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Abstract

Two-particle correlations in pp, p̄p̄ and K0
SK

0
S pairs have been studied in hadronic Z

decays recorded at LEP with the ALEPH detector. The correlations were measured as
a function of the four-momentum difference Q of the pair. For pp, p̄p̄ pairs a depletion
of events is observed in the region Q < 3 GeV, and for K0

SK
0
S pairs an enhancement

of events is observed in the region Q < 0.5 GeV. These features are consistent with
expectations from Fermi-Dirac and Bose-Einstein statistics, respectively.
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G. Sanguinetti, A. Sciabà, P. Spagnolo, R. Tenchini, A. Venturi, P.G. Verdini
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1 Introduction

Studies of Bose-Einstein (BE) correlations of identical bosons and of Fermi-Dirac (FD)
correlations of identical fermions produced in high energy collisions provide measurements
which can be interpreted in terms of the distribution of particle sources in space and time.
These correlations originate from the symmetrization or antisymmetrization of the two-
particle wave functions of identical particles and lead to an enhancement or a suppression
of pairs of particles emitted close to each other in phase space. This effect is sensitive to
the size of the source from which the identical particles of similar momenta originate. A
description of the theory can be found in Refs. [1], [2] and [3], for example.

This paper is a continuation of earlier studies of FD correlations in the ΛΛ channel [4].
Here FD correlations are studied using a combined sample of pp, p̄p̄ pairs, and BE
correlations using a sample of K0

SK
0
S pairs; the two samples were selected from hadronic Z

decays at LEP recorded by the ALEPH detector in the years 1992–1995. A short summary
of the theory of Fermi-Dirac and Bose-Einstein correlations is given in Section 2. The data
selection and the results are presented in Sections 3 and 4. Conclusions follow in Section 5
along with a comparison with other measurements. [4–11]

2 Theory

The strength of two-particle BE or FD correlation effects can be expressed in terms of a
two-particle correlation function C(p1, p2) defined as

C(p1, p2) = N(p1, p2)/N0(p1, p2) (1)

where p1 and p2 are the four-momenta of the particles, N(p1, p2) is the measured differential
cross section for the pairs and N0(p1, p2) is that of a reference sample, which is free of BE
or FD correlations but otherwise identical in all aspects to the data sample. The main
experimental difficulty is to define an appropriate reference sample N0(p1, p2) in order to
determine that part of N(p1, p2) which can be attributed to the BE or FD correlations.
An example for such a reference sample is given by events generated with the JETSET 7.4
Monte Carlo program [12] where the production of hadrons is simulated without taking
into account BE or FD correlation effects.

The correlation function C is usually measured as a function of the Lorentz-invariant
four-momentum difference Q with Q2 = −(p1 − p2)

2. For Q2 = 0 the effects of BE and FD
correlations reach their extreme values. Various parametrisations for C(Q) are proposed in
the literature. Here the Goldhaber parametrisation [13] multiplied by an empirical term is
used,

C(Q) = N [1 + βG exp(−R2
GQ2)] · (1 + α1Q + α2Q

2). (2)

The empirical term (1 + α1Q + α2Q
2) with free parameters α1 and α2 accounts for long-

1



range two-particle correlations in C(Q) at high Q values and for imperfections in the Monte
Carlo simulation.

The form of Eq. 2 is expected for a spherical source with a Gaussian density distribution
in the rest frame of the emitted pair. The free parameters are the normalisation N , the
suppression parameter βG (|βG| ≤ 1) and the radius RG, which can be identified with the
space-time extent of the source. In two-boson systems a value of βG = 1 corresponds to
a completely incoherent emission; |βG| is expected to be different from unity if sources of
different radii (for example, due to different resonance lifetimes) contribute to the emission
of the pairs [14] or if the particles have non-zero spin as explained below. This parameter
is also affected by experimental backgrounds such as particle misidentification.

In addition an alternative parametrisation [15]

C(Q) = N [1 + βE exp(−REQ)] · (1 + α1Q + α2Q
2) (3)

is included for purposes of comparison. The form of Eq. 3 is motivated by a Laguerre-
polynomial expansion of C(Q) and is useful for comparing with the data in the low Q
region. More details about possible parametrisations are found in [15]. The parameter RE

is related to the width of the Q distribution and has a meaning different from that of RG;
similarly the interpretation of βE is different from βG

The total wave function describing the final state of two identical particles must be either
symmetric (s) or antisymmetric (a) under the exchange of the two particles, depending on
the spin statistics of the particles. In the limit of plane waves (i.e., neglecting contributions
from possible final state interactions) this leads to [16]

|Ψs,a|
2 = 1 ± cos[(p1 − p2) · (r1 − r2)] (4)

where s (a) corresponds to the + (−) sign and r1,2 are the four-vector positions of the two
particles. In the case of identical spinless bosons, Ψs completely describes the final state,
whereas in the case of identical fermions both Ψs and Ψa can contribute.

Since the differential cross section Ps,a(p1, p2) is proportional to the integral
∫

g(r1, r2, p1, p2)|Ψs,a|
2dr1dr2

where g(r1, r2, p1, p2) describes the source intensity and the integral is taken over the relative
space-time distances r1 − r2 of the particle emission points, it follows that the correlation
function Cs,a(p1, p2) for the symmetric (antisymmetric) final state should show an increase
(decrease) for Q → 0.

For identical bosons with non-zero spin or for identical fermions, one has also to consider
their spin state. For the pp, p̄p̄ system the total spin may be S = 0 or S = 1 with spin
wave functions s0 and si

1, where i = −1, 0, 1 are the eigenvalues of the third component of
the total spin; s0 is antisymmetric whereas the si

1 are symmetric under the exchange of the
two (anti)protons. As the total wave function for the pp, p̄p̄ system is antisymmetric, s0

must be combined with Ψs from Eq. 3 and the si
1 with Ψa to yield the antisymmetric wave

2



functions Θ0 = Ψss0 and Θi
1 = Ψas

i
1. In general both Θ0 and the Θi

1 can contribute to
P (p1, p2), depending on the source. However for an ensemble with statistical spin mixture
in which each of the four spin states s0 and si

1 is emitted with the same probability, the
contributions from the Θi

1 will dominate by a factor of three and the correlation function
C(Q) is expected to decrease to 0.5 as Q tends to zero.

3 The ALEPH Detector and Data Selection

The ALEPH detector and its performance are described in detail in Refs. [17] and [18]. This
analysis relies mainly on the information from three concentric tracking detectors, a large
time projection chamber (TPC) surrounding a small conventional drift chamber (ITC) and
a two-layer silicon vertex detector (VDET). For each track the TPC measures up to 21
space points and up to 338 samples of its specific ionisation dE/dx. The ITC adds eight
points and the VDET provides two high precision space points per track near the primary
vertex. The tracking detectors are located in an axial magnetic field of 1.5 T and have
a combined transverse momentum resolution of ∆p⊥/p⊥ = 0.0006p⊥ ⊕ 0.005 (with p⊥ in
GeV/c).

The analysis was performed on data collected at the Z peak in 1992–1995. The event
sample consists of a total of 3.9 million hadronic events corresponding to an integrated
luminosity of 142 pb−1. A sample of 6.5 million Monte Carlo events with full detector
simulation, based on JETSET 7.4, was used to generate a reference sample and to calculate
the selection efficiencies. This simulated sample does not include BE or FD correlations.

Hadronic events were required to contain at least five well reconstructed tracks. Each
such track had to have at least four TPC hits and a polar angle in the range | cos θ| < 0.95.
The point of closest approach of the reconstructed tracks to the beam axis had to be within
10 cm of the nominal interaction point along the beam direction and within 2 cm in the
plane transverse to the beam. The total energy of all tracks satisfying the above cuts was
required to be greater than 10% of the centre-of-mass energy.

3.1 pp, p̄p̄ Selection

Protons and antiprotons were identified using the dE/dx measurement. The simulation
was used to compute a proton (antiproton) probability P

P (Iobs, p) = fp(p) · Gp(Iobs)/
∑

i

fi(p) · Gi(Iobs) (5)

where the fi(p) are the momentum-dependent fractions of particles of type i = e, µ, π, K
and p generated by the simulation and the Gi are the corresponding Gaussian distributions
for dE/dx. These are given by

Gi = exp(−(Iobs − I i
pred)

2/2σ2) (6)

3



where Iobs and I i
pred are the observed and the predicted dE/dx ionizations and σ is the error

on Iobs.

The momentum spectrum for protons with momenta p < 0.4 GeV/c is not well described
by the simulation, and in the momentum region 1.3 < p < 2.0 GeV/c the particles of type i
cannot be cleanly distinguished from each other using the dE/dx measurement. Therefore
these momentum regions were excluded from the analysis. The spectrum of simulated
protons in the region 0.4 < p < 1.3 GeV/c had to be corrected to reproduce the data
by giving weights to tracks generated as protons. This involved an iterative procedure as
follows. After subtracting the simulated background from data and Monte Carlo, each
simulated proton was weighted by the ratio of numbers of protons in data and simulation
for a given momentum bin. Since this changed the probability P in Eq. 5 and therefore
changed the selection, the procedure was repeated until the selection converged, which
required three iterations. Finally all pairs for which the product of the two probabilities
P (Eq. 5) was greater than 70% were retained to form the sample with high purity as
determined by dE/dx.

An additional step was needed to reduce background in this sample due to secondary
interactions and due to decays of long-lived particles by accepting only protons produced
at the primary vertex. A χ2 probability that an individual track came from the primary
vertex was defined using the impact parameter D of each track with respect to the primary
vertex,

χ2 =
∑

i,j

Di · σ
−1
ij · Dj (7)

with i = r, z and j = r, z. The Dr and Dz are respectively the components of the impact
parameter D perpendicular to and along the direction of the beam axis and σij is the
corresponding error matrix. Using the simulated tracks, the ratio of the χ2 distribution for
protons produced at the primary vertex to that for all protons gave a purity (due to the
production vertex) as a function of χ2. This purity is around 90% at low χ2 and falls to zero
at high χ2. The ratio was fit to a second order polynomial in χ2 for different momentum
bins. The χ2 for a real track could then be associated with a purity via this polynomial.
Finally all particle pairs where the product of their χ2 probabilities was greater than 70%
were retained. This gave a total sample of 3 526 pp, p̄p̄ pairs in the region Q = 0−10 GeV.
The purity of true proton pairs from the primary vertex is 74% for Q < 5 GeV and decreases
to 65% for 5 < Q < 10 GeV, as determined by simulation.

A significant spike at Q < 0.01 GeV due to track splitting was removed in this analysis
by requiring more that 120 dE/dx samples per track.

3.2 K0

S
K0

S
Selection

Analogous to the procedure in [4], for the selection of the neutral V0 decays all combinations
of tracks with opposite charge and with momenta higher than 150 MeV/c were examined.
Both tracks had to originate from a common secondary vertex with acceptable χ2. For the

4



final selection and for the assignment of the different hypotheses K0, Λ and Λ̄, the most
important cuts are given below.

(a) A χ2 test of energy-momentum conservation for a given hypothesis was used, assuming
that the decaying particle was produced at the primary vertex and that it decayed at
a secondary vertex [19].

(b) Cuts were applied to the impact parameter D of the secondary tracks from the V0

decay with respect to the primary vertex to remove tracks orginating at the interaction
point. If Di

r and Di
z are respectively the components of D of a track i in the direction

perpendicular to and along the direction of the beam axis and P ((Di
x/σ

i
x)

2)(x = r, z)
is the χ2 probability for one degree of freedom, then the product PD of the four
probabilities

PD =
2

∏

i=1

P ((Di
r/σ

i
r)

2) · P ((Di
z/σ

i
z)

2) (8)

for the tracks of each V0 candidate was required to be greater than 10−9.

(c) V0 candidates with tracks having dE/dx measurements were accepted as K0 if the χ2

probability for the pion hypothesis for each track was > 0.005, or as Λ (Λ̄) if the χ2

probability for the pion track was > 0.005 and the probability for the p (p̄) track was
> 0.01.

(d) Ambiguities between K0
S − Λ and K0

S − Λ̄ hypotheses for a V0 decay, which survived
tests (a)–(c), were resolved by accepting the hypothesis with the best total probability
Ptot defined as a product of the probabilities obtained from the χ2 of tests (a) and
(c).

This selection resulted in a total sample of 216 413 K0
SK

0
S pairs with 88 710 pairs in the Q

range from 0 to 2 GeV. The selection efficiency for the K0
SK

0
S pairs is 27% and their purity

96% as determined by simulation studies.

4 Results

4.1 The Correlation Function C(Q)

To obtain the measured correlation function C(Q) for the pp, p̄p̄ and K0
SK

0
S pairs two

reference samples A and B were utilised:

A) simulated pairs from the JETSET Monte Carlo which is free of FD and BE
correlations, and

5



B) track pairs from event mixing constructed by pairing each particle of a pair with
the particles of the same type in all other events. The common coordinate system
needed to associate particles produced in different events was chosen to be the three
perpendicular axes defined by the eigenvalues of the sphericity tensor. The momentum
of each particle in an event was calculated with respect to these axes, and Q for a
mixed pair was then obtained from the components of the momenta in this system.
This method removes not only possible FD or BE correlations, but also affects all other
correlations, apart from the distribution of the particle momenta which is conserved
by construction. In addition the phase space for the mixed samples is larger than
that of the original samples. To overcome these problems the double ratio of the
cross sections was used,

C(Q) =
(

N(Q)data

N(Q)data,mix

)/(

N(Q)MC

N(Q)MC,mix

)

. (9)

4.2 The pp, p̄p̄ System

Figure 1 shows the correlation functions C(Q) of the pp, p̄p̄ system for the reference
samples A and B described in the previous section. For the mixed sample B the ratio
N(Q)MC,mix/N(Q)data,mix was normalized to unity for large values of Q > 8 GeV. A clear
decrease of C(Q) for Q < 3 GeV is seen as expected for FD correlations. The fits to
Eqs. 2 and 3 with α1 = 0 and α2 = 0 are listed in Table 1; both parametrisations give an
acceptable χ2. Non-zero values for α1 and α2 do not significantly improve the fits because
of the limited statistics of the sample.

The contributions to the systematic uncertainty described next arise from the choice of
the reference sample, Coulomb repulsion, dE/dx selection and vertex selection.

The differences in fitted values using reference samples A or B in Table 1 are small
indicating that the simulation gives a reasonable description of the data. Since the reference
sample B does correct for some inadequacies in the simulation as noted below, it will be
used for the final results and the differences between A and B included in the systematic
uncertainties.

At small Q, Coulomb repulsion between two charged protons or antiprotons is expected
to alter the correlation function C(Q). As this effect is not included in the simulation, its
contribution was studied using the Q-dependent Gamov factor [20]

G(Q) =
2παm

Q
·

1

exp(2παm/Q) − 1
(10)

where m and α are the particle mass and the fine structure constant. It yielded a correction
of 12 % in the first bin (Q < 0.4 GeV), of 4 % in the second bin (0.4 < Q < 0.7 GeV) and
decreased to 0.3 % at Q = 8 GeV. To estimate the effect of the Coulomb repulsion, the
correlation functions for the samples A and B were refitted multiplying Eqs. 2 and 3 with
the Gamov factor of Eq. 10; the results are listed for reference in Table 1. The fitted values

6
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for RG,E and βG,E obtained with the Coulomb correction agree with the uncorrected values
within errors, but are all smaller than without including this effect. However, it has been
pointed out that Eq. 10 may over-compensate for the final-state Coulomb interaction [21],
so that the final result will be quoted without it and its effect only included in the systematic
uncertainty.

In order to estimate the systematic effect due to the corrections to the simulated
momentum spectrum described in Section 3, the analysis was repeated applying 50% of
the estimated reweighting. For reference sample B, the differences between full and 50%
reweighting are 0.01 fm for R and 0.02 for β for fits using either Eq. 2 or Eq. 3. The
differences are larger for reference sample A, indicating that the event-mixing method indeed
adjusts for imperfections in the simulation.

For the vertex selection described in Section 3.1, the product of vertex χ2 probability
was varied by ±10% around the nominal value of 70%. One-half the differences were 0.004
fm for R and 0.02 for β for either Eq. 2 or 3 and were combined with the systematic
uncertainties.
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Reference Sample N βG,E RG,E [fm] χ2/ndf

Eq. 2
Gaussian 0.94 ± 0.04 −0.42 ± 0.04 0.103 ± 0.015 0.34

Coulomb 0.95 ± 0.04 −0.39 ± 0.05 0.099 ± 0.015 0.43
JETSET, A

Eq. 3
Exponential 0.99 ± 0.07 −0.55 ± 0.05 0.097 ± 0.029 0.81

Coulomb 1.00 ± 0.07 −0.51 ± 0.06 0.091 ± 0.030 0.94

Eq. 2
Gaussian 0.95 ± 0.04 −0.49 ± 0.04 0.105 ± 0.013 0.40

mixed Coulomb 0.96 ± 0.04 −0.46 ± 0.04 0.102 ± 0.013 0.51

events,
B

Eq. 3
Exponential 1.02 ± 0.07 −0.63 ± 0.05 0.096 ± 0.025 1.12

Coulomb 1.02 ± 0.07 −0.60 ± 0.06 0.092 ± 0.030 1.28

The final results for RG,E and βG,E taken from the fits, with fixed α1 = 0 and α2 = 0
for sample B without Coulomb corrections and with the systematic effects described above
combined in quadrature, are

for Eq. 2

RG = 0.11 ± 0.01stat ± 0.01sys fm

βG = −0.49 ± 0.04stat ± 0.08sys,

and for Eq. 3
RE = 0.10 ± 0.03stat ± 0.02sys fm

βE = −0.63 ± 0.05stat ± 0.09sys.

Within errors the correlation function C(Q) is 0.5 at Q = 0, as expected for a statistical
spin mixture in which each of the four spin states is emitted with the same probability and
electromagnetic and strong final-state interactions (FSI) in the di-nucleon system do not
contribute at threshold.

4.3 The K0

S
K0

S
System

In contrast to identical particle systems such as π±π± or K±K±, the symmetry property of
identical particles is not automatically guaranteed for the K0

SK
0
S system. This is because
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the K0
SK

0
S system may not only originate from identical K0K0 and K̄0K̄0 pairs but also from

a K0K̄0 boson-antiboson system. However it has been shown in [22] and [23] that also in
the latter case a signal from a BE-like correlation should be observed, if the background
from K0

SK
0
L is small in the selected K0

SK
0
S data sample.
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The measured correlation functions C(Q) of the K0
SK

0
S system found for reference

samples A and B are displayed in Fig. 2. One observes a clear enhancement of C(Q)
for values of Q < 0.5 GeV as expected for BE correlations. For the reference sample A one
also sees a rise of C(Q) for values of Q > 0.8 GeV (Fig. 2A) which is not seen for C(Q)
obtained for reference sample B (Fig. 2B). This is due to the imperfection of the simulation
as shown in Fig. 3 where the ratio Rmix = N(Q)data,mix/N(Q)MC,mix is plotted as a function
of Q. The ratio Rmix rises with Q in the whole range 0 < Q < 2 GeV whereas it should be
constant for a perfect simulation.

The region affected by the f0(1710) (1.225 < Q < 1.5 GeV) is not well described by
the simulation, and has therefore been excluded from the fit (open circles in Fig. 2). The

9



0.8

0.85

0.9

0.95

1

1.05

1.1

1.15

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

 Q [GeV]

 R
m

ix

Figure 3:
F5�����@

�����

Rmix = N(Q)data,mix/N(Q)MC,mix

����� �����
K0

SK
0
S � 

�����

deviation of the fitted results by including this region are accounted for in the systematic
uncertainties.

In the simulated reference sample the decay of the f0(980) → K0
SK

0
S was generated

originally at a mass of 1.0 GeV with zero width. In the reference sample used these events
were replaced by a Breit-Wigner distribution proposed by Flatté [24],

dσ/dmKK = NF ·
m2

0 · ΓKK

(m2
0 − m2

KK)2 + (m0 · (Γππ + ΓKK))2
, (11)

where m0 is the mass of the f0(980) and the widths Γππ and ΓKK are related to the coupling
constants gπ and gK,

Γππ = gπ

√

m2
KK/4 − m2

π and ΓKK = gK

√

m2
KK/4 − m2

K.

The normalization factor NF has been adjusted to the total number of predicted
f0(980) → K0

SK
0
S decays by integrating Eq. 11 in the range of 0 < mKK < 1.5 GeV. The

values used, m0 = 0.954 GeV, gπ = 0.11 and gK = 0.423, were confirmed by the OPAL
experiment [25]. The contribution of the f0(980) obtained from Eq. 11 mainly affects the
region of Q < 0.1 GeV.

The fitted values for α, β and R are shown in Table 2 for reference samples A and B.
Within statistics, both Eqs. 2 and 3 result in acceptable fits to the correlation functions in
the range Q < 2 GeV. As can be seen in Fig. 2, the exponential fits (Eq. 3) yield a higher
intercept at Q = 0 than the Gaussian fits (Eq. 2) and thus result in a better description of
the data in the low Q region. The results for the fitted values α1, α2, βG,E and RG,E are
listed in Table 2 for fixed α2 = 0 and for α2 as a free parameter in the fit.

It was found that other parametrisations [15] having for example cubic terms in the
polynomial in Eqs. 2 and 3 gave no improvement to the fits. Distinguishing such details
would require a data sample with much higher statistics than available here.
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Table 2:
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Reference Sample α1 α2 βG,E RG,E [fm] χ2/ndf

Eq. 2
0.15 ± 0.03 0.0 (fixed) 0.66 ± 0.06 0.62 ± 0.05 0.63

−0.10 ± 0.09 0.09 ± 0.04 0.54 ± 0.08 0.72 ± 0.08 0.54
JETSET, A

Eq. 3
0.21 ± 0.04 0.0 (fixed) 1.32 ± 0.12 0.94 ± 0.11 0.44

0.38 ± 0.08 −0.05 ± 0.03 1.52 ± 0.14 0.88 ± 0.08 0.44

Eq. 2
0.005 ± 0.03 0.0 (fixed) 0.63 ± 0.06 0.57 ± 0.04 0.68

mixed −0.27 ± 0.05 0.10 ± 0.02 0.50 ± 0.07 0.70 ± 0.07 0.52

events,
B

Eq. 3
0.04 ± 0.03 0.0 (fixed) 1.25 ± 0.11 0.84 ± 0.10 0.43

0.03 ± 0.06 0.004 ± 0.02 1.24 ± 0.14 0.85 ± 0.09 0.44

Systematic errors include the uncertainty in the choice of the reference sample (A or
B) and the uncertainty of the parametrisation of C(Q) (α2 fixed or free) and are taken
from Table 2. Additional contributions to the systematic errors were studied by varying
the selection criteria and by removing from the fits the bin below Q < 0.1 GeV where the
uncertainty of the reference samples is highest. These have been estimated to be 0.03 fm
for R and 0.05 for β and included in the systematic uncertainties.

The final values for RG,E and βG,E have been taken from fits of Eqs. 2 and 3 with fixed
α2 = 0 using reference sample B. For this case, the result using Eq. 2 is

RG = 0.57 ± 0.04stat ± 0.14sys fm

βG = 0.63 ± 0.06stat ± 0.14sys

and using Eq. 3 is
RE = 0.84 ± 0.10stat ± 0.10sys fm

βE = 1.25 ± 0.11stat ± 0.08sys.

5 Conclusions

The two-particle correlation functions C(Q) of the pp, p̄p̄ system and the K0
SK

0
S system have

been measured as a function of the Lorentz invariant momentum difference Q. Independent
of the reference sample used, C(Q) shows a decrease for Q < 3 GeV for the pp, p̄p̄ system
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and an enhancement for Q < 0.5 GeV for the K0
SK

0
S system. If this is interpreted as a

FD or BE effect, the size RG of the sources estimated from C(Q) with the Goldhaber
parametrisation (Eq. 2) are

RG = 0.11 ± 0.01stat ± 0.01sys fm

for the pp, p̄p̄ system, and

RG = 0.57 ± 0.04stat ± 0.14sys fm

for the K0
SK

0
S system.

0

0.2

0.4

0.6

0.8

1

0 0.2 0.4 0.6 0.8 1 1.2

ALEPH
DELPHI
OPAL
L3

 MASS [GeV]

 R
 [f

m
]

Figure 4: � <=�	��<(��� W �
�8���+� �������I� ���
RG � ���������+" 
��B
X�������	������� �
� � 

�������	��� , 
����+E�F5���

<


�����+�C� ���
RG

� ���5�����8���������9R�� �*; � �	����,N�	�3��� �L
 <=�8>M�+�	�#��>��@

�����+" ��� ����!H������K�����"$�L

>M�	�
� 

�@

,N�	��������

������� !P��<=�	� ��� R�TLE4U$E F5���O���+� ������� �
� .��9R����	� 
��
� � ��� ��� R��������������I

��"
� �M.�������� W �	��� ��>��@

�����+" ��� ����! ���*� �	���	���+�I��

, � ���+�8�+�������+� � ����"$����!B���:6 � W ������� �����P����� ���
� R��������
����� � � � � �����5

��" � �'.��������������:���*� �	���	���+�:��

, � ���+� �+�������+� � ����"$����! ���2.7E1F5���
�	���������4� ��� W ��

���G������������� 

� � ��, �
� ������� �@

����� ����� 

�V

��" ������� �3� ���	, 

�������	���������+E

The values for RG are plotted in Fig. 4 together with those measured in systems of
identical pions (DELPHI [9], L3 [10] and ALEPH [11]), kaons (DELPHI [7], OPAL [5] [6]
and this measurement), protons (this measurement) and lambdas (ALEPH [4]). There is
indication of a dependence of RG on the type of the particles involved, being higher for
mesons than for fermions.
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Phys. Lett. B63 (1976) 224 ; S.M. Flatté, “On the nature of 0+ mesons”, Phys. Lett.
B63 (1976) 228.

[25] B.S. Zou and D.V. Bugg, “Is f0(975) a narrow resonance?”, Phys. Rev. D48 (1993)
3948 ; OPAL Collaboration, “Production of f0(980), f2(1270) and φ(1020) in hadronic

Z0 decay”, Eur. Phys. J. C4 (1998) 19.

14


