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Abstract

Two-particle correlations of AA and AA pairs have been studied in multihadronic
Z decays recorded with the ALEPH detector at LEP in the years from 1992 to 1995.
The correlations were measured as a function of the four-momentum difference @ of
the pair. A depletion of events is observed in the region Q < 2 GeV which could
arise from the effects of Fermi-Dirac statistics. In addition the spin content of the A
pair system has been determined. For ) > 2 GeV the fraction of pairs with spin one
is consistent with the value of 0.75 expected for a statistical spin mixture, whilst for
Q@ < 2 GeV this fraction is found to be lower. For AA pairs, where no Fermi-Dirac
correlations are expected, the spin one fraction is measured to be consistent with 0.75
over the entire analysed () range.
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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 of
the distribution of the 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 particle pairs produced 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 are emitted. A description of the theory can be found
e.g., in references [1], [2] and [3].

This paper reports on a study of Fermi-Dirac correlations using the combined sample of
AA and AA pairs (represented by (AA) throughout this paper) reconstructed by ALEPH
in multihadronic Z decays at LEP 1. Section 2 summarizes the theory of Fermi-Dirac
correlations and the techniques used to study these correlations. Section 3 describes the
ALEPH detector and the selection of neutral A decays. The results are presented in
Section 4 and are followed by the conclusions in Section 5.

2 Theory

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

C(p1,p2) = P(p1,p2)/ Po(p1, p2) (1)

where p; and p, are the four-momenta of the particles, P(p, p2) is the measured differential
cross section for the pairs and Py(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 Py(py, p2) in order to
determine that part of P(py, ps) which can be attributed to the BE or FD correlations. An
example for such a reference sample is given by the JETSET Monte Carlo [4] for which
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
Q with Q* = —(p; — p2)?. For Q* = 0 the effects of BE and FD correlations reach their
extreme values. Various parametrisations for C'(Q)) are proposed in the literature. Here the
GGLP parametrisation [5]

C(Q) = N1+ Bexp(—R*Q?)] (2a)

is used, together with an alternative parametrisation [6]

C(Q) =N[1 + fexp(—RQ)] (2b)



for comparison. The form of Eq. 2a 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 A, the suppression parameter § (|3| < 1) and the radius R, which can
be identified with the space-time extent of the source. In two-boson systems a value of
f = 1 corresponds to a completely incoherent emission; |3| 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 [7] or if the particles have non-zero spin as explained
below. This parameter also accomodates for experimental backgrounds such as particle
misidentification.

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 [8]

W0l = 1£cosl(pr — p2) - (1 —12)], (3)

where s (a) corresponds to the + (—) sign and r; 5 are the four-vector positions of the two
particles. In the case of identical spinless bosons, ¥, completely describes the final state,
whereas in the case of identical fermions both ¥, and ¥, can contribute.

Since P 4(p1,p2) is proportional to the integral [dridrag(ri,r2,p1,p2)|¥s.|?, where
g(r1,r2,p1,p2) describes the source intensity and the integral is taken over the relative
space-time distances r; — o of the particle emission points, it follows that the correlation
function Cj ,(p1, p2) for the symmetric (antisymmetric) final state should show an increase
(decrease) for Q — 0.

For identical bosons with spin or identical fermions, e.g., two A’s, one has also to consider
their spin. For the (AA) system the total spin may be S = 0 or S = 1 with spin wave
functions sq and s!, where i = —1,0,1 are the eigenvalues of the third component of the
total spin; sy is antisymmetric whereas the s} are symmetric under the exchange of the two
N’s. As the total wave function for the (AA) system is antisymmetric, sy must be combined
with ¥, from Eq. 3 and the s¢ with ¥, to yield antisymmetric wave functions: 0y = W,s
and ©! = W,s'. In general both ©y and the ©! can contribute to P(p,p2), depending on
the source. However for a statistical spin mixture ensemble, where each of the four spin
states so and s! is emitted with the same probability, the contributions from the ©¢% will
dominate by a factor of 3 and thus the correlation function C(Q) is expected to decrease
to 0.5 as () tends to zero.

A different way of investigating the (AA) correlations is provided by the measurement
of the spin composition of the (AA) system, that is to determine the fractions of the S = 0
and S = 1 states. The method used in this paper was proposed in Ref. [9] and is based
on the measurement of the distribution dN/dy* in the di-hyperon centre-of-mass system.
In this system the momenta of the decay protons (antiprotons) of the (AA) system are
transformed into their parent hyperon rest frames and y* is then the cosine of the angle



between the two protons (antiprotons). From the Wigner-Eckart theorem [10] the angular
distributions for the S = 0 and S =1 states of a system of identical hyperons are

dN/dy"|s=0 = (N/2)(1 - ajy) (4a)

and
AN/dy*|s=1 = (N/2)(1+ (a}/3)y") (4b)

where ay = —ai = 0.642 £ 0.013 is the A decay asymmetry parameter [11]. In general
both spin states will contribute. If the parameter ¢ is defined as the fraction of the S =1
contribution, then € can be measured as a function of () by fitting the expression

AN/dy* = (1 — £)dN/dy*|s—o + edN/dy*| s, (4c)

to the measured distribution for a given range of (). In the case of a statistical spin mixture,
¢ is equal to 0.75 which results in a constant distribution for dN/dy*. The advantage of
this method is that a reference sample is not needed. In Ref. [9] the relation in Eq. 4 was
derived for the di-hyperon threshold and also shown to hold approximately for low values of
@, where the relative momentum of the two A’s is non-relativistic. It was recently pointed
out, however, that the validity range for Eq. 4 can be extended to any @ value [12].

The correlation function C(Q) and the spin composition £(Q) yield different
measurements which are sensitive to the same physical effect. If a source only emitted di-
hyperons in a total spin state S =1 or S = 0, then £(Q)) would be one or zero, respectively,
independent of (), whereas the correlation function C'(Q) is still expected to show a @
dependence.

The quantity £(@)) can also be used to estimate the size R of the source [12]. If C'(Q)s=0
and C'(Q)s= are respectively the contributions of the S = 0 and the S = 1 states to C(Q),
then for a statistical spin mixture ensemble C'(Q)s—p and C(Q)s=1 can be parametrised
with the formula of Eq. 2a as

C(Q)s=0 = 0.25N (1 + vexp(—R*Q?))

and

C(@)s=1 = 0.75N (1 — yexp(—R*Q?))
with || < 1. With £(Q) = C(Q)s=1/(C(Q)s=0 + C(Q)s=1) one finds

e(Q) = 0.75(1 — yexp(—=R*Q*))/(1 — 0.5y exp(~R*Q?%)) , (5)

where the suppression parameter v = —2f results from the requirement C(Q)s—o +
C(Q)s=1 = C(Q), with C(Q) defined in Eq. 2a. In the ideal case C(Q)s=; is expected to
decrease to zero as () tends to zero which implies v = 1. But due to the effects described
before in connection with Eq. 2, 7 can deviate from one.

3



3 The ALEPH Detector and Data Selection

The ALEPH detector is described in detail elsewhere [13]. This analysis relies mainly on
the information from three concentric tracking detectors, a 1.8 m radius time projection
chamber (TPC) surrounding a small conventional drift chamber (ITC) and a two layer
silicon vertex detector (VDET). The TPC provides up to 21 space points per track and in
addition up to 338 samples of the particle’s specific ionisation. The I'TC measures 8 points
per track and the VDET provides two high precision space points on the track near the
primary vertex. The tracking detectors are located in an axial magnetic field of 1.5 T and
have a combined track transverse momentum resolution of Ap, /p, = 0.0006p, & 0.005

(with p, in GeV/c).

The analysis was performed on data collected on and around the Z peak. The event
sample consists of a total of 3.9 million hadronic events corresponding to an integrated
luminosity of 142 pb™". A sample of 6.5 million Monte Carlo events with full detector
simulation [13], based on the JETSET 7.4 [4] generator, was used to provide a reference
sample and to calculate the selection efficiencies as described in Section 4. This Monte
Carlo sample does not include BE or FD correlations.

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

For the selection of the neutral VO decays (see also Ref. [14]) all combinations of tracks
with opposite charge and with momenta higher than 150 MeV are examined. Both tracks
must originate from a common secondary vertex with acceptable x2. For the final selection
and for the assignment of the different hypotheses K°, A and A, the most important cuts
are given below:

a) A x? test of energy-momentum conservation for a given hypothesis, assuming that the
decaying particle is produced at the primary vertex and that it decays at a secondary
vertex [15].

b) Cuts on the impact parameter D of the secondary tracks from the V° decay with
respect to the primary vertex. If D, is the component of D in the direction
perpendicular to the beam axis and D, is the component of D in the direction of
the beam axis then two cuts for each secondary V° track are applied: (D,/0,)? > 4
and (D,/0,)? > 4, where o, and o, are the uncertainties on D, and D,.

¢) For V° candidates with tracks having a good dF/dz measurement, the ionisation is
required to be within three standard deviations of that expected for a given hypothesis.



d) Ambiguities between K°-A and K°-A hypotheses for a V° decay , which survived
tests a) - ¢), are resolved by accepting the hypothesis with the best x?. However,
if the absolute difference in the x? of the two hypotheses is less than three and if a
measurement of the specific ionisation of the secondary V° tracks is available, a choice
is made on the basis of ionisation.

This selection results in a total sample of 2566 (AA) pairs with 2123 pairs in the @ range
from 0 to 10 GeV. The selection efficiency for the (AA) pairs is about 25% and their purity
is ~90% in the range 2 < @ < 10 GeV and ~86% in the range 0 < Q < 2GeV.

4 Results

4.1 The Correlation Function C(Q)

The measured correlation function C'(Q) for the (AA) system is shown in Fig. 1A; C'(Q) is
determined by dividing the differential cross section of pairs in the data by that of simulated
pairs from the JETSET Monte Carlo (reference sample A ). One observes a clear decrease
of C'(Q) for values of @ < 2 GeV, as expected if the total spin state S = 1 dominates. The
experimental distribution was parametrised with Eqgs. 2a and 2b. The results from the fit
for the parameters § and R are presented in Table 1 (reference sample A).

Another method for obtaining a reference sample is the technique of event mixing
(reference sample B). Pairs of A’s or A’s for the reference sample are constructed by pairing
each A or A with the A’s or A’s of all other events. To do this one needs some common
coordinate system for the A’s or A’s produced in different events. It was chosen here to use
three perpendicular axes for each event defined by the eigenvalues of the sphericity tensor.
The momentum of each A or A in an event is calculated with respect to these axes and @
for a mixed pair is then obtained from the components of the momenta in this system.

However, this method removes not only possible FD or BE correlations, but it also
affects all other correlations apart from the distribution of the particle momenta which
is conserved by construction. This can be seen from Figs. 2a and 2b where the cosine
of the angle ) » between A or A momenta in the Z rest frame is plotted. In the unmixed
events most pairs are produced back to back, whereas the distribution for the mixed sample
is completely symmetric. This leads to a shift in the ) distribution for the mixed pairs
towards lower values of (). The difference between normal and mixed pairs is illustrated in
Fig. 3a where the () distribution for the pairs from Monte Carlo events is divided by that of
the mixed sample. The mixed Monte Carlo sample does not reproduce the original Monte
Carlo sample. To overcome this problem one usually studies the double ratio of the cross
sections

@) = (P](D(ii(:t;x)/ <P](DC§§2N)IZIEIX> .
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Figure 1: Correlation function C'(Q)) for the (AA) pairs using different reference
samples: A) Monte Carlo, B) mixed event double ratio (see text) and C) mixed
events with reweighted cos#; , distribution (see text). The curves represent
the results of the fits using the Goldhaber parametrisation given in Eq. 2a.

The correlation function C'(Q) found by this procedure is displayed in Fig. 1B and is very
similar to that of Fig. 1A. The fitted values for § and R (Table 1, reference sample B)
agree within errors with those obtained from the distribution in Fig. 1A. This is expected
because the mixed samples for data and Monte Carlo are similar, as can be seen from Fig. 3b
where the ratio P(Q)datamix/ P (Q)mc, mix is shown as a function of Q). It is a slowly varying
function (ideally it is expected to be flat) and thus it provides only minor corrections to
the correlation function as shown in Fig. 1A.

As it is found that the symmetrization of the cos 6, » distribution is the main reason for
the difference in the @ distributions of the mixed and the original pairs, a third reference
sample has been constructed. For this one the data sample is mixed as described above,
but the sample of the mixed pairs is then weighted such that it reproduces the cost o
distribution from the original pairs obtained from the Monte Carlo. The corresponding
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Figure 2: The histograms show the cos 6, » distribution for a) the original (AA)
pairs from the Monte Carlo and b) for the mixed pairs of the same sample.
Points in a) show the cos 6, » distribution of the data. The deviation of Monte
Carlo from data at large cos 0, » is due to the FD effect.

correlation C'(Q) = P(Q)data/ P (Q)data,mix,reweighted 1S displayed in Fig. 1C; the smaller error
bars than in the preceeding distributions reflect the larger Monte Carlo statistics used for
the correction. The fitted values for 5 and R are in agreement with those found previously
(Table 1, reference sample C). The three evaluations of C'(()) based on the different reference
samples are mutually consistent.

Within statistical errors the correlation function is consistent with C(Q = 0) = 0.5,
as expected if final-state interactions (FSI) in the di-hyperon system do not contribute at
threshold. FSI are expected to manifest themselves as an enhancement in the correlation
function at low @ [16]. Such an effect has been measured in the AA system produced in
2C(K~, K*) interactions at 1.66 GeV /c for Q < 0.4 GeV [17], which corresponds to the first
bin in Fig. 1. This enhancement can be attributed to FSI and/or the direct production of
a di-baryon resonance with strangeness two. Even if the enhancement were only attributed
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Figure 3: The ratios a) Ry = P(PQ()Q$ and b) Ry = % plotted in

arbitrary units. The zero is suppressed on the vertical scale.

to FSI, the magnitude of this effect is too small to be observable with the present data.

Within statistics, both Eqs. 2a and 2b result in acceptable fits and cannot be
distinguished. = Taking the rms variation of the central values in Table 1 for the
parametrisations with Eqs. 2a and 2b as a measure of the systematic uncertainty, the
resulting values for R and [ are

R = 0.11 4 0.02 % 0.014fm
B = —0.59 =+ 0.09; + 0045

for Eq. 2a and

R = 0.12 4 004 % 0.0 fm
B = —0.82=+0.154, + 0.084

for Eq. 2b. The given systematic errors account for the uncertainty in the choice of
the reference sample. The difference in the results for fits with Eqs. 2a and 2b give an
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Table 1: The values for 5 and R obtained from fits of Eqs. 2a and 2b to the
correlation function C'(Q) for the three different reference samples A, B and
C described in the text. The errors are statistical.

reference sample o4 R [fm)] X2 /ndf

Eq. 2a | —0.624+0.09 | 0.11 £0.02 | 0.72

JETSET, A g oh | —0.90+0.16 | 0.14+0.04 | 0.84

Eq. 2a | —0.54+0.10 | 0.11 £0.03 | 0.80

i B
mixed events, B op 075 £0.16 | 013 £0.05 | 0.79

Eq. 2a | —0.60 £0.07 | 0.10£0.02 | 0.81

reweighted mixed events, € p o1 1|69 4 011 | 0114003 | 0.80

indication of the uncertainty due to the choice of the parametrisation for C(Q). Additional
contributions to the systematic errors were studied by varying the selection criteria and
by removing from the fits the points below @ < 0.6 GeV where background is highest.
These contributions were estimated to be ARy, = 0.004fm and Afg,s = 0.024, which are
negligible compared to the errors above.

4.2 The Spin Composition €(Q)

The measurement of the di-hyperon spin content £(Q)) described in Section 2 has the
advantage of not needing a particular reference sample. Figure 4 shows the corrected
experimental angular distributions dN/dy*|corr for the (AA) system in three intervals of
. To account for losses due to acceptance effects and for background contributions the
angular distributions have been corrected by multiplying dN/dy*|qata by a factor obtained
from Monte Carlo:

dN/dy* |MC,genera.t0r

dN dy* T dN, dy* d .
/dy*|co /Y aasa dN/dy*|Mc,With detector simulation

The results for the relative contributions (@) of the spin S = 1 state, which are obtained
by fitting Eq. 4 to the corrected distributions, are given in Table 2 and plotted in Fig. 5
together with the results for the AA system. (For the AA system Eq. 4 must be modified
by replacing % by —a3 [9].) The systematic errors in Table 2 were estimated by varying
the analysis cuts.
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Figure 4: The corrected distributions dN/dy*|core Obtained for the (AA) and
AA data. The lines show the fits of the theoretical dN/dy* given in Eq. 4.

For @ > 2 GeV the (AA) system is dominated by the S = 1 spin state, whereas for
@ < 2 GeV this state is suppressed compared to the S = 0 spin state. Such behaviour is
expected from the correlation function C'(Q), which also decreases for values of ) below
2 GeV. For the AA system, which is free from FD correlations, the S = 1 spin state is
consistent in the whole region of 0 < () < 4 GeV.

To estimate the size R of the source, the expression of Eq. 5 was fitted to £(Q). The
results of the fits are given in Table 3 without and with v as a free parameter and displayed
in Fig. 5 for 7 fixed to one. To compare with other experiments £(Q)) was also fitted to a
Goldhaber parametrisation

£(Q) = 0.75(1 — yexp(~R*Q?)) , (52)

which corresponds to Eq. 5 with the denominator set to one. This approach was suggested
by the OPAL Collaboration [18] and it was also used by the DELPHI Collaboration [19].
Because of the additional denominator in Eq. 5 the values of R obtained from Eq. 5 are
smaller than those from Eq. 5a.
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Table 2: The values of & for the (AA) and AA samples.

@ Range [GeV] g(AA) g(AA)

0.0-1.5 0.36 £ 0.305tar £ 0.084ys | 0.77 £ 0.07par £ 0.035ys

1.5-2.0 0.52 £ 0.315tar £ 0.104ys | 0.61 £ 0.134a¢ £ 0.07gys

2.0-4.0 0.78 £ 0.164¢ar £ 0.095ys | 0.51 £ 0.11pa; £ 0.124y

Table 3: The values for R obtained from fits of Eq. 5 and of Eq. 5a to ¢(Q)

for Q < 4GeV.
Fit v R [fm]
1.0gxed 0.14 £ 0.09tat £ 0.034ys
Eq. 5
0.84 £ 0.484ar = 0.1255 | 0.11 4= 0.095¢5¢ £ 0.03y
Eq. ba 1.0fixed 0.17 £ 0.1344a¢ £ 0.04y

The fitted values for R from the spin composition function £(@) and from the correlation
function C(Q) are in good agreement (Tables 1 and 3). They also agree within errors with
those obtained from £(Q) by the OPAL and the DELPHI Collaborations. Comparing
the measured radii for identical charged pions R(7*,7%) = 0.65 4 0.04 £ 0.16 fm [20],
identical charged kaons R(K* K*) = 0.48 + 0.04 4 0.07fm [21] and the (AA) system
R(AA) =0.11£0.0240.01 fm measured in hadronic Z decays indicates that the size of the
source decreases with increasing mass of the emitted particles (see discussion in Ref. [22]).

5 Conclusions

The two-particle correlation function C'(Q) of the (AA) system has been measured as
a function of the Lorentz invariant variable (). Independent of the reference sample
used, C'(Q) shows a decrease for () < 2 GeV. If this is interpreted as a FD effect, the
size of the source R estimated from C'(Q) with a Goldhaber parametrisation (Eq. 2a) is
R = 0.11 £ 0.0244¢ £ 0.014fm. This is consistent with the spin composition measurement
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Figure 5: The fraction £(Q) of the S = 1 contribution for the (AA) data. The
curve represents the result of a fit using the parametrisation given in Eq. 5 for
v fixed to one.

of £(Q), which indicates € < 0.75 for Q < 2GeV and ¢ ~ 0.75 for Q > 2 GeV. The size of
the source R estimated from £(Q) is R = 0.14 % 0.09a; £ 0.035ys fm. For the AA system,
which is free of FD correlations, the spin composition measurements ¢(()) are consistent
with ¢ = 0.75 in the entire () range analysed. The results for £(Q) are in agreement with
the measurements of £(Q) from OPAL [18] and DELPHI [21]. Comparing the results for R
with those measured in systems of identical pions and kaons indicates a decrease of R with
the mass of the particles involved.
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