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ABSTRACT

Bose-Einstein correlations among identically charged pions produced in pp colli-
sions at 400 GeV/c are studied using the EHS spectrometer. Employing the Kopylov-
Podgoretskii parametrization, the average size of the emitting region r; and its lifetime
7 for pion production were determined to be 7=1.7140.04 fm and ¢r=0.89 4 0.05 fm.
The average size ry in terms of the Lorentz invariant Goldhaber parametrization was
determined to be r;=1.20 + 0.03 fm. A decrease of the size with increasing momentum
of the pions was observed. The size and the incoherence parameter of the pion emit-
ting region were determined as a function of the charged particle multiplicity and the

momentum of the pions.

Identified charged kaons were used to study Bose-Einstein correlations among iden-
tically charged kaons KTK*. The average size of the emitting region for kaon pro-
duction was determined to be rp=1.87 4 0.33 fm in terms of the Kopylov-Podgoretskii

parametrization. A study of the influence of a reference sample is presented,

1. Introduction

Bose-Einstein correlations between identically charged bosons produced in elemen-
tary particle collisions or nuclear collisions, manifest themselves as an enhanced proba-
bility for those bosons to be emitted with small relatjve momenta in comparison with the
uncorrelated case. These are interference effects due to Bose-Einstein symmetrization
required for the multiboson wave function, which is the analogue of a second order inter-
ference phenomenon of photons{1,2]. It has seen a significant theoretical development|3-
10, and has been applied in particle physics to study the space-time structure of the

region from which particles are produced.

The first experimental evidence of the Bose-Einstein correlations in particle physics
was shown by Goldhaber et al. in fp annihilations at 1.05 GeV/c[11]. In the interven-
ing years, numerous experiments have been performed to determine the size of interac-
tions using the Bose-Einstein correlations of pions for hadron-hadron interactions[12-20],
electron-positron annihilations [21-25), lepton-hadron interactions[26,27] as well as high-
energy nuclear collisions{15,28-34). A review of the present status of experimental data

together with the theoretical descriptions of the correlations is presented in [35].
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Interaction sizes measured in experiments of hadron-hadron collisions of the types of
n¥p, K*p, pp and pp were close to 1 fm, assuming pion emission from a source of Gaus-
sian shaped density, and they did not depend strongly on the type of collision[12,15,35].
A smaller source size was measured in K'K? correlations in a bubble chamber exper-
iment of pp annihilations at 0.76 GeV/c[36]). The source size extracted from K*K=
correlations are similar to that found from w7 analyses in the CERN-ISR. experiments

of aw, pp and pp collisions[37].

The energy dependence of the source parameters for secondary pions has been inves-
tigated by the UA1 collaboration at the CERN pp collider over the center of mass energy
range /3 = 200-900' GeV[20]. They observed a source size which is approximately inde-
pendent of energy, but which does depend on the multiplicity and the charged-particle
density AN./An in the central pseudorapidity range: the higher the multiplicity or
the density AN.,/An is, the larger the source size. The source size of pions produced
in pp interactions was measured as a function of the charged-particle rapidity density
AN /Ay in the central rapidity range using the CERN ISR at the energies /s = 31,
44 and 62 GeV([19]. The authors found that both the average transverse momentum of
the secondary pions and the source size increased with increasing density at the three
energies. This effect, very weak at /s = 31 GeV, became stronger with increasing en-
ergy. It has been suggested that, in the framework of thermodynamical models[38-40],
one could find an increasing source size with rising values of ANy, /An or ANy, /Ay.
In these models, the central particle density reflects the entropy of the excited blob of
hadronic matter out of which the secondaries of the central region emerge. Transverse
momentum distributions reflect both the temperature and the transverse expansion of
the excited blob, while the source size measured via Bose-Einstein correlations gives

information on the volume of the blob.

Pratt[41] has developed a correlation function for an expanding source, which can be
applied to hadron-hardon interactions to study dynamical properties of the excited blob.
A model calculation shows that the corresponding correlation function has a form in
which the apparent source size depends on the total momentum of the pion pair, that
is, the source size decreases with increasing total momentum. A simple explanation
for this dependence given by Pratt is that energetic particles are more likely to be

emitted from a point on the shell expanding with a velocity in the direction of the
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total momentum, whereas pairs with smaller momenta, can come from more widely
separated points. A decrease of extracted source radii with increasing pion momentum
was observed in experiments of the heavy-ion collisions Ar+KCl[28] and Au+Au[33] at
the Bevalac[28,33].

In this paper, we report results of an analysis of the Bose-Einstein correlations
in pp collisions at 400 GeV/c (/s = 27.4 GeV). A description of the data sample
used in the present analysis is given in Sect.2, Data analysis procedures and results
obtained are given in Sect.3, and discussion on our results are made in comparison with
other experiments in Sect.4. Finally, the conclusions are summarized in Sect.5. Our
preliminary results have beeen presented in ref.[42], where identically charged three-
and {our-pion correlations as well as two-pion ones were studied in terms of a model of

superposed chaotic and coherent emission[8].

2. Data Sample

The present analysis was done using the data obtained in the NA27 experiment per-
formed at CERN-SPS with the EHS spectrometer and the small Lexan hydrogen bubble
chamber LEBC, which were exposed to a proton beam of 400 GeV/c[43]. The main
goal of the experiment was to study the production and decay properties of charmed
hadrons[44].

For the bulk of the events where no charm decay candidate was observed within
LEBC, the bubble chamber pictures were not measured but the coordinates of the pri-
" mary interactions and their charged particle multiplicities were recorded[45]. These data
could be used in conjunction with the EHS spectrometer information for reconstruction
of the tracks of secondaries. In the present analysis, we used 472,000 interactions within
the limit of the LEBC fiducial volume, for which the LEBC and EHS spectrometer in-
formation are as complete as possible. Details of the data, processing for events are
published in [45-46]. We briefly describe here the aspects which are more relevant for

the present analysis.

Data were taken by a simple interaction trigger which required three or more hits
in each of the two single plane trigger wire chambers positioned just downstream of

LEBC. A trigger loss is mainly found at low multiplicities[43]. Therefore, for the present
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analysis, we selected events with
6 < charged multiplicity < 30 (1)

in which the trigger losses were negligibly small.

The geometrical acceptance of the EHS spectrometer for charged particles covers
almost 100% of the forward center of mass hemisphere, Xp(= Py/Pnaz) > 0 [44,46].
The average error on the momentum of the reconstructed tracks is (Ap/p) < 1.5%][46].
The efficiency of track reconstruction depends on kinematical track parameters. It was
estimated using a sample of about 16,000 events for which the LEBC pictures were fully
measured, and it was more than 95% in the Xp > 0 region, while very poor for Xr < 0
[45]. We used tracks of events which satisfied the condition

0< Xr <0.5. (2)

The upper bound 0.5 was imposed to reject tracks due to diffraction dissociation and
high energy protons in the forward direction. The condition (2) also reduces biases due
to the violation of energy and momentum conservation when we make reference samples
by the mixed events technique (see below). In the following analysis, each two-particle
combination was given a weight equal to the product of the inverse of the efficiency
of track reconstruction of a single particle, which was parametrized using a smooth
function of the kinematical track parameters[d4]. The X distribution of tracks which
satisfied the conditions (1) and (2) is given in Fig. 1. It shows that we used secondaries

of the central c.m. region for the present study.

The charged particles were identified by a large pictorial drift chamber ISIS, which
provided up to 320 independent measurements of dE/dX for each particle traversing
the chamber([43]. For a given track, the probabilities of each mass hypothesis (electron,
7, I{ and proton) were calculated comparing the measured and expected ionization for
each mass. The mass hypothesis giving the largest probability was selected if it was
larger than 10% with more than 100 independent measurements in the momentum range
5-45 GeV /c; otherwise the pion mass was assumed. The geometrical acceptance of ISIS
is calculated in ref.[46]. It is ~80% in 0< Xp <0.1, decreasing with increasing X p.
The ISIS efficiency given in ref.[46] also shows that the fraction of #* misidentified as
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K¥* is ~10% and that of K% misidentified as ¥ is ~25% in the interval O< Xr <0.1.
Electron-hadron separation for charged tracks was also performed using the information
of the energy released in the gamma detectors together with the momentum measured
in the spectrometer. The two gamma detectors IGD and FGD are placed at 17m and
42m downstream of LEBC, respectively. Details about these detectors are described
elsewhere[44].

Since the two magnets of the EHS spectrometer are placed at 2.7m and 18m down-
stream of LEBC, trajectories of secondaries produced in the bubble chamber are almost
straight lines. Therefore an eTe™ pair from a converted photon, which is close to the
interaction vertex in LEBC, is reconstructed as two tracks of opposite charge with a
small opening angle. To eliminate these tracks in our analysis, we imposed the criterion

that a pair of tracks of opposite charge should have an opening angle 8,
6 > 2 mrad (3)

in the lab. system. Distributions of opening angles of well identified ete™ pairs by ISIS
and the gamma detectors showed that more than 95% of e*e~ pairs from converted
photons were eliminated by this criterion. In the case of identically charged particles,
we also imposed the criterion (3) to remove one of two tracks which was a possible close

ghost track caused by the limited two-track resolution of the spectrometer.

3. Data Analysis
3.1 PARAMETRIZATION

The phenomenon of Bose-Einstein correlation is usually studied in terms of the ratio
R of the joint probability for a pair of identical particles to be emitted, P(p1,p2), to
the product P(p;}P(p2) of the single particle pr?babilihies, where p; and p; are the four

momenta of the two particles.

_ P(p1,p2)
= PP “

A commonly used formula for R in hadron-hadron collisions is the Kopylov-Podgoretskii
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parametrization[3]

[271(rqe)/rrae]?
[+ (rao)?] )

where J; is the first-order Bessel function. g, is the component of the three momentum

R(qt1q0) =14

difference p; — p2 of the two particles perpendicular to the momentum sum p; +p2, and
go the energy difference |E; — E;|. This parametrization was developed based on the
idea that, incoherent point-like oscillators filled within a certain volume were excited
by particle collisions, then deexcited by emitting pions from the spherical surface of
radius rp with proper lifetime 7[3). The form (5) is not Lorentz invariant, therefore the

variables are usually calculated in the center of mass system of the initial collision.

A Lorentz-invariant parametrization, which was mostly used in ete™ and lepton-

hadron as well as hadron-hadron reactions, was introduced by Goldhaber et al.[11]:
R(Q") = 1 +exp(-r;Q") (6)
with the negative of the invariant four momentum transfer squared
Q* = —(p1 — p2)* = M, — 4m?

where p;, p2 are the four momenta of the particles 1, 2, M2 is the effective mass of
the two particle system and m the mass of the particle. The form (6) corresponds
to a Gaussian shape of width rg; for the particle emission. Because of the different
assumptions on the shape, the spatial dimensions r; and ry in the formulae (5) and
(6) have a different meaning. The exponential approximation of (§) shows that r; is

approximately twice as large as ry .

The formulae (5) and (6) were derived assuming totally incoherent production of
identical bosons, which gives the maximum interference effect R=2 for p;=p;. However,
the maximum effect observed in most experiments is smaller than R=2, that is, the in-
terference effect is partial. In order to take care of the partial interference, Deutschmann
et al.[12] introduced a strength parameter A, which was often interpreted as a measure of
the incoherence or chaoticity of the boson emitters, namely 0 < A < 1. Actual theoret-
ical understanding is that the interference effect among identical bosons can be smaller

than its maximum because of several effects such as resonance production, Coulomb
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and strong interactions between the bosons, and coherent production[35]. Introduc-
ing this parameter A, we employed the following formulae as the Kopylov-Podgoretskii

parametrization for the two-dimensional ratio R(q:, q0),

2J Trqe}/T 2
Rlgo ) = 01+ AEATR aal Q

and for the one-dimensional ratio R(g;) at fixed go[15],

R(gt) = C(1 + Al2J1(rxq)/rear)?) - (1 + 6y). (8

As the Goldhaber parametrization we used the form
R(Q%) = C(1+ dexp(—r2Q?)) - (1 + 6Q?). (9)

In these equations, C is & normalization constant and 6 takes into account of the slow
variation of R with ¢ or Q2. Numerical values of C and & are given together with
% or vy by fits to the experimental data. The quantity R(q) for nta*(nt7-) pairs
is obtained experimentally evaluating ratio of ¢; distributions of ¥ rE(ntn—) of the
real data to those of ¥ x¥(x+7~) of a reference sample. The quantity R(Q?) is also

obtained in the same way using Q? distributions.

3.2 REFERENCE SAMPLE

As seen from the denominator P(p;)P(p2) of eq.(4), an ideal reference sample should
be free from any undesirable correlations such as resonances or the Bose-Einstein corre-
lations, while representing the kinematical phase space of the studied sample. To make
the reference sample as close to the ideal one as possible, we employed the mixed event

technique.

We grouped the events into configurations, which were defined both by the charged
particle multiplicity group of (6—12), (14—20), (22—30) and by the number of charged
tracks (4, 5, ..., 30) reconstructed in the interval 0 < Xp < 0.5 , namely 3x27 configu-
rations. For a real event of a given configuration, the sphericity tensor was calculated

in 0 £ Xr < 0.5 and the eigenvectors for the tensor were used to define a coordinate




system related to the sphericity axis{47]. The momentum vectors of particles of the
event, expressed with respect to this system, were stored in a data bank of the corre-
ponding configuration. A reference sample was formed by combining randomly particles
of different events in the data bank of this configuration, in which 50 preceding events
of the same configuration were stored. Events stored in the data bank were updated
taking the new one and dropping the old one in computing successively. The criterion

(3) for the opening angle was imposed in the analysis of the reference sample too.

Since energy and momentum conservation is not taken info account in forming the
reference sample events, it is not an ideal one. Therefore we examined our method to
create a reference sample by evaluating, in the following analysis, the ratios R(g;) and
R(Q?) also for 77~ pairs. Comparing the ratios evaluated with #®7r* pairs and 7+~
ones, we can estimate possible correlations independent from the charge, induced by the
method of analysis or by the detector itself. The Bose-Einstein correlation is absent in
x+ 7~ combinations, however correlations due to resonance decays for this combination

disturb partially our study for the reference sample.
3.3 GLOBAL ANALYSIS

Fig.2(a-e) shows the ratios R{q) for wEr%E pairs at various values of the energy
difference go from 0 to 0.5 GeV and Fig.2(f-j) those for 77~ pairs. In these figures,
a number of pairs of the ¢; distributions in the region of 0.4< ¢; <1.0 GeV/c, where
the Bose-Einstein correlations are negligible, is normalized to unity in the real data and
the reference sample. One can see in Fig.2 significant enhancements for atr® pairs
in the lower q; and ¢y <0.2 GeV regions which are decreasing with increasing value
of go, while no such enhancement is present for #*7~ combinations. The Kopylov-
Podgoretskii parametrization (7) for the two-dimensional ratio R(g:, go) was fitted to
the ratios R(g:) of Fig.2(a-e) simultaneously, and the following parameter values were

obtained.

¢ =1.00£0.01, A = 0.36 £ 0.01, r;, =1.71 £ 0.04 fm, c7 = 0.89 £ 0.05 fm, with
x*(NDF) = 291(218).

Curves in the figures are calculated with these fitted parameters.

Fig.3(a) and 3(b) show the ratios R(g:) in the limited region qo <0.2 GeV for gt

pairs and 7~ pairs, respectively, where a number of pairs in the region of 0.4< ¢ <1.0
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GeV/c of the ¢; distributions is normalized to unity in both the real data and the
reference sample. One can see no significant enhancement in the low qi region for #tn—
pairs. This fact gauges the quality of the reference sample. The Kopylov-Podgoretskii
parametrization (8) is fitted to the ratio of Fig.3(a), and the fitted parameters which
are summarized in Table 1, are consistent with those of the two dimensional fit in
Fig.2. The curve in Fig.3(a) is the one calculated with these fitted parameters. The
fitted parameters of the eq.(8) for the ratios R(q:) of 7w+ and 7~ 7~ pairs, determined
separately, are also summarized in Table 1. They are consistent with those of rtzT

pairs.

Fig.4(a) and 4(b)l show the ratios R(Q?) for #*r* and = +x~, respectively, where a
number of pairs of Q? distributions in the region of 0.2< Q? <0.4 (GeV/c)? is normalized
to be equal to unity. A significant enhancement for n¥r* pairs in the small Q? region is
observed in Fig.4(a) in contrast to the 7~ case in Fig.4(b). A curve in Fig.4(a) is the
one fitted with the Goldhaber parametrization (9). Results of the fit are summarized

in Table 2 together with those for #+7t and 77~ pairs.

Since Bose-Einstein enhancements are also expected for combinations of three or
more identical pions, we studied these by measuring identically charged three-pion cor-
relations. The ratio R(Q%,) of the Q3. distributions of three pions of real data to those
of the reference sample was evaluated in a similar way as the two-pion case. Here Q2

18 defined as

Qr = ~(p1 ~12)* = (1 = p2)* — (p1 — p2)? = My, — 9m?

where the lower indices 1,2,3 are those of the three pions, MZ,, represents the invariant
mass squared of the three pions and m, the pion mass. Fig.5 shows the ratio R(Q%)
of n¥xEgyt

of 0.5< Q2%, <2.0 (GeV/c)? is normalized to unity in both real data and the reference

combinations, where a number of triplets of Q3. distributions in the region

sample. The curve in this figure is the one fitted with the Goldhaber parametrization
(9) as a function of @}, instead of Q? [25]. The fitted values of the source size ry and
strength parameter A are summarized in Table 3 together with those of the m+x+r+

and 7”7”7~ combinations separately. They are in agreement with each other.

From symmetrization of the wave function for three pions, as compared to that for

two pions, it can be shown that the source size determined by the three-pion correlations
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will be 1/4/3 to 1//2 of the one determined by the two-pion correlations, and A about
five times larger[25]. We found that ry of three pions is about half that of two pions,
and A about two times larger, which implies that there is no room left for any additional

positive correlations for three-pion combinations.

We evaluated the ratio R(Q3,) in the same way employed so far using Monte Carlo
events [42] to study possible biases caused by the reference sample. From the behav-

ior of R(Q3,) for rEx*r® combinations, we estimated the systematic uncertainty of

AR(Q%,) £ 0.05 in the region Q%, <0.1 (GeV/c)?*[42].
3.4 MULTIPLICITY AND PARTICLE DENSITY DEPENDENCE

We studied the Bose-Einstein correlations as a function of charged particle multiplic-
ity N, and charged particle density AN, /Ay , where y is the rapidity in the center of
mass system. In order to compare our results with those of other experiments[14,15,19]

at energies close to ours, we used the Goldhaber parametrization (9) in this analysis.

Events were grouped into the three multiplicity classes N5 =(6—12), (14—20), and
(22—30), and the ratios R{Q?) were evaluated separately in the same way as discussed
in Sect.3.3. The Goldhaber parametrization (9) was then fitted to the ratios R(Q?)
for pairs of identically charged pions. The fitted parameters ry and A, obtained for
each multiplicity class, are summarized in Fig.6 . One can see from this figure that
no multiplicity dependence is observed at our energy. This result is in agreement with
those of the EHS/NA23 experiment at 360 GeV/c pp collisions[14], EHS/NA22 of 250
GeV/c K*p and ntp collisions[15] and the ISR experiment at /5=31 GeV[19].

To study the AN /Ay dependence, events were grouped into the three particle
density classes AN =(3-5), (6—8), (9—11), where AN, is the charged particle mul-
tiplicity in the rapidity interval Ay=0< y <1.5 in the center of mass system. Using the
charged particles within the interval 0< y <1.5, the ratios R(Q?) for identically charged
pilon pairs were evaluated in the same way as above, and fitted with the Goldhaber
parametrization (9), separately for each particle density class. The fitted parameters

are summarized in Fig.7. They show no significant dependence of rg and A on AN, /Ay.
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3.5 PION MOMENTUM DEPENDENCE

We have examined the dependence of the pion source size r and the strength pa-
rameter A on the momentum of pions p., in the center of mass system. We evaluated
the ratios R(g:) in the same way as in Sect.3.3 for pion pairs in the momentum inter-
vals of pem of 0—0.2, 0.2—0.4, 0.4—0.6, and 0.6—1.0 GeV/c for both pions. The ratios
R(q:) for 7*7% combinations of these momentum intervals are shown in Fig.8 together
with those for ntx~. For the data of the momentum intervals 0.0—0.2 GeV/c and
0.2—0.4 GeV/c, the g; distributions were normalized to unity in the regions g; >0.1
GeV/c and ¢, >0.2 GeV /c respectively, while the others were normalized in the inter-
val 0.4< q; <1.0 GeV/c. In these figures no strong enhancement at low ¢; is seen in
x+a~ combinations , which supports the interpretation of the enhancements of n*zx®
pairs in the low ¢; region in terms of the Bose-Einstein correlations. We studied atas
pairs using Monte Carlo events [48], which showed no significant momentum dependent
correlation at low ¢;. Curves in Fig.8 are the ones fitted with the Kopylov-Podgoretskii
parametrization (8). The essential result of this study is summarized in Fig.9 and Table
4. This figure shows a decrease of the source size ry with increasing pion momentum,
which implies that energetic pions are more likély emitied from a source of small size in
comparison with that of less energetic pions. The behavior of the strength parameter A

is less sensitive to pion momentum in comparison with the case of the source size.

Pratt[41] developed a correlation function formalism based on Wigner function,
which he applied to particle emission from a spherically expanding source with velocity
v and finite temperature T'. He showed how the collective expansion can make the source
size appear smaller when one looks at pions with a large total momentum p(= p1+pz) of
the two pions. The corresponding correlation function has a form in which the apparent

source size r(p) depends on p.
r(p) = rol(ytanhy)~! — sinh~?y]'/?, (0)

where y = 1|p|yv/T and + is the usual Lorentz factor v = (1 - v?)~1/2, In the limit
of small width of the correlation function in the low g; region, the quantity 1|p| can be
regarded as the momentum pc,, of the pions in the pairs[41]. The curve in Fig.9(a) is
the one fitted with the eq.(10) , and the parameters rp and T'/yv were determined as

follows:
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ro = 3.67 + 1.37 fm, T'/yv = 0.12 £ 0.10 GeV, with x*(NDF) = 0.4(2).
3.6 K*K* CORRELATION

We studied the Bose-Einstein correlations between identically charged kaons, which
were identified using the ISIS information with the criteria mentioned in Sect.2. In the
following analysis, 7076 events are used with two or more identically charged kaons.
A reference sample was produced for these events by the same method as mentioned
in Sect.3.2, where 7 and K tracks were mixed together. We rejected kaons from the
$(1020) resonance region in both the real data and the reference sample, and evaluated
the ratio R(q;) with go <0.2 GeV for K*K* combinations in the same way as in Sect.3.3.
It is shown in Fig.10(a), where an enhancement compatible with that obtained with the

pion pairs 7Er* is observed in the lower g: region. The curve in this figure is the one
fitted with the Kopylov-Podgoretskii parametrization (8), and the numerical values of

the parameters are

C =0.89£0.12, A =0.574+0.26, r, = 1.87+0.33 fm, § = 0.14+0.21(GeV/c)!,

with xy2(NDF) = 3.4(3).
The source size r; determined by the I{* K correlations is consistent with the
one obtained from w7

obtained in the ISR-AFS experiment, that is ry = 2.4+0.9 fm and A = 0.58 4+ 0.31 [37].

correlations (Table 1), and it is comparable with the value r

We expect no Bose-Einstein enhancement in distributions of the ratio R(g;) for
K*7% combinations. Fig.10(b) shows the ratio R(q;) with go <0.2 GeV for K*x*
combinations evaluated in the same way as above. One observes no significant structure
in this figure, supporting our algorithm to produce the reference sample. The lack
of correlation rules out the predicted anticorrelation due to dynamical suppression of

neighbouring particles with exotic quantum number([6,49], and it is in agreement with
the ISR-AFS experiment([37].
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4. Discussion

Among the many resonances produced, the cascade decays of 7 '(958), ' — mtr—y
followed by n — n¥r—x° or  — wtg~ 7, are known to produce identically charged pions
with low Q? or ¢ values. The influence of the n' decay on charged-pion interferometry in
ete™ annihilations was studied using the Lund fragmentation model[50]. In our earlier
study of Bose-Einstein correlations in pp collisions at 360 GeV/c[14], we estimated that
removal of identically charged pion pairs from 7' decays leads to a decrease of the radius
rg by ~4% and an increase of the strength parameter A by ~10%. In the present
work, no such subtraction was done because the n' production cross section is not well

known[46].

The lifetime c¢r determined using the Kopylov-Podgoretskii parametrization (7) is
an important’ quantity as well as the source size 7k to study the dynamics of particle
collisions. It was determined in e*e~ annihilations at V8= 29 GeV to be cr=0.62 +
0.10 & 0.15 fm[21], and at +/s=34 GeV to be cr=0.29 + 0.08 fm[23], both of them
significantly smaller than the spatial dimensions determined experimentally. In hadron-
hadron collisions, it was found to be ¢r=0.86 < 0. 06 fm and 0.63 £ 0.09 fm for x¥p
and I{"p collisions at 16 GeV/c respectively, and both were about half the spatial
dimensions determined simultaneously [12]. This result is consistent with our value
¢7=0.89 + 0.05 fm , and it is interpreted as the depth of the ”photosphere” of the pion

emitting source{12].

An increasing source size with i increasing charged particle density ANy /An or
AN, /Ay was seen in the CERN-ISR (19] and UA1 [20] experiments, while no such
behavior was observed in our experiment. The authors of ref.[19,20] also established
a correlation between AN, /An or AN, /Ay and the average transverse momentum
(p:) of the charged particles, namely an increase of {P:) with increasing AN, /Ay or
ANgy/Ay. The average values {p;) of pions at the average values of (ANew/Ay)=2.7,
4.7, 6.7 in our experiment were (p;) = 0.33, 0. 32, 0.32 GeV/c respectlvely, showing no
such correlation. These facts may imply that hard scattering effects play a role in Bose-
Einstein correlations at ISR and SPS collider energies, and they are less sxgmﬁcant in

our experiment.

The parametrization (10) for expanding radial source represents well the data of

the momentum dependence of extracted radii in Ar+KCl collisions at 1.5 GeV[41] with
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the value T/yv=0.1 GeV. This is consistent with our fitted value T/yv=0.12 £ 0.10
GeV. The dependence of the source size on pion momentum which we observe allows
an estimate of the expansion velocity of the source, in the framework of Pratt[41]. The
existence of an equilibrium temperature T ~ m, at the production stage of secondaries
in high-energy hadronic collisions is introduced in the thermodynamical description
of particle production, and is in good agreement with data[51]. Assuming the value
T ~ my , Wwe obtain a velocity v ~ 0.76 from our value of T'/yv. This value of v can be

compared with dynamical models of hadron collisions.

5. Conclusions

QOur results can be summarized as follows.

1) We have observed Bose-Einstein correlations for identically charged pions in soft
pp interactions at /s = 27.4GeV.

2) The source size 7, the lifetime ¢r and the strength parameter A of the Kopylov-
Podgoretskii parametrization were determined to be ry=1.71 £ 0.04 fm, c¢r=0.89 £ 0.05
fm and A=0.36 4= 0.01. The Bose-Einstein correlation is significantly enhanced for pion
pairs of gy <0.2 GeV. The source size ry and A of the Goldhaber parametrization were
determined to be r;=1.2040.03 fm and A=0.44£0.02 for pion pairs and r;=0.54+0.01
fm and A=1.04 & 0.03 for pion triplets. |

3) At our energy, no dependence of the source size was observed on charged particle

multiplicity nor on charged particle density.

4) The source size decreased with increasing the pion momentum. Employing a
model of expanding source, the ratio of the temperature-to-expansion-velocity T'/vyv

was determined to be T/yv=0.12 +:0.10 GeV.

5) Bose-Einstein correlations between identically charged kaons K*K#* were ob-
served, and the source size ry was determined to be ry=1.87 4 0.33 fm in terms of the

Kopylov-Podgoretsuskii parametrization. No correlation was found in K £xt pairs.
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Table 1
Parameters fitted with eq.(8) to R(g;) data.

combination C A rk ] x> /NDF
fm (GeV/c)™!
rEn* 0.994 0.01 0.304+ 0.01 1.69+ 0.07 0.01+ 0.02 14
(N 1.00+ 0.01 0.29+ 0.01 1.54+ 0.04 0.00+£ 0.01 1.0
atat 0.98+ 0.02 0.32+ 0.02 1.81+ 0.09 0.04% 0.03 1.2
Table 2

Parameters fitted with eq.(9) to R(Q?) data.

combination C A rg ) x*/NDF
fm (GeV/e)™?
aEg* 0.97+ 0.01 0.44+ 0.01 1.20: 0.03 0.09+ 0.02 1.4
S 1.03+ 0.01 0.37+ 0.02 1.164 0.06 -0.124 0.03 0.9
rtat 0.95% 0.01 0.494 0.02 1.24+ 0.04 0.21% 0.03 1.5
Table 3

Parameters fitted with eq.(9) to R(Q%,) data of triplets.

M
combination C A Tg ) x“/NDF

fm (GeV/e)~?
rExExE 0,95+ 0.01 1.04+ 0.03 0.54+ 0.01 0.054 0.01 2.4
Lt 1.024+ 0.01 0.98+ 0.04 0.52+ 0.01 -0.03+ 0.01 1.5
atatet 0.94+ 0.01 1.11% 0.05 0.58% 0.01 0.06 0.01 2.4

—




Table 4
Pem dependence of the parameters fitted with eq.(8) to R(g;) data.

Dem C A Tk 6 XE/NDF
GeV/c fm (GeV/e)™!

0—.2 096+ 0.17 0.25+ 0.18 3.11+0.77 0.01+ 0.74 1.1
2—4 1.01+£0.04 031+ 0.04 2.17+0.22 -0.094 0.08 1.8
4—-.6 1.00+0.03 0.40+ 0.05 1.874 0.20 -0.01% 0.05 1.0

6—~1. 1004 0.05 0.38+ 0.06 1.44+ 0.17 -0.01+ 0.06 0.6

vi




Figure Captions
Fig.1. X distributions of secondary tracks used in the analysis.

Fig.2. The ratios R(g) for #*n® pairs in the intervals of ¢ (a) 0.0-0.1, (b) 0.1-0.2,
(c) 0.2—0.3, (d) 0.3—0.4, and (e) 0.4—0.5 (GeV). The curves are fits to the Kopylov-
Podgoretskii parametrization (7). The ratios R(g;) for a7~ pairs in intervals of gq (f)
0.0-0.1, (g) 0.1-0.2, (h) 0.2=0.3 , (i) 0.3-0.4 , and (j) 0.4—0.5 (GeV).

Fig.3. The ratios R(g;) of pion pairs with gg <0.2 GeV (a) for 7¥x* combinations,
(b) for #tx~ combinations. The curve in (a) is a fit to the Kopylov-Podgoretskii

parametrization (8).

Fig.4. The ratios R(Q?) of pion pairs (a) for 7*7* combinations, (b) for 777~ combi-

nations. The curve in (a) is the fit to the Goldhaber parametrization (9).

Fig.5. The ratio R(Q32,) of pion triplets for #¥7* 7% combinations. The curve is the fit
to the Goldhaber parametrization (9) for pion triplets.

Fig.6.(a) The source size ry and (b)the strength parameter A of the Goldhaber
parametrization (9) for charged multiplicity Np= 6—-12, 14—-20, and 22—30.

Fig.7. (a) The source size ry and (b) the strength parameter A of the Goldhaber
parametrization (9) for different charged particle density AN/ Ay.

Fig.8. The ratios R(g) for n*n* pairs for the pion momentum pm of (a) 0.0—~0.2,
(b) 0.2—0.4, (¢) 0.4—0.6, and (d) 0.6—1.0 (GeV/c). The curves are fits to the Kopylov-
Podgoretskii parametrization (8). The ratios R{g:) for 7#+#~ pairs for the pion momen-

fum pe of (€) 0.0—0.2, (f) 0.2—0.4, (g) 0.4—0.6, and (h) 0.6—1.0 (GeV/c).

vil




Fig.9. (a)The source size ry and (b) the strength parameter \ of the Kopylov-
Podgoretskii parametrization (8) as a funtion of the pion momentum p,,. The curve is
the fit to the Pratt model (10).

Fig.10. (a) The ratio R(q) for K*K* pairs. The curve is the fit to the Kopylov-
Podgoretskii parametrization (8). (b) The ratio R(q;) for K*n* pairs.
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