrization does
not provide a proper framework for the interpretation of
our data, and in the subsequent analysis we have used the
modified Goldhaber form of Eq. (6).

qO =qL II I

Po
RBB=1+aexpI Pqr y(ql.— qo )—l . — (12)

(M'+
I p I')'i (4m'+4@*'+

I p I')'

The parameter u in Eq. (12) can be interpreted as indicat-
ing the strength of the BE effect. Different effects which
can cause a to be less than unity are described later.

Here, M is the invariant mass of the two pions, and p" is
the pion momentum in the dipion center-of-mass frame.
m is small compared to

I p I
for our cuts, and we drop

the term. We are left with

q0 =qL
2 1/2

4p

II I',
(10)

In our case, p* is small compared to
I p I, and therefore

qO=—qL .
This leads to an approximate cancellation of the last
terms in the exponent of (6), making RBB almost indepen-
dent of qo and ql. In Fig. 3 we show the normalized ra-
tio of like- and unlike-sign pairs as a function of qo for (a)
all values of qT and for (b) qT restricted to the range
0—0.2 GeV. These distributions are indeed almost flat.
Other experiments"' '" have similarly reported that R~E
depends only weakly on q0. In contrast, according to Eq.

E. The reference sample

The choice of a reference sample is a central problem in
the experimental study of Bose-Einstein correlations.
Ideally, this sample should be identical to the same-sign
pion-pair sample in all respects except for the BE correla-
tions. Many different techniques can be used to obtain
such a sample, and we have examined a number of these.
Several methods will be described below.

One of the simplest ways to obtain a reference sample
of pion pairs that will not exhibit BE correlations is to use
the unlike-sign pion pairs in the events. The production
dynamics of negative and positive pions in e+e annihi-
lations are identical in most respects, so the properties of
randomly chosen unlike-sign pairs and like-sign pairs
should be the same, except for BE correlations and corre-
lations arising from resonance decays (primarily Ko and

p ) and photon conversions. We have to take care that the
latter correlations do not affect our results. Fortunately,
the most important contaminations, due to E and p, af-
fect well-specified regions in our distributions, and can
therefore be easily dealt with. Converted photons contam-
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inate the qz. distributions below qz. ——0.12 GeV, and we
exclude this region from our fits. Similarly, p decays will
not affect our measurements if we exclude the qT region
above 0.62 GeV. K decays produce pion pairs with
Q=0.41 GeV; hence we exclude pairs between Q=0.40
and 0.42 GeV. We have also studied the effect of other
resonances, namely, g and co decays that cause a calcul-
able enhancement of the opposite charge distribution in
the region 0& qT &0.60 GeV. The effect of these states,
that has not been examined in previous similar experi-
ments, will be discussed in Sec. IV A together with that of
charge conservation.

Monte Carlo studies show that there is no difference in
detector acceptance for like- and unlike-sign pairs in the
qT, qo region of interest.

Another method used to obtain a non-BE correlated
reference sample is to mix tracks from different events.
For this method to work, the events must be isotropic so
that there is no preferred direction, or the jet axes must be
oriented in the same direction. %'e only have a limited
ability to determine jet axes in the Y region, where events
are neither completely isotropic nor extremely jetlike. The
result of this limitation is that the reference events, being
composed of tracks from imperfectly aligned events, will
end up looking more spherical than the (unmixed) "signal
events. "

A related method that can be used in events with a
clear event axis is to shuffle the momentum components
transverse to the axis. As with the event-mixing method,
the uncertainty in the determination of an axis in our
events leads to a distortion of RiiE and additional uncer-
tainty about the proper parametrization. This is detailed
in Appendix B.

Using Monte Carlo simulation of the hadronization
process to produce a reference sample leads to similar dis-
tortions of RBE. This is not entirely surprising, since the-
models typically are not tuned to two-particle distribu-
tions.

The examination of various methods and the arguments
given in the preceding paragraphs have led us to choose
the unlike-sign pion pairs from the data as our reference
sample. We are confident that unlike-sign pion pairs
form a suitable reference sample if we exclude contam-
inated regions from our calculations, as detailed above.

III. DATA SAMPLE AND TRACK SELECTION

We have used data obtained with the CLEO detector,
operating at the Cornell Electron Storage Ring. The
detector consists of a 2-m-diameter cylindrical drift
chamber inside a 1-T superconducting solenoid. Outside
the magnet are particle identification detectors. The
CLEO detector, ' as well as the hadronic event selection
criteria' have been described in detail elsewhere.

The data samples used in this analysis are summarized
in Table I. The last sample was taken in our recent scan
above the f(4S). For our purposes, we can regard these
data as two-jet events with a small admixture of 8 (8*)
decays. These decays contribute only about 10% to the
cross section.

For these three samples, the number of charged tracks

Region

TABLE I. Data samples.

(E, ) (GeV) I I. (nb ')
Hadfomc

events

Y{1S)
Continuum & Y(4S}
Conti. nuum & Y(4S)

9.5
10.5
10.8

3505
18161
60584

78363
58632

192023

that are used in this analysis averages about eight per
event. For this analysis, we required charged multiplicity
to be at least 5. Individual track momenta were required
to be above 0.2 GeV/c. This cut eliminates particles that
spiral around in the tracking chamber and make many
parallel tracks. The (vector) sum of the two-track mo-
menta that make up a pair was required to be above 0.4
GeV/c. This eliminates possible distortions of RBE due
to final-state interactions. ' All tracks that were identi-
fied as other than pions by the dE/dx and time-of-flight
systems were rejected.

A. Detector resolution

1/2

~max =~ '

5qT
(13)

This is comfortably outside the 1-fm range of values that
we expect to encounter.

The finite momentum resolution will broaden any
Gaussian enhancement, leading to an underestimate of the
measured radius. However, for radii of the order of 1.0
fm, the systematic error introduced by this is less than
jI%.

80-
60-

q, = 0-0.1 GeV

20-
0 a ~ ii

-0.1 -0.05
(

0

bq (GeV}
0.05 O.i

FIG. 4. Detector resolution in qT.

The radii of the pion source regions are determined
from the widths of the Gaussian enhancements in the
plots of the ratio of like- and unlike-sign pion pairs. The
narrower the Gaussian, the larger the radius. The max-
imum radius that can possibly be determined from our
data is given by the two-track resolution, which can be es-
timated from Monte Carlo simulations of the detector In.
Fig. 4 we have plotted the difference between qT calculat-
ed from the momenta given by the event generator, and
qT as calculated from the reconstructed tracks. The dis-
tribution has a full width at half maximum (FWHM) of
5qT ——0.023 GeV/c. An estimate of the maximum radius
is thus
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IV. RESULTS OF THE ANALYSIS

Referring back to Eq. (12), which is repeated here,

RBE 1+~expf OqT r—(ql,
' q—o')I (12)

we see that the Bose-Einstein ratio RBF 1s a function of
qT and (qL —qo ), and that there are three parameters
that describe the correlations in this framework. In our
data the close correlation between ql and qo make it im-
possible to determine y from our data.

The parameter a indicates the strength of the effect,
and ranges between 0 and 1. The parameter P, associated
with the square of the transverse-momentum difference
qT, measures the radius of the pion source transverse to
the "line of sight. " Notice that the radius r that we derive
from measurements of P is a radius in three-space,
whereas in the original Goldhaber formulation, it is a
four-dimensional quantity. Equation (12) tells us that if
we let qc go to 0 (and implicitly, qL, ~0), then RuE is a
function of a and P only. The procedure we followed to
extract these two parameters from the data is to plot R&E
as a function of qT in successive 0.1-GeV-wide intervals
of qo. This ratio is normalized such that the numbers of
like- and unlike-sign pairs are equal above qT ——0.3 GeV.
This value is chosen because the BE effect is concentrated
below qT

——0.3 GeV. The function we use to fit the data
to is

x10

20-

l5—

10—

I

0.3
I 1

0.5

q (Gev}

I

0.7 0.9

FIG. 5. Yield of like and unlike pairs vs q~.

tion. One notices that, when extrapolated to qo ——0, the
value of a increases by about 30% while the value of r is
about 0.72 of the unsubtracted one; the same is approxi-
mately true for the other two samples discussed in Sec.
IV 8. Our knowledge of the number of g's and co's per
event is, however, very uncertain. For this reason, and
also for the purpose of comparison with previous results,
we will present in the following discussions only the re-
sults obtained without subtracting the estimated effect of
q and co decays.

In order to estimate possible differences in the like-pion

RBE——A [1+aexp( —Pqr )] . (14) 1.5—
(o}q, = 0-0.1 G.V

The factor A is inserted for the purpose of overall nor-
malization of the fit. Since the ratio of the distributions is
already normalized, the value of 3 in our fits is within a
few percent of unity.

n ~1.3"

4

A. The continuum data near V s =10.5 CxeV

Figure 5 shows the distribution of qT for like-sign and
unlike-sign pairs. Nothing dramatic is apparent. Howev-
er, when we take the ratio of the like- and unlike-sign dis-
tributions, the BE effect stands out clearly. Figures
6(a)—6(c) show the normalized ratio for three slices in qo.
The fits are done according to Eq. (14). It is clear that the
statistics deteriorate with increasing qo. The data have
been fit in the interval 0.12—0.62 GeV. As discussed
above, the region below 0.12 GeV is excluded because of
contamination of the unlike-sign sample with converted
photons, and the region above 0.62 GeV is excluded be-
cause of possible correlations among decay products of
the p meson. Table II(a) contains the parameters of the
fits. All errors given are statistical only. We estimate the
systematic error introduced by analysis cuts to be 10%%uo for
o. and 5% for r.

As indicated in Sec. II E, we have also examined the ef-
fect of the contribution of q and co decays to the reference
sample. e+e ~qq events were generated with the Lund
Monte Carlo, with parameters tuned to our experimental
results; on the average it generated 0.70 g/event and 0.41
co/event. The qT distributions for the unlike pion pairs
from their decays were then subtracted from the unlike-
pion-pairs data samples, and Table II(b) displays the fitted
parameters when using this subtracted reference distribu-

(b) q = 0.1-0.2GeV

1.3;
1.2- u

u

1.0-
09. ii

1.4-
13- il

1.2-
'~

0 4I &t I~+
~ u

0.9—

(c) q = 0.2-0.3GeV

I I II

jj uu u IP

II I

0. 1

I

0.3
I I

0.5

, (Gevj

I

0.7

FIG. 6. AqE versus qT for (a) qo ——0—O. i, (b) qo ——0. 1—0.2,
and (c) qo ——0.2—0.3 GeV. The curves are fitted in the interval
0.12—0.62 CxeV according to Eq. (14).
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qo (GeV)

TABLE II. (a) Fit parameters. (b) Fit parameters with subtraction.

(a)

P (GeV ~)

0.0—0. 1

0.1—0.2
0.2—0.3

0.38+0.06
0.26+0.06
0.17+0.06

18.3+4.6
13.9+5.4
15.1+9.6

13/(26 —3)
19/(26 —3)
36/(26 —3 }

0.84+0. 11
0.74+0. 14
0.77+0.24

qo (GeV)

0.0—0. 1

0.1—0.2
0.2—0.3

0.51+0.05
0.45 %0.05
0.35+0.05

(b)

P (GeV 2)

9.74+2.2
7.40+2.2
9.40+ 3.5

g /DF

16/(26 —3)
22/(26 —3)
38/(26-3)

r (fm)

0.62+0.07
0.54~0.08
0.60+0.11

and unlike-pion distributions due to charge conservation
effects, we have divided this sample (as well as the ones
discussed below) into events with charged track multipli-
city less or equal to 7, and events with charged multiplici-
ty greater than 7. We expect any charge-conservation ef-
fects to show more strongly in the lower-multiplicity sub-
sample. The fitted values of a and r for the two subsam-
ples differ by considerably less than the statistical errors
and we conclude that charge-conservation effects are
negligible at the current level of accuracy

Since RBE is a slowly varying function of qo, we extra-
polate linearly the values of r and a obtained in the three
plots of Fig. 6 to qo

——0. The results are

r =0.86+0.15 fm,

a =0.43+0.07 .

The low value of a indicates that the BE effect is not
complete, and that a substantial fraction of the pions do
not participate in the BE interference.

B. Results from the Y(1S)
and the continuum above the Y(4S)

The same procedures have been applied to the data
samples of the Y(1S), and the continuum above the
Y(4S). In the case of the Y(1S), a subtraction was per-
formed to remove the continuum background and the
fraction of the Y(1S) that decays into qq. Table III gives
the values of a and the radius r for the Y(1S), the contin-
uum (for comparison), and the continuum above the
Y(4S). We see that the radius r from the Y(1S) data
looks slightly larger than that for the continuum data, al-
though these radii are certainly all within errors. of each
other. The parameters of the continuum below and above
the Y(4S) are the same within errors, as we expect. The
values of ~ are far below the theoretical maximum of 1.

TABLE III. a and r for different data samples.

C. Correction to a for presence
of long-lived resonances

We have investigated the extent to which deviations of
a from unity may be due to the fact that some pions are
the decay products of particles which have traveled far
from the primary hadronization region before decaying.
Interference involving these pions would lead to enhance-
rnents of RaE that are two narrow for observation, pro-
ducing an effective decrease in a. In Appendix A we
present the details of these studies. The main results are
that the reduction in strength of the BE effect is severe.
On the Y(1S) this is due mostly to the presence of g's and
co s. On the continuum, there is additional reduction due
to charmed particles. In Fig. 7 we have plotted the ratio
k of the true a and the observed a. Thus k can be inter-
preted as an upper limit on the observed value of a.
Values of k are around 0.4 and 0.3 for the Y(1S) and the
continuum, respectively. We can use these values of k to
correct the data points in Fig. 6(a) upwards. The result is
Fig. 8. The value of a in the fit is now 1.45+0.25. Al-
though this is more than the allowed maximum of 1, a
good fit can still be obtained with a fixed at 1. Table IV
shows the results of the fits for the continuum and Y(1S)
data. Our estimate of the effect is of course model depen-
dent to an extent difficult to estimate; however, these
cases show that this effect alone seems to be sufficient to
account for the observed values of a in our data. They
suggest that the BE effect is fully effective in the primary
hadronization of quarks and gluons. This also means that
there is little room left for other effects that can lower the
value of a.

I I I

q, = 0-0.l Ge V

0.6-

PA)
~ woo

+ ~ '~ f ~ ~~ y ~ ~ )~ Q ~ 0~ ~ ~ ~ 'f 0$ ~

0.2-

Y(1S)
Continuum ~ Y(4S)
Continuum & Y(4S}

0.50+0.09
0.43+0.07
0.41+0.04

r (fm)

0.99%0.14
0.86+0.15
0.86+0.08

0, 1 0.5

q, (Gev)

i

0.9

FIG. 7. The ratio k of observed a to real a for the continu-
uIIl.
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TABLE V. Transverse dimensions of q, g jets.
22
20.

il

q -0-0.t GeV
0

d corrected

(continuum)
(&(1S))

0.42+0. 10
0.46+0. 11

0.73+0.12
0.80+0.20

1.2-

I

O.l

I

0.3

1&II

0.5

q (Gev)

I iEII
II

l I

07 09

FIG. 8. ABE for continuum, with u corrected.

D. The shape of quark and gluon jets

In the next phase of the analysis, we attempt to isolate
single-gluon and quark jets and measure their dimensions
transverse and parallel to the jet axis. We are sensitive to
spatial dimensions parallel to the momentum difference
vector. Therefore if we restrict qz. to be parallel (trans-
verse) to the jet axis, we measure the size of the pion-
source region parallel (transverse) to this axis. In our
analysis, "parallel" (transverse) means that qz. makes an
angle of less (more) than 4S' with the jet axis. The jets
were defined using the triplicity variable, which divides
an event into three jets. We needed the triplicity for the
Y(1S) to identify the three-gluon jets. Since we wanted to
make a direct comparison with the continuum, we used
the same shape analysis there. The continuum event axis
is then given by the major triplicity axis.

For this comparison, we only look at the highest-energy
jet, since in the three-gluon decay of the Y(1S) the jets
formed by the two least energetic gluons are expected to
overlap to a great extent. Table V shows the transverse
dimensions for quark and gluon jets. The transverse sizes
are the same within errors. We were not able to determine
the longitudinal dimensions due to the paucity of pions
moving transverse to the jet axis with appreciable momen-
tum.

Finally, we can compare the "weak halves" of the
events, the part of the events left over after the most ener-
getic jet has been taken out. On the Y(1S), this "weak
half" is expected to be the effect of two diverging gluons,
and therefore the com.bined pion-source region is expected
to be wider (in the event plane defined by the three jets)
than on the continuum, where it consists of just one jet.
For this comparison, qr was therefore also restricted to
be within 45' of the event plane. Table VI shows the
transverse dimensions of the weak halves: The weak half
on the Y(1S) indeed seems to be wider than on the contin-

uum. Taken together with the results in Table V, this
supports our picture of the Y(1S) as a three-jet structure.

It should be noted that the values of r in Tables V and
VI represent an average of radii as measured along the
direction of qr, with qr restricted to some angular range.
If the pion-source distribution is ellipsoidal, with the ma-
jor axis along (perpendicular to) the jet axis, the size of the
measured radius will be larger (smaller) than the minor
axis of the pion-source distribution because of this averag-
ing.

V. CONCLUSIONS

(1) We can compare our measurements with those made
in e+e experiments at different energies. Table VII lists
values of a and r that have been obtained. The observed
radii are all around 0.8 fm, and seem to be independent of
c.m. energy over a range of almost an order of magnitude.
Unfortunately, there are no theoretical predictions for r
(in e+e experiments), nor for its dependence on E,

(2) The Kopylov parametrization does not adequately
describe our data.

(3) The average radii of the pion-producing volumes are
0.99+0.14 and 0.86+0.09 fm for the Y(1S) and the con-
tinuum, respectively. These values should be reduced by a
factor of around 0.7 when the effect of rj and co decay in
the reference sample is taken into account.

(4) The presence of long-lived resonances in the sample
can account for the observed values of the parameter a,
leaving little room for other effects that would lower the
value of a. This suggests that the Bose-Einstein interfer-
ence is fully effective for the pions produced in quark and
gluon hadronization.

(5) As for individual jets, the transverse dimensions of
quark and gluon jets are the same within errors, about 0.8
fm, slightly smaller than the average radii of the whole
events. Taken together with the observation that the weak
half of-the Y(1S) has a wider source distribution than for
the continuum, this supports our' picture of the Y(1S) and
the continuum as three- and two-jet structures, respective-
ly.

Thus Bose-Einstein correlations do not reveal a dramat-
ic difference between quark and gluon hadronization.

TABLE IV. Corrected values of a.

g /DF TABLE VI. Transverse dimension of "weak" event half.
Continuum
Continuum
Y(1S)
Y(1S)

1.45 +0.25
1 (fixed)
1.20+0.23
1 (fixed)

13/(26 —3)
18/(26 —2)
21/(26 —3)
22/(26 —2)

Continuum
Y(1S)

0.43 +0.09
0.69+0.13

0.74+0. 15
1.11+0.17
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TABLE VII. a and r for different energies.

E, (GeV)

3 1'
4—7'
29"
34'
34

0.71+0.03
0.52+0.06
0.51+0.06
0.30+0.08
0.72+0.08

0.85+0.02
0.77+0.08
0.65+0. 18
0.94+0. 17
0.79+0.06

'Goldhaber (Ref. 6).
bAihara et al. (Ref. 9).
'Koch (Ref. 7).
These are the same data as in the preceding table entry, but a

Monte Carlo reference sample was used.
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APPENDIX A: REDUCTION OF a
BY LONG-LIVED PARTICLE DECAY

In this appendix we estimate the reduction of a due to
the fact that some pions are the decay products of parti-
cles which have traveled far from the primary hadroniza-
tion region before decaying. The pions in our events can
be divided into two classes: (1) those that are primary
pions or are the decay products of short-lived resonances
such as: the p, and (2) those pions that are produced in the
decay of long-lived resonances such as charmed particles,
g and co. We can expect interference among the pions of
class (1), and among the pions produced in the decay of
the same long-lived resonance, but we do not expect in-
terference between pions of mixed origin: one primary
and another from a long-lived parent particle, or both
from different long-lived particles. We have used Monte
Carlo studies to investigate this effect and estimate an
upper limit on o,'.

We give the subscript i to numbers referring to pion
pairs that can interfere, and the subscript ni to quantities
referring to pion pairs of mixed origin which cannot inter-
fere. Superscripts l, u are for like- and unlike-sign pairs.
The BE effect can be measured by the ratio of
like/unlike-sign pairs n; /n," at very low qz. , where the ef-
fect is maximal, normalized to the number of like/
unlike-sign pairs N;/N, " at higher qT, where no effect is
expected:

TABLE VIII. Properties of parent particles.

Continuum
Particle Fract. (p ) /I M {fm) Fract.

Y(1S)
(p ) /I M (fm)

D F'
fl
rl'

15
3.4
1.5
8
0.1

450
900

22
48

0
3.3
1.4
7
0.2

340
700
21
46

'These include D, D, D+, D, F+, F—,D*+, D*, and
D*

(A5)

Table VIII contains a list of some particles, with the
fraction of times (in %) that these particles play a role as
a parent in pair that passes all our cuts, and the average
distance traveled before decaying. These numbers are ob-
tained from simulations of event generation and the full
detector. On the continuum, production of charmed
mesons is possible. These do not play an appreciable role
on the Y(1S). Therefore the dilution of the BE effect on
the continuum is more severe than on the Y(1S). This is
reflected in the values of k; for the Y(1S), k is around
0.4, whereas for the continuum, its value is around 0.3. In
Fig. 7 the dilution factor k is plotted as a function of qT
for values of qc between 0 and 0.1 GeV for the Y(1S).

and for the whole data set, we expect a diluted BE effect:
l l ' l ln;+n„; %;+X .

= 1+a.', (A3
~; +~.; &; +&I

where a' should be smaller than a. If we write a'=ka, k
can be expressed in terms of the various n and X. The
value of k, which measures the dilution of a potential BE
effect due to the admixture of noninterfering particles,
can now be estimated from a Monte Carlo simulation,
even when the model does not provide for BE interfer-
ence. For a Monte Carlo model which is known not to
contain the BE effect k takes a simple form:

l

(A4)
n I +~ IIi

We have determined k from the Lund Monte Carlo
model, which has been tuned to reproduce CLEO data.
The criterion that determines whether a particle is con-
sidered long-lived is whether the particle can travel far
(&&1 fm) from the primary interaction region. This is
determined by the width I and mass M of the resonance
and its momentum p (Ref. 26):

=]+a . (A 1)
APPENDIX B: MIXING METHODS

FOR THE REFERENCE SAMPLE

Of course, for the pairs of mixed origin, we expect no ef-
fect:

(A2)

In this appendix we will describe our findings concern-
ing the construction of a reference sample by mixing
momentum components transverse to the event axis. As
mentioned in the main text, we have a limited ability to
determine this axis. Consequently, the one- and two-
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like sign0
shuffled like sign

TABLE IX. Fit parameters for Figs. 9{a)and 6{a).

Fig. 9(a)
Fig. 6(a)

0.41+0.08
0.38+0.06

0.81+0.13
0.84+0. 11

—0.24+0.05
fixed to 0

0.8—

0.4

A (1+mqT)El+et exp( PqT—')] . (Bl)

1.2 =.

I s

(
Unlike sign

shuffledunlii&esign

0.4
0.3 05

q, (Gevj

0.7
I

05

FIG. 9. (a) RqE using a reference sample of shuffted like-sign
pairs, ' the fitted curve is according to Eq. (20), and (b) the ratio
of unlike-sign pairs to shuffled unlike-sign pairs.

particie distributions of the reference sample will be af-
fected. This becomes apparent in our analysis in that the
ratio of signal to reference distributions does not approach
a constant for large qT, as it should. This is illustrated by
Fig. 9(a), which shows the ratio of like-sign pairs to like-
sign pairs after the transverse momenta in the event have
been shuffled. This should be compared with Fig. 6(a),
where the reference sample was made up of unlike-sign
pairs. The fits to the data are with the function27

Table IX lists the parameters of the fits for Figs. 9(a) and
6(a). Notice that a and r do not differ much between
these two fits. This may lend support to the hypothesis
that the only apparent difference between the two
methods is a linear dependence on qr for high qr. We
can also take the results of Table IX to obtain an estimate
of the systematic errors in a and P due to our choice of
the reference sample. They are 7%%uo and 4% for a and r,
respectively. For good measure, the ratio of the distribu-
tion of unlike-sign pairs to the distribution of the unlike-
sign pairs, after their transverse momenta have been shuf-
fled, is shown in Fig. 9(b). The slope of the (straight-line)
fit is —0.23+0.03, very close to the slope in Fig. 9(a), as
we expect. Because of the uncertainty in the parame-
trization of the BE effect when we can no longer assume
that ABE approaches a constant for large qr, we have not
used the transverse-momentum mixing scheme in further
analysis.

Although the arguments given in this appendix were
specifically for a transverse-momentum mixing scheme,
they apply equally to methods in which tracks are mixed
between different events.

*Present address: University of Oklahoma, Norman, OK 73019.
G. Goldhaber, S. Goldhaber, W. Lee, and A. Pais, Phys. Rev.

Lett. 3, 181 (1959); Phys. Rev. 120, 300 (1960). For a recent
review and further references, see also G. Goldhaber,
Lawrence Berkeley Laboratory Report No. LBL-19417, 1985
(unpublished).

T. Akesson et al. , Phys. Lett. 1298, 269 (1983).
M. Deutchmann et al. , Nucl. Phys. $204, 333 {1982}.

4C. Ezell et al. , Phys. Rev. Lett. 38, 873 (1977).
5S. Barshay, Phys. Lett. 1308, 220 (1983).
6G. Goldhaber, in Proceedings of the International Conference

on High Energy Physics, Lisbon, 1981, edited by J. Dias de
Deus and J. Soffer {European Physical Society, Erice, 1982).

W. Koch, in Multiparticle Dynamics, 1982, proceedings of the
XIIIth International Symposium, Volendam, The Nether-
lands, edited by E. We Kittel, W. Metzger, and A. Stergiou
(World Scientific, Singapore, 1983).

R. R. Saurwein, Bull. Am. Phys. Soc. 29, 740 {1984).
H. Aihara et al. , Phys. Rev. D 31, 996 (1985).
F. B.Yano and S. E. Koonin, Phys. Lett. 78B, 556 (1978).
S. Y. Fung et al. , Phys. Rev. Lett. 41, 1592 (1978).

12%' A Zajc et al. , Phys Rev. C 29, 2173 (1984).
J. J. Lu et al'. , Phys. Rev. Lett. 46, 898 (1981).
D. Beavis et al. , Phys. Rev. C 27, 910 (1983).
G. Cocconi, Phys. Lett. 49$, 459 {1974);

16G. I. Kopylov, Phys. Lett. 508, 472 (1974).
Ge I. Kopylov and M. I. Podgoretsky, Yad. Fiz. 18, 656 (1973)
[Sov. J. Nucl. Phys. 18, 336 (1974)].

~SD. Andrews et al. , Nucl. Instrum. Methods 211, 47 (1983).
S. Behrends et a/. , Phys. Rev. D 31, 2161 (1985).
D. Besson et al. , Phys. Rev. Lett. 54, 381 (1985).
M. Gyulassi, S. K. Kauffmann, and L. W. Wilson, Phys. Rev.
20C, 2267 (1979).

22G. N. Fowler and R. M. Weiner, Phys. Left. 708, 201 (1977).
S. Brandt and H. D. Dahmen, Z. Phys. C 1, 61 (1979).

24Strictly speaking, we cannot say that these pions do not inter-
fere. However, the enhancement in plots of qT due to in-
terference of pions from a resonance that has traveled n fm
before decaying has a typical width of 0.16/n GeV, which is
too narrow for our observation for n »1 fm [Eqs. (26) and
(28)].

5T. Sjostrand, Comput. Phys. Commun. 27, 243 (1982).
P. Grassberger, Nucl. Phys. B120, 231 (1977).

27The assertion that the asymptotic behavior in Fig. 9(a) is a
simple linear function of qT is based solely on the fact that it
seems a reasonable thing to do from looking at the figure.
There is no theoretical argument. This gives rise to the term
(1+mqT) in (20). Several authors display their data as a
function of qT rather than qT. For them, the natural step to
take, upon observing that their ratios do not approach a con-
stant for large qr, is to introduce a factor (1+mq~ ) in their
fits (see Refs. 7, 3, 6, and 26). Choosing linearity in q~ or qT
can affect the values of ct and P. For example, allowing for a
quadratic term in the fit of Fig. 9(a) can lead to changes in a
and P of up to 20%.


