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Abstract

This paper describes a study of Bose-Einstein correlations made using the ALEPH
detector at LEP. The correlations are found to enhance the two particle differential
cross section for pairs of identical pions by a factor which can be roughly
parametrized by R(Q) = 1 + Aexp(—Q?%c?), where @Q is the difference in the 3-
momenta of the two pions in their centre of mass frame, A = 0.51+0.04+0.11 and
o =3.3+0.24+0.8 GeV ™}, which corresponds to a source size of 0.65+£0.04=+0.16 fm.
The large systematic errors on these results reflect their strong dependence on the
choice of the reference sample used in the analysis. This problem is believed
to occur primarily because of uncertainties in the rates of resonance production
and a lack of knowledge about the pion-pion strong interaction. No significant
correlations are seen amongst like-charged pion-kaon pairs.
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1 Introduction

In 1954, it was realised [1] that by studying correlations among fluctuations in the
light intensity from a distant star, one could determine the star’s angular diameter.
Six years later, the size of the particle source in pp collisions was measured, by
applying the same theory to the correlations seen amongst the like-charged pions
produced [2]. The theory has since also been applied to e*e™ collisions [3,4,5,6,7].
This paper presents a study of these ‘Bose-Einstein correlations’ made using the
ALEPH detector at the LEP eTe™ collider.

The paper is organised as follows. Section 2 summarises the theory of Bose-
Einstein correlations. Section 3 describes the analysis techniques used to study the
correlations, and provides details of the event and track selection cuts. Section 4
presents an analysis of the Bose-Einstein effect seen in the data as a function
of the single variable @, which is the difference in the 3-momenta of the two
pions in their rest frame. Comparisons with a Monte Carlo simulation are made.
Section 3 examines the large systematic effects which were seen in this study. In
addition, the effect of long-lived particles on the results is considered, and it is
shown that no significant correlations exist among like-charged pion-kaon pairs, A
brief description of more detailed studies made of the source shape, is presented
in Section 6.

2 Theory

For a pair of identical bosons(fermions), the quantum mechanical wave-function
must be symmetric(antisymmetric) under particle exchange. This requirement
alters the two-particle differential cross section for the production of identical
particles from a source, whose distribution in space-time z is given by p(z), by a
factor [8,9,10]

R(Ap) = 1 £ Mp(Ap))?, (1)

where the +(—) sign applies if the spatial wave-function of the particles is
symmetric(antisymmetric) under particle exchange. The parameter A lies in the
range zero to one, being zero for a completely coherent source and one for a
completely incoherent one. The 4-vector Ap is the difference in the 4-momenta
of the two particles and §(Ap) is the four-dimensional Fourier transform of p(x),
normalised such that §(Ap) — 1 as Ap — 0. i.e.

jj;ource p(:n) CXP('I:Ap.m)d‘*a:

AAp) = (2)

As a pair of identical pions must have a symmetric spatial wave-function, it
follows from eqn. (1) that their two-particle differential cross section is enhanced
by a factor which tends towards a maximum of (1 + A) for pions of identical
4-momenta.

In deriving eqn. {1), it is assumed that there are no significant correlations
between the position at which a particle is produced in the source and its
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momentum. Such correlations can arise if the emitters which make up the source
are not identical, or if they move with different velocities [11] (unless the energy
spectrum of the emitters is flat and extremely wide as assumed in [9}).

If one were to assume that the source could be described by a spherically
symmetric Gaussian distribution which decayed exponentially with time

p(r,t) « exp(—~r?/20%) exp(—t/T) (3)
then for identical pions
Aexp(—a??)
(1 + g272)

R(q! QU) =1+ (4)

where q=p1— P2 and dgo = E, — E,.

However, in the case of ete~™ — hadrons, the source is far more likely to
be in the form of a long, thin, rapidly expanding colour string [12] and strong
correlations are expected between the positions in the string at which particles are
produced and their momenta {13]. It is expected that all particles of any given
momentum are emitted from a segment of the string whose r.m.s. length, o, in the
particle rest frame, is independent of that momentum. Two pions with similar 3-
momenta will therefore have production points which, measured in their (almost)
common rest frame, are separated by a distance of this order. In this rest frame,
they will therefore exhibit a Bose-Einstein enhancement appropriate to the length
o and not to the length of the entire string [11,14]. If one makes the additional
assumption that the width of each string segment is equal to its length, then the
expected Bose-Einstein enhancement will be given by eqn. (4) when measured in
the rest frame of each pair (E; = E;). That is |

R(Q) =1 + Aexp(—Q°c?) (5)
where Q@ = 1/(p1 — p2)? — (E1 — E2)?, which is a Lorentz invariant.

The parametrization of the Bose-Einstein enhancement given in eqn. (5) will
be used for the majority of the work presented in this paper. It has the advantage
of being a simple function of a single variable, @, and previous work [3,4,5,6,7] has
shown that it fits the data well.

3 Experimental Method

3.1 Measuring R(Q)

R(Q) is usually determined by dividing the differential cross section for pairs of
like-charged pions by that for the pairs in a ‘reference sample’, which should be
free of Bose-Einstein correlations, but would otherwise have a differential cross
section identical to that of the like-charged pairs.

One such reference sample consists of pairs of unlike-charged pions. An
approximation to R(Q) is then given by

e (Q) = N, +(Q)

N, (@)’ (6)
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where N4 (@) and N._(Q) are the number of like and unlike-charged pairs as a
function of Q.

Another method of obtaining a reference sample uses the technique of event
mixing. Pairs of pions are formed by combining a pion from the event under study
with a pion from a previous event. The momentum vector of each of these pions
is measured with respect to a coordinate system defined by the eigenvectors of
the sphericity tensor of the event from which it came. If all events comprised two
back to back jets moving parallel to the sphericity axis, then apart from the lack
of Bose-Einstein correlations, the differential cross section for these ‘event-mixed’
pairs would be very similar to that of the like-charged pairs. Multi-jet events will
tend to invalidate this reference sample, but their effect can be reduced by using
only events with a small sphericity. One also needs to ensure that the detector
acceptance is similar for each of the two events being mixed. This is done by
requiring the three sphericity tensor eigenvectors in the two events to be aligned
to within 6°. R(Q) can then be approximated by

T'miz(Q) = % (7)

where Np;-(Q) is the number of event-mixed pairs as a function of Q.

A third method of obtaining a reference sample begins by dividing each event
into two halves separated by the plane perpendicular to its sphericity axis. A pion
in one event half is then paired with a pion from the other event half, having first
reflected the momentum vector of this second pion through the origin. Multi-jet
events must again be rejected using a sphericity cut.

Results obtained using each of the first two methods are presented in this
paper. The third method is conceptually very similar to the second and gave
almost identical results. Comparison of the results obtained using the different
reference samples is essential to estimate systematic effects because, as will be
shown in Section 4, the reference samples used are far from perfect.

At small @, Coulomb repulsion/attraction between like/unlike-charged pions
moving away from the source alters the expected two pion cross section in the
data by the Gamow factors [10]

Gi(n) =~ ﬁ—-—i‘ (8)
Gu(n) ~ 1—_7;:'5(_—,,) (9)

where n = 2ram, /@, a being the electromagnetic coupling constant and m, the
pion mass. This was corrected for by weighting the entries in all like-charged
spectra by a factor 1/Gi(7) and in all unlike-charged spectira by 1/G,(7n). For
Q > 0.06 GeV this altered r._(Q) and 7pi(@) by less than 10% but for
@ < 0.06 GeV the correction was large. This correction is only approximate,
as all particles are assumed to be pions.




3.2 Event and Track Selection

A detailed description of the ALEPH detector may be found in {15). The following
components were the most important for this analysis. A time-projection chamber
(TPC) lying between radii of 31 and 180 cm measures up to 21 three-dimensional
points for each track. Its resolution is about 200 gm in r¢ and 1 mm in z. It
also provides dE/dz information, with a resolution of up to 4.4%, for particle
identification. Inside the TPC is a small drift chamber (ITC) which provides up
to eight more hits per track. Outside the TPC is an e/y calorimeter (ECAL),
and beyond this a superconducting solenoid providing a 1.5 T magnetic field. A
hadron calorimeter (HCAL) surrounds the solenoid.

Triggers based upon the total energy in the ECAL or evidence of a penetrating
track passing through the ITC and into the HCAL were used, and together these
were 100% eflicient for hadronic events.

Offline selection of the hadronic events employed in this analysis used only
tracks which passed within 0.5 cm of the interaction point in the r¢ projection
and within 5 cm of it in z. This rejected the majority of particles resulting from
long-lived particle decays and gamma conversions. The tracks were also required
to have at least eight hits in the TPC to ensure a good momentum measurement.
Finally, they were required to have at least three hits in the first five layers of the
TPC, which in cases where a single particle was incorrectly reconstructed as two
or more separate tracks, virtually eliminated the possibility of more than one of
these tracks being accepted.

Events were only accepted if they had at least eight of these tracks and
their total energy exceeded 10% of the centre of mass energy. This reduced
background from non-hadronic events to negligible levels. Requiring a relatively
large multiplicity also reduced the effect of short-range charge correlations of
dynamical origin. To ensure that evenis were well contained in the central detector,
it was required that their sphericity axes should make an angle to the beam axis
of more than 30°. A total of 153000 events passed these cuts. The mean centre of
mass energy was 91.41 GeV,

Except where stated otherwise, these events were only used in the analysis
if their sphericity was less than 0.03. Only 62000 events passed this cut. It
preferentially selected events comprising two back to back jets, which was necessary
for the proper functioning of the event mixing technique, and also ensured that
the Bose-Einstein enhancement observed would be that for a single, well defined

event topology.

Tracks from these events were only used if they had a momentum below
4.5 GeV/c, thus avoiding the limits of phase space where dynamical correlations
are strong. In addition it was required that they had a momentum component
perpendicular to the sphericity axis of less than 1.2 GeV/c. This rejected tracks
resulting from hard gluons.

The TPC is unlikely to resolve hits which are very close together in both r¢
and z. This region was avoided by rejecting pairs of tracks in which the two tracks
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passed within 3 cm of each other in r¢ and within 5 c¢m in 2, in any layer of the
TPC. Applied alone, this cut would introduce a bias, as the magnetic field in the
central detector usually results in two tracks with similar 3-momenta being further
apart in space if they are unlike-charged, than if they are like-charged. This bias
was removed by also applying the sare cut to the separation which the two tracks
would have had, if one of them had been produced with the opposite charge to
that which it had in reality.

A similar problem affects the dE/dz signals from the TPC, with unlike-
charged tracks of similar 3-momenta having on average more dE/dz information
than like-charged tracks. Applying tight cuts to the dE/dz to enhance the pion
purity would therefore have led to large systematic effects. The dE/dz was,
however, used to help reject electrons from gamma conversions and Dalitz pairs.
Pairs of tracks in which both tracks had a measured dF/dx which was within
three standard deviations of that expected for an electron and more than four
standard deviations away from that expected for a pion were rejected. This cut
rejected very few non-ete™ pairs and hence led to a negligible systematic error.
Electrons were also eliminated by rejecting any track with a momentum exceeding
1.5 GeV/c and a signal in the ECAL consistent with that of an electron [16].

4 Analysis of the Data

Figure 1 shows the numbers of like and unlike-charged pairs found in the ALEPH
data as a function of Q. Figures 2a,b show r42**(Q) and rZ3/*(Q) respectively.
Both show clear enhancements in the region @ < 0.3 GeV. These can be compared
with the corresponding plots of r}€(Q) and r}JC(Q) given in Figures 3a,b
respectively, which were obtained from a set of Monte Carlo events in which the

Bose-Einstein effect was not simulated.

The Monte Carlo events were generated using DYMU [17] to simulate
the reaction efe™ — Z° — 4§ including initial and final state radiation,
and JETSET 6.3 (parton shower) [12] to simulate the parton cascade and
fragmentation. They included a detailed simulation of detector effects and were
tuned to reproduce the gross features seen in the ALEPH data. There was a total
of 185000 Monte Carlo events with a mean centre of mass energy of 91.16 GeV.

Both r/¢(Q) and rMC(Q) deviate from unity, which indicates that neither
of the reference samples used is perfect. Figure 3a shows that 71/€(Q) falls slowly
with decreasing ). This is caused by long-range charge correlations: pairs at small
Q) are formed predominantly by pairing particles {rom the same jet, and assuming
that the total charge of a jet is always approximately zero, it is easy to see that
there are fewer like-charged combinations available within a jet than unlike-charged
ones. r}/°(Q) also shows small dips near @ = 0.412 GeV and @ = 0.717 GeV.
These are caused by 77n~ pairs resulting from the decays K° — xtx~ and
p® — w¥r~, respectively. Figure 3b shows that #MC(Q) has a sizeable rise at
small () and a more gentle rise towards large Q. There are three major causes
of the rise at small @: (i) The like-charged pion pairs produced in the decay
chain 5’ — nrtr~ followed by n — w77~ a° are always produced at small @
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[18]. (ii) The event mixing method ignores correlations caused by gluon jets.
Although this problem is reduced using the sphericity cut (see Section 3.2), it is
not eliminated. (iii) The method overlooks correlations arising from the fact that
events initiated by bb production tend to be broader than those initiated by light
g7 production. The latter two problems are more serious at LEP than they were
at PEP or PETRA because of the more visible jet structure at LEP and the higher
proportion of bb events.

To the extent that the failings of the reference samples are correctly simulated
by the Monte Carlo, one can overcome them by dividing the data by the Monte
Carlo: i.e. studying the double ratios:

dﬂta(Q) N_J'\_{'_C(Q)
N{Z(Q)/ NIC(Q)

+-(Q) = r¥%(@)/rEE(Q) = (10)

and

data. N.MC
Ndatngg; NIUCEZ;' (11)

miz mir

Rmiz(Q)=rf:a?(Q)/ i‘nftf( )

R;i_(Q) and Rn,;;(Q) are plotted in Figures 4a,b respectively. As expected,
both are approximately unity outside the region affected by the Bose-Einstein
enhancement. R,_(Q) does however show a slight enhancement near Q@ =
0.717 GeV which implies that the Monte Carlo is probably overproducing p"’s.
(It produces 1.5 per event).

+-(Q) and Rp;-(Q) were fitted in the range 0 < Q < 2 GeV with the
function

R~ (@), Rmiz(@) = w(1 + <Q) [1 + Aexp(~@%02)], (12)

which is eqn. (5) multiplied by a linear function in @ to try to take account of
imperfections in the Monte Carlo simulation. When fitting R _(@Q), the regions
0.388 < Q < 0.436 GeV and 0.502 < @ < 0.932 GeV were excluded to remove
sensitivity to the production rates of K’s and p?’s. The results of the fits have
been superimposed over Figures 4a,b and are presented in rows (a) and (b) of
Table 1. In this table, the quantity C,, is the correlation coefficient between A
and o.

The results of the two fits are statistically inconsistent. This problem is
discussed in Section 5.

Monte Carlo studies indicate that the fraction of pairs which are identical
pions can be well parametrized in the region 0 < @ < 2 GeV, by the function

p(Q) = 0.755 x (1 — 0.023Q) [1 + 0.13 exp(—11.6Q)] . (13)

Pairs comprising two different particles will not exhibit Bose-Einstein correlations
and so will reduce the size of the enhancement seen. One can correct for this
by fitting the ratios in Figures 4a,b with.a slightly modified version of eqn. (12),
namely

Ri(@), Rmiz(Q) = 5(1 + Q) [1 + Mp(@) exp(—Q0%)] . (19)
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This yields the results given in rows (c) and (d) of Table 1. In row (e) of this table,
these two results have been combined using a simple average. The systematic error
on this combined result is taken to be one half of the difference between the two
separate results, and is the second of the two errors given for each parameter.

Using the fitted values of A and ¢ given in rows (c) and (d), the individual
entries in Figures 4a,b can be corrected for the finite pion purity by multiplying
each one by a factor

1+ dexp(—-Q?%c?)
1+ p(Q)Aexp(—Q%c?).
This transforms Figures 4a,b into Figures 5a,b respectively,. = The curve

superimposed over each of Figures 5a,b is eqn. (12), evaluated using the parameters
in rows (c) and (d) of Table 1 respectively.

(15)

Table 2 compares these results with those obtained from previous experiments.
No significant change in the source size with increasing centre of mass energy is
visible. However, the large systematic uncertainties greatly kmit sensitivity to any
such effect. A detailed examination of these systematic effects is presented in the
next section.

5 Discussion of Results and Systematics

5.1 Comparison of Monte Carlo and Data

The fits made to the distributions R, (@) and Rpyi;(Q) (as defined in
eqns. (10) and (11)) would have yielded identical results if N2%'*(Q)/NMC(Q)
and N2e(Q)/NMC(Q) had had the same shape. These two ratios are plotted
in Figures 6a,b respectively. N4%1%(Q)/NMC(Q) rises above unity by about 10%
in the region 0.3 < @ < 0.6 GeV, whereas N2%*(Q)/N2C(Q) is reasonably flat
with the exception of a small dip at very low @. It follows that it is primarily
an inadequate Monte Carlo simulation of the 777~ spectrum which leads to the
inconsistent results given in Section 4. A similar effect has been seen by the

TPC-PEP4 collaboration at a centre of mass energy of 29 GeV [19].

The two most likely reasons for the inadequate Monte Carlo simulation of the
7t~ spectrum are:

i) It does not simulate final state interactions between particles moving away
from the source. The strong interaction between unlike-charged pions is expected
to be sizeable and attractive [20] although exact predictions remain elusive. It
is therefore quite possible that it accounts for the rise in Figure 6a in the region
0.3 < @ < 0.6 GeV, but more doubtful that it can explain the drop which occurs
in the region Q@ < 0.3 GeV.

ii) The decay chain ' — nntx~ followed by 7 — 77 " yields many = x~
pairs in the region @ < 0.3 GeV [18]. Furthermore there are theoretical arguments
which indicate that JETSET may be producing far too many 7'’s [21]. (It produces
0.7 n'’s per event and assumes that the rates of n and 5’ production from the
string are equal). If in the Monte Carlo, one ignores pairs in which both tracks
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are descendents of the same n’, then the drop seen in the region Q < 0.3 GeV of
Figure 6a is virtually eliminated (shown by the square points in the figure).

Other possibilities exist, but are unlikely to account for the entire discrepancy.
Doubling the production rates of w%’s and K*°’s in the Monte Carlo, from their
present rates of 1.3 and 1.1 per event respectively, will by itself remove most of the
discrepancy. It seems unlikely, however, that such large changes are justified. A
further possibility is that the simulation of the kinematics of heavy particle decays
{e.g. B hadrons) is inaccurate. However, as only 22% of events contain B hadrons,
this too is unlikely to play a major role. The fragmentation process is known to lead
to short-range correlations and it is possible that JETSET incorrectly simulates
these. However, a similar discrepancy in the 7+~ spectrum is also seen when
using the HERWIG [22] Monte Carlo, which uses a different fragmentation scheme.
Finally, the problem can not arise through an inadequate simulation of multi-jet
events, as the Monte Carlo is found to describe the production rates and topology
of such events well [23]. Further, if an order a? matrix elements QCD calculation
is used within JETSET, almost identical results are obtained. In addition, the
discrepancy does not get worse if the event sphericity cut is removed.

In conclusion, the defects in the Monte Carlo simulation of the #* 7~ spectrum
probably arise because it does not simulate final state strong interactions and it
overproduces n'. However, other effects may also be contributing.

This discussion does not necessarily imply that the results obtained using the
event mixed reference sample are reliable. This will only be true if the like-charged
spectrum is also well simulated by the Monte Carlo (apart from the absence of
the Bose-Einstein effect). This is probably not the case, because the like-charged
spectrum will also be affected by final state strong interactions and 7' decays.
(' decays not only produce many unlike-charged pairs at low @, but also some
like-charged pairs). It therefore remains unclear which reference sample it is best
to use,

5.2 Detector Effects

The finite detector resolution could in principle lead to systematic effects by
broadening the observed Bose-Einstein enhancement. The Monte Carlo shows,
however, that the resolution in Q can be parametrized by (3.7+3.5Q) <1072 GeV,
which is so good that its effect can be ignored.

Low momentum particles can spiral many times inside the TPC and may thus
occasionally be reconstructed as several separate tracks, so leading to spurious
correlations at low @. Using the Monte Carlo, however, it was established that
the cuts described in Section 3.2 elirninate this problem.

5.3 Residual Bose-Einstein Correlations in the Reference Samples

The three reference samples described in Section 3.1 are not entirely free of the
effect of Bose-Einstein correlations. The reason for this is that these correlations
tend to bring the w1’s in a jet slightly closer together in momentum space than
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they would otherwise have been. The same will be true for the 7—’s. Hence, Bose-
Einstein correlations make the jets narrower and hence increase the probability
of unlike-charged or event-mixed pairs of tracks being found close together in
momentum space. Calculations similar to those employed in {24] showed that
this effect would reduce the size of the observed Bose-Einstein enhancement by
only a few percent. Furthermore, this reduction will be largely cancelled out
by a similar effect bringing the like-charged pions closer together than would be
naively expected. The results given in this paper were therefore not corrected for
this effect.

5.4 The Effect of Long-Lived Particles

If two pions have production points which are seperated by more than about
10 fm, they will only exhibit a signficant Bose-Einstein enhancement if if they
have extremely small @ (< 0.02 GeV). As there is almost no data in this region,
such pairs make virtually no contribution to the observed enhancement. The
JETSET Monte Carlo indicates that after applying the cuts of Section 3.2,
27% of like-charged pion pairs in the region @ < 0.2 GeV (where the Bose-
Einstein enhancement is large) involve the descendent of a weakly decaying particle
(excluding cases where both pions are descendents of the same weakly decaying
particle) and hence will not contribute noticeably to the enhancement. Pion pairs
in which one pion results from the decay of a resonance, with a width of less
than about 0.02 GeV (e.g. 7, w or @), and the other pion comes from elsewhere,
will likewise make no visible contribution to the observed enhancement. JETSET
indicates that in the region @ < 0.2 GeV, a further 49% of all like-charged pion
passing the cuts of Section 3.2, lie in this category. The value of A seen in the
data should thus be no greater than 0.24 (= 1 — 0.27 — 0.49), even in the case of
a completely incoherent source. Overproduction of n'’s in the Monte Carlo may
explain why the measured value of A (= 0.51 £ 0.04 £ 0.11) is so much larger. If
as suggested in [21], one replaces the pions coming (directly or indirectly) from
n'’s by pions coming from the string, then the percentage of pion pairs which can
contribute to the enhancement rises to 40%, which is consistent with the data.

5.5 nK (and wp) Correlations

A check on systematic effects was made by searching for correlations amongst like-
charged » K (and mp) pairs, where no effect should be seen. The sample of 7K and
7p pairs was selected by repeating the event and track selection of Section 3.2,
but with the additional requirement that the dE/dz measurements for the two
tracks in a pair should be such that, at the three standard deviation level, one
track is consistent with being a pion and the other inconsistent. To try to avoid
the systematic effects referred to in Section 3.2, the dE/dz measurements of the
unlike-charged and event-mixed pairs were smeared to make them as bad as those
for the like-charged pairs.

The Monte Carlo indicated that the residual contamination from identical
bosons in the sample of like-charged pairs selected above, was only 3% (with a
slight @ dependence). Figure 7 shows R._(Q) as determined from this reference
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sample. No significant correlations are visible. To maximise the similarity with
the analysis of Section 4, @ was calculated treating both particles as pions.
The parameter 7 in the Gamow correction factors (eqns. (8) and (9)) needed
modification however, to take into account that the particles had different mass.

6 More detailed studies of the source shape

This section describes more detailed studies which were made of the source shape.
The systematic errors on these results are once again large (approximately +20%)
and in view of this, only a brief resumé of them will be given here.

i) Removing the cuts on the event sphericity and on the momentum
component of tracks perpendicular to the sphericity axis (see Section 3.2), had
negligible effect on the results given in Table 1. This implies that the size of the
source does not depend significantly on the event topology.

ii) The results did not display a significant dependence on either the Lorentz
boost of the pair relative to the laboratory frame, or on the charged multiplicity
of the event.

iii) In the pair rest frame, no significant difference was seen between the
dimensions of the source parallel and perpendicular to the sphericity axis.

iv) Equation (4), which assumes that the source is spherical in the laboratory
frame, did not fit the data well. The parameter 7° tended towards physically
meaningless negative values.

v) The enhancement was studied in two-dimensional plots of q® versus g}
(notation as in eqn. (4)) and g7 versus ¢f (where gq; is the difference in the
momentum components of the two pions perpendicular to the sphericity axis in the
laboratory frame and ¢f = Q2 — ¢?). Both plots were well described by eqn. (5).

vi) Using the string model, Bowler predicts a Bose-Einstein enhancement [3]

_ (4/2)
(Biqf)* -1

In the region g7 > 0, this equation fits the data well, with the parameters 4
and §; lying within the ranges required for the string model to be compatible
with the observed single particle spectra [8]. In the region ¢Z < 0, the observed
enhancement was much larger than that predicted by this model (probably because
of incorrect assumptions made in the model about the width of the string [5,8]).

of

R(¢f,qf)~1+ log(B32|qf |) exp(—BEd?). (16)

7 Conclusions

A study has been made of Bose-Einstein correlations in ALEPH. The Bose-Einstein
enhancement can be well parametrized by the formula R(Q) = 1+ Aexp(—Q?0?),
where A = 0.51 4 0.04 + 0.11 and ¢ = 3.3 £ 0.2 &+ 0.8 GeV~!. This form would
be expected if, seen from the rest frame of particles of any given momentum, the
source were spherically symmetric with an r.m.s. radius of ¢ = 0.651+0.04£0.16 fm.
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This result is comparable with those obtained at lower energy eTe™ colliders
(3,4,5,6]. The value of A is however somewhat smaller than that recently obtained
by the OPAL collaboration [7]. .

The large systematic errors appear to arise primarily from a lack of knowledge
about the wmm strong interaction and because of uncertainties in the rates of
resonance production (in particular for ' and 77, but also for w” and K**). These
effects lead to an inadequate Monte Carlo simulation of the #*7~ spectrum in
Q. Reliable measurements of the 7' and 5 production rates are essential if further
progress is to be made in this field.

No significant correlations are seen amongst like-charged 7 K and 7p pairs.

Note Added in Proof

After completion of this analysis, we received a preprint from Bowler [25] which
states that the Gamow factor greatly overestimates the size of the final state
Coulomb interaction. To provide an upper limit on the size of this effect, the
analysis was repeated without using the Gamow correction factors. This reduced
the value of A by 15% when using the unlike reference sample and 8% when using
the event-mixed reference sample. It had negligible effect on .

Acknowledgements

We are indebted to our colleagues in the SL division for the excellent performance
of the LEP storage ring. We thank also the engineers and technicians of all
our institutions for their support in constructing ALEPH. Those of us from
non-member countries thank CERN for its hospitality. We acknowledge helpful
comments from M.G. Bowler, B. Lorstad, R. Peschanski and T. Sjostrand, and
thank C. Baugh for his contribution to our analysis.

References

(1] R. Hanbury-Brown, R.Q. Twiss, Phil. Mag. 45 (1954) 663
R. Hanbury-Brown, R.Q. Twiss, Nature 178 (1956) 1046
[2] G. Goldhaber et al., Phys. Rev. 120 (1960) 300
[3] TPC-PEP4 Collaboration, H. Aihara et al., Phys. Rev. D31 (1985) 996
[4] CLEO Collaboration, P. Avery et al., Phys. Rev. D32 (1985) 2294
[6] TASSO Collaboration, M. Althoff et al., Z. Phys. C30 (1986) 355
6] Mark II Collaboration, L Juriti¢ ef al., Phys. Rev. D39 (1989) 1
[7] OPAL Collaboration, P.D. Acton et al., CERN-PPE 91-110 (1991)
(8] M.G. Bowler, Z. Phys. C29 (1985) 617

11




[9] G.I. Kopylov, M.I. Podgoretskii, Sov. J. Nucl. Phys. 18 (1974) 336 and 10
(1974) 215

[10] R. Lednicky, V.L. Lyuboshits, Sov. J. Nucl. Phys. 35 (1982) 770
[11] W. Hofmann, LBL-23108 (1987)

[12] T. Sjéstrand and M. Bengtsson, Comp. Phys. Com. 48 (1987) 367
[13] X. Artru, A. Mennessier, Nucl. Phys. B70 (1974) 93

[14] Section 4 of [7]

[15] ALEPH Collaboration, D. Decamp et al, Nucl. Instr. Meth. A294 (1990)
121.

[16] The ECAL cuts used are given in: ALEPH Collaboration, D. Decamp et al,
Phys. Lett. B244 (1990) 551, equation 6

[17] J.E. Campagne, Ph.D Thesis, Paris, LPNHEP 89-02

J.E. Campagne and R. Zitoun, Z. Phys. C43 {1989) 469
(18] K. Kulka and B. Lérstad, Nucl. Instr. Meth. A295 (1990) 443
[19] R.E. Avery, Ph.D. Thesis, LBL-26593 (1989), Figures 5.7 and 5.8
(20] M.G. Bowler, Z. Phys. C39 (1988) 81
[21] M.G. Bowler, Phys. Lett. B180 (1986) 299

[22] G. Marchesini, B. Webber, Cavendish-HEP-88/7 (1988) and Nucl. Phys.
B310 (1988) 461

[23] ALEPH Collaboration, Properiies of Hadronic Z decays and Test of QCD
Generators, to be published

[24] I. Juri&i¢, Ph.D. Thesis, LBI1-24493 (1987), Appendix A
[25] M.G. Bowler, OUNP-91-23 (1991)

12




Table 1: Fits to the data as a function of Q using eqns. (12) or (14).

.
— | |~

A o (GeV™1) | Cis K e (GeV™1) [ x?/NDF Type of Fit
( 0.48 + 0.03 41+4+0.2 |0.39!/0.97+0.01|0.02+0.01| 77/70 Like/Unlike
( 0.30 £ 0.01 26+£0.1 0.17]0.944:0.01|0.04+0.01| 92/95 Like/Mixed
0.62 + 0.04 414+0.2 0.36(0.97 £ 0.01|0.02+0.01| 79/70 | As (a) but pure pions|
0.40 £ 0.02 25+0.1 0.13{0.93+0.01|0.04+0.01| 89/95 | As (b) but pure pion
0.51+0.04+0.11{3.3+0.2+0.8|0.31 (c) and (d) combined

Table 2: Fits to Q: Comparison with previous experiments.

Experiment |+/s (GeV) | Reference Sample A o (fm)
ALEPH 91.4 event mixing 0.40 £+ 0.02 0.50 + 0.02
OPAL[7] 91.3 unlike-charged 1.08 + 0.05 0.93 £ 0.02

TPC-PEP4 [3] 29 event mixing 0.61 £ 0.05 + 0.06 | 0.65 +0.04 £+ 0.05

Mark II [6] 29 cluster mixing | 0.45+ 0.03 + 0.04 | 1.01 + 0.09 £ 0.06
ALEPH 91.4 unlike-charged 0.62+0.04 0.80 + 0.04

Mark II [6] 29 unlike-charged | 0.50 £ 0.03 + 0.04 | 0.84 £+ 0.06 + 0.05

TASSO [5] 34.4 unlike-charged |0.35+0.03+0.04T|  0.80 +0.06

t The TASSO result was not corrected for the presence of non-pions. Their value
of A should therefore be compared with that in rows (a) and (b) of Table 1.
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Figure Captions

Figure 1: Numbers of like and unlike-charged pairs found in the data, as a function
of Q.

Figures 2a,b: 79%%%(Q) and r23(Q) respectively, for the data.

Figures 3a,b: r}(Q) and rMZ(Q) respectively, for the Monte Carlo.

Figures 4a,b: Ry_(Q) = 792%%(Q)/r¥C and Rmiz(Q) = racid /TME respectively.

miz miz

Figures 5a,b: Same as Figures 4a,b respectively, but corrected for non-pion
background.

Figure 6a: The triangular points show the ratio of the numbers of unlike-charged
pairs found in the data to the numbers found in the Monte Carlo: as a function of
Q. The square points show this ratio after elimination of all pairs in which both
tracks are descendents of the same 7.

Figure 6b: The ratio of the numbers of event-mixed pairs found in the data to the
numbers found in the Monte Carlo, as a function of Q.

Figure 7: Ry_(Q) for 7K pairs
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