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ABSTRACT

Bose-Einstein correlations among identically charged pions produced in pp collisions at 400
GeV/c were studied using the EHS spectrometer. Employing the Lorentz invariant Goldhaber
parametrization, the average radius and the strength parameter of incoherence of pion emitting
region were determined as a function of the momentum, the transverse momentum, the longitu-
dinal momentum and the rapidity of pions. A decrease of the radius with increasing momentum
of pions was observed. A study of Bose-Einstein correlations in terms of directional dependence
with respect to the beam axis was presented.
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1. Introduction

Bose-Einstein correlations between identically charged bosons produced in elementary particle colli-
sions or nuclear collisions. manifest themselves as an enhanced probability for those bosons to be emitted
with small relative momenta in comparion 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 interference phenomenon of photons [1.2]. They have been led to significant theoretical de-
velopments [3-10] , and have been applied in particle physics to study the space-time structure of the re-
gion from which particles are produced. The first experimental evidence of the Bose-Einstein correlations
in particle physics was shown by Goldhaber et al. in pp annihilations at 1.05 GeV/c[11]. A review of the
present status of experimental data together with the theoretical descriptions of the correlations is pre-
sented in [12].

Recent studies of Bose-Einstein correlations for like-sign pions produced in ¥ ¥ — 37 "3 7~ reac
tions at the PETRA ¢"¢” storage ring indicate a fully chaotic source of pions[13,14]. Similar studies in
et e annihilations and hadron-hadron collisions vield results consistent with a partially chaotic source
[12] . This difference of chaoticity may suggest different production mechanisms. Bose-Einstein correla-
tions between like-sign charge track pairs in ¢ "¢~ annihilation hadronic events at center-of-mass energy
around the Z° peak at LEP were studied by OPAL [15] and ALEPH[16] collaborations, showing no signi-
ficant variation in comparison with those of ¢ "¢~ annihilations at lower energies.

In order to study a production mechanism, higher order Bose-Einstein correlations up to fifth order
in pp collisions were analyzed with methods from quantum optics using UA1 data at v/ s =630 and 900
GeV [17] . Bose-Einstein correlations in ultrarelativistic nucleus-nucleus collisions were measured to
understand the underlying dynamics as well as to observe a possible signal of the quark-gluon plasma
[18.19].

It is therefore of interest to study systematically pion correlations in pp collisions. In our earlier pub-
lication [20] , we studied Bose-Einstein correlations of # & 7 * pairs with respect to dependences on
momentum, charged particle multiplicity and particle density of secondary pions as well as those of
7 * triplets and K"K * pairs in pp collisions at 400 GeV/c (v s=27.4 GeV), in which a decrease of

the average radius of the interaction region with increasing momenta of secondary pions was observed in

Tix

terms of the Kopylov-Podgoretskii parametrization. In this paper. we extend this analysis to study of the
correlations in terms of the Lorentz invariant Goldhaber parametrization with respect to their dependences
on momentum, transverse momentum, longitudinal momentum and rapidity of secondary pions. Also pre-
sented is a study of directional dependence of the Bose-Einstein correlations. A possible influence of
Bose-Einstein correlations of @ ' pairs on spectraof @ "7~ pairs is discussed.

This paper is organized as follows. A description of the data sample used in the present analysis is
given in Sect.2. A procedure of data analyses and results obtained are given in Sect.3, and discussions on
our results are made in comparison with other experiments in Sect.4. The conclusions are summarized in

Sect.b. Finally some comments on the reference sample are presented in the appendix.
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2. Data Sample

The present analysis was done using the data obtained in the NAZ27 experiment performed 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[21]. The main goal of the experiment was to study the production
and decay properties of charmed hadrons [22].

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 primary interactions and their charged
particle multiplicities were recorded [23]. These data could be used in conjunction with the EHS spectro-
meter 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 on data processing are published in [23,24]. We briefly de-
scribe 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 [21]. Therefore. for the present 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, the Feynman variable Xy (=p ||"/p*nas) >0 [23,24] . The average error
on the momentum of the reconstructed tracks is (&p/p) < 1.5%[24]. The efficiency of track reconstruc-
tion depends on kinematical track parameters. It was estimated using a sample of about 16,000 events for
which the LEBC pictures were fully measured, that was more than 95% in the Xy > 0 region. while very

poor for Xp <0[23]. We used tracks of events which satisfied the condition
0 < X, <05 (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 momen-
tum conservation when we make reference samples by the mixed events technique (see below). In the fol-
lowing 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 [22]. The X, distribution of tracks which satisfied the conditions (1)
and (2) is given in Fig. 1(a). 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 [21). For a given track.
the probabilities of each mass hypothesis (electron, 7, K and proton) were calculated comparing the mea-
sured 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. Details about the geometrical acceptance and the effi-
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ciency of ISIS are given in [20,24]. Electron-hadron separation for charged tracks was also performed us-
ing the information of the energy released in the gamma detectors together with the momentum measured
in the spectrometer [22].

Since the two magnets of the EHS spectrometer are placed at 2.7m and 18m downstream 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 im-

posed the criterion that a pair of tracks of opposite charge should have an opening angle &,
# >2 mrad (3)

in the lab. system. Distributions of opening angles of well identified ¢ "¢~ pairs by ISIS and the gamma de-
tectors showed that more than 95% of ¢™¢ ™ pairs from converied photons were eliminated by this crite-
rion. 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 spectro-
meter. Figs. 1(b).(c) and (d) show distributions of the polar angle cos 8 ... the momentum and the rapid-

ity of pions with respect to the beam axis in the center of mass system used in the present analysis.
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Fig.1 Distributions of (a) the Fevnman variable X, (b) the polar angle cos # ... (¢c) the momentum p,,, and (d) the

rapidity v for secondary tracks in center of mass system used in the present analysis.
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3. Data Analysis

3.1 PARAMETRIZATION

The phenomenon of Bose-Einstein correlation is usually studied in terms of the ratio K of the joint
probability for a pair of identical particles to be emitted, P{p). p»). to the product P{py) P (p2) of the single

particle probabilities, where p; and p- are the four momenta of the two particles.

P(py. ps)
_ t ) (4)
P{p1) P (ps)
In order to evaluate this ratio experimentally. R of eq.(4) can be rewritten as
P(‘X’)n‘al
RX)=— (5)
P(X),. ’

where X is a kinematical quantity representing two-particle correlations, namely Q? defined below.
P(X) e and P(X) n; are probabilities giving X determined with real data and reference samples respec-
tively. Both of them are normalized to be unity within a limited region of X. Uncorrelated particles of re-

ference samples described in the next section allows us to regard P(X),., as P(p)) P(p2) in eq.(4).

A Lorentz-invariant parametrization. which 1s commonly used in ete” and lepton-hadron as well as

hadron-hadron reactions, was introduced by Goldhaber et al.[11]:
RIQ%) =14exp(—r@" {6)
with the negative of the invariant four momentum transfer squared
Q== (p—p2) =M1 —dm®

where p1, po are the four momenta of the particles 1,2, M;» 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 r for the particle
emission.

The formula (6) was 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 experi-
ments is smaller than R=2, that is, the interference effect is partial. In order to take care of the partial in-
terference, Deutschmann et al. [25] introduced a strength parameter A, which was often interpreted as a
measure of the incoherence or chaoticity of the boson emitters, namety 0< A <1. Actual theoretical under-
standing is that the interference effect among identical bosons can be smaller than its maximum because of
several effects such as resonance production, Coulomb and strong interactions between the bosons, and

coherent production [12]. Introducing this strength paremeter A, we employed the following formula

RIQII=CI+ Aexpl—7Q%) ) - (1+ 5 Q7). (7)
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In this equation, C is a normalization constant and ¢ takes into account of the slow variation of R with
Q%. Numerical values of C and & are given together with 7 by fit to the experimental data. The quantity
R(Q% for mTm* [ xm ™ 7 7) pairs is obtained experimentally evaluating ratio of normalized Q? distribu-

tions of ¥ = (7" 7 ) of the real data to those of # ¥ 7= {m * 7 ) of a reference sample.

3.2 REFERENCE SAMPLE

As seen from the denominator P (py) P (p=) of eq.(4). an ideal reference sample should be free from
any undesirable correlations such as resonances or the Bose-Einstein correlations, while representing the
kinematical phase space of the studied sample. Well-known reference samples so far are (+ —) combina-
tions of two charged particles in the same event of real data, Monte Carlo events and mixed events. In case
of (+ —) combination of real data, they include resonances which may disturb partially distributions of
R (X). In case of Monte Carlo events. it is not known to what extent resonance production is correctly de-
scribed especially for 7 °(958) production [24]. To make the reference sample as close to the ideal one as
possible, we employed the mixed event technique.

In addition to the criterion (1) for the charged multiplicity, we selected events which have more than
three charged tracks well reconstructed in the interval 0 < X< 0.5. In order to minimize an amount of
violation of energy and momentum conservation in the mixed event technique, we grouped the events into
configurations which were defined both by the charged particle multiplicity group of (6,7,...30) and by the
number of charged tracks (4.5....30) reconstructed in the interval 0 < Xr<0.5, namely 25-27 configura-
tions. The momentum vectors of particles of the event were stored in a data bank of the corresponding
configuration. A reference sample was formed by combining randomly particles of different events in the
data bank of this configuration. in which fifty preceding events of the same configuration were stored. It
did not contain two tracks from a same real event. 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.

For each real event of a given configuration, a corresponding reference sample was formed simul-
taneously. QZ distributions of a real event were calculated using tracks in 0 < Xr < 0.5, and at the same
time, those of the reference sample were calculated using tracks in the same interval. Q° distributions of
real events and reference samples were accumulated separately for all events, and finally R (Q?) was ev-
aluated using the relation (5).

Fig.2 (a) and 2 (b) show the ratios R (Q%) for m* m* and @ " 7 pairs , respectively, in which a
number of pairs of @ distributions in the region of 0.2< Q> <1.0(GeV/c)?, where the Bose-Einstein cor-
relations are negligible, is normalized to unity in the real data and the reference sample. A significant en-
hancement for © 1 m * pairs is obseved in the region Q° <0.08(Ge V/c)? in Fig.2(a) in contrast to the flat
distributions (R (Q%) ~ 1) in the region 0.08< @Q° <1.0 (GeV/c)? On the other hand, R (Q%) for 7 tro
pairs in Fig.2(b) shows a small dip structure in the region Q% <0.05{GeV/c)? as well as a small enhance-
ment at @2 — 0.16 (Gel/c)” due to K's decays close to the primary interaction vertex and that at QF ~
051 (GeV/c)? due to ©" decays. We discuss these structures in the appendix. A fit to the data of Fig.2
(a) with the Goldhaber parametrization (7! gives C=0,99+0.01, A =0.39%+0.01,r=1.2140.03 (fm), &

=0.03+0.01 which are in good agreement with those obtained in our earlier publication [20].
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Fig.2 The ratios R {(Q") of pion pairs (a) for # * 7 " combinations, and (b) for @ * 7 = combinations. In both cases,
a number of pairs of Q" distributions in region of 0.2< Q* <10 (GeV/c)® is normalized to unity in the real
data and the reference sample. In the case of @ 7 7 7 combinations, the regions 0.12< Q% <02 (GeV/e)? and
04< Q% <06 (GelV/r)™ are excluded in the normalization to get rid of K’ and £ respectively.

3.3 PION MOMENTUM DEPENDENCE

We have studied the dependence of the pion source radius » and the strength paremeter A on the
momentum of pions p,, in the center of mass system. We evaluated the ratios R (QZ) for pion pairs in the
momentum intervals of p., 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%

+ .+ S . . -
combinations of these momentum intervals are shown in Fig.3.

for m=m

Curves in Fig.3 are the ones fitted with the Goldhaber parametrization (7). The essential result of
this study is summarized in Fig.6 and Table 1. This figure shows a decrease of the source radius » with
increasing pion momentum. which implies that energetic pions are more likely emitted from a source of
small radius in comparison with that of less energetic pions. In contrast with this behavior, values of the
strength parameter A are increasing with increasing pion momentum.

Fig.4. shows the ratios R (Q°) for ™= 7 = pairs in the transverse momentum intervals of py of 0-0.2,
0.2-0.4 and 0.4-0.6 GeV/c for both pions. Curves in Fig.4 are the ones fitted with the Goldhaber paramet-
rization (7). Fitted parameters are summarized in Fig6 and Table 1. Results obtained after a similar
analysis for 7 * 7% pairs in the longitudinal momentum intervals of p; of 0-0.2, 0.2-0.4, 0.4-0.6 and

0.6-1.0 GeV/c are shown in Fig.5 and are summarized in Fig.6 and Table 1.
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Fig.3 The ratios R(Q") for # ' ' pairs for both of pions with the momentum p.» in the intervals of (a} 0.0-0.2. (b}
0.2-04, (¢c) 0.4-06. and (d) 0.6-1.0 (GeV/ci. A number of pairs of @ distributions in region of 0.05 > Q°
(GeV/e)?in (a) or 0.2< @F <04 (Gel'/e)® i tb). fc) and (d) is normalized to unity in the real data and the

reference sample. The curves are fits to the Goldhaber parametrization (7).

Table 1 pop.pr.pr dependence of the parameters fitted with eq. 177 to #1Q") data.

e C A ¥ 8 X °/NDF
GeV/e fm (Gev/e) ©
0—.2 0.96+0.11 0.284+0.14 1.4240.40 0.15%+1.55 12/8
22— 4 0.99=0.02 0.40£0.03 1.24£0.10 0.03£0.09 47/36
A— .6 1.02-0.02 0.5040.06 1.25+0.14 0.06£0.07 42/46
61, 0.98=0.07 0.5040.09 0.96+£0.15 0.03+0.23 39/36
pr C A r ) X”/NDF
GeV/e fm {GeV/e) ?
0—.2 0.99=0.02 0.37£0.02 1.3140.09 0.03£0.09 34./30
22— 4 0.98+0.02 0.50+0.03 1.01+0.06 0.06£0.05 42./41
4—.6 0.98+0.05 0.75%£0.12 1.08+0.14 0.01£0.17 42./36
2 C A ; 5 X */NDF
GeV/e fm (GeV/e)™
0—.2 0.97=0.01 0.35%0.03 1.4240.06 0.1140.02 38./44
22— 4 0.99=0.04 0.37+0.04 1.10+0.17 0.02%0.14 11./38
A4—.6 1.98+0.03 0.5420.08 1.38x0.18 0.07+0.14 36./35
6—1. 1.014£0.06 0.52=0.10 0.99%0.17 -0.05+0.21 45./41
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parametrization (7).

1.6 T T

1.4

R(Q*)

0.4

0.8

0.1

0.3

0.4

0.1

0.2

0.3

Q? ((GeV/c)?)

Fig.5 The ratios R(Q% for @ ' = " pairs for both of pions with the longitudinal momentum P, in the intervals of (a)
0.0-0.2. (b) 0.2-04. ic) 0.4-06, and id! 06-1.0 (GeV/c). A number of pairs of Q? distributions in region of 0.2

Q® ((GeV/c)?)

< Q% <04 {(GeV/c}" is normalized to unity in the real data and the reference sample. The curves are fits to

the Goldhaber parametrization (7)
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Fig.6 Summary of the source radius r and the strength parameter A of the Goldhaber parametrization {(7) determined

experimentally as a funtion of p.,.. pr and p;.

3.4 DIRECTIONAL DEPENDENCE

In order to study the directional dependence of Bose-Einstein correlations, we employed the polar
angle cos 8 . of emitted pions and the polar angle cos 8 (Ap) of the momentum difference Ap(=pi—p2)
for tt ¥ pairs with respect the beam axis in the center of mass system. In the first case. the ratios
R(Qz) were evaluated using pions emitted within the directions 0< cos @, <0.7 and using those in 0.7<
cos 0 .n <1.0 separately. Fig.7 shows the ratios R (Qz) thus obtained for 7 to® pairs. Curves in these fi-
gures are those drawn with the fitted parameters of the Goldhaber parametrization (7), which are summa-
rized in Table 2. One can observe no significant difference of the fitted parameters between the two fits.

In the second case, use has been made of the fact that r is the dimension parallel to Ap [26]. Indeed,
a possible dependence of r on the angle @ (Ap) was reported by the AFS collaboration [26]. We studies
the Bose-Einstein correlations in terms of # (Ap). Fig.8 shows distributions of cos g (Ap) for @ tgt
pairs used in the analysis. The ratios R{Q%) were evaluated using T t 7 ¥ pairs with 0< cos 8 (&p) <
0.7 and using those with 0.7< cos 8 (Ap) < 1.0 separately. Fig.9 shows the ratios R (Q®) thus obtained.
and the fitted parameters of the Goldhaber parametrization {7) are summarized in Table 2. One can
observe no significant difference of the fitted parameters between the two fits. which is consistent with
that of the case of cos @ ..

It is interesting, in the picture of the hydrodynamical model, to study a dependence of the longitudinal
source radius v on the rapidity [27]. The ratios R (QZ) were evaluated using T ot pairs in various

rapidity intervals of 0-1, 1-2 and 2-3. They are shown in Fig.10 together with fitted curves. The fitted pa-
+

rameters are summarized Fig.13 and Table 3. Figs.11 and 12 show the ratios R (Q%) of 7 txt pairs in
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various rapidity intervals for the pairs of 0< cos 8 {Ap) <0.7 and 0.7< cos 8 (Ap) < 1.0 respectively.
Curves in these figures are fitted ones, and the fitted parameters are summarized in Fig.13 and Table 3. A
result summarized in Fig.13 is consistent with no significant dependence of the pion source radius r and
the strength parameter A on the rapidity in both cases of 0< cos 8 (Ap) <0.7 and 0.7< cos 8 (Ap) <
1.0. Note that the rapidity intervals 0-1. 1-2 and 2-3 cover the intervals of momentum p,, of 0—1, 0.3~2,

and 0.5~5 GeV/c respectively as shown in Fig.14.

1-6 Ll T T

1.4

1.2

R(Q%)

0 0.1 0.2 0.3 0.4
Q? ((GeV/c)?)

Fig.7 The ratios R(Q") for # ' @ ' pairs for pions in region of cos § .. (a) 0< cos & . <0.7 and (b) 0.7< cos 8 .m

< 1.0. A number of pairs of Q" distributions in region of 0.2< Q° <04 {(GeV/c)® is normalized to unity in the

real data and the reference sample. The curves are fits to the Goldhaber parametrization (7).

Table 2 cos 8 .. cos § (Ap) dependence of the parameters fitted with eq. (7) to R (@) data.

05 6 o C A ¥ 5 X ®/NDF
fm (GeV/C) *

0—-.7 1.01£0.01 0.38+0.03 1.2640.09 -0.01£0.05 50./38

71, 0.98+0.01 0.3940.02 1.20£0.05 0.07+0.03 51./36

cos§ (Ap) ¢ A ¥ 8 X ?/NDF
fm (GeV/C) 2

0—.7 1.024£0.01 0.35+0.02 1.2640.06 -0.08%0.03 40./36

-1, 0.98=0.01 0.42+0.02 1.25+0.05 0.09£0.03 74./36
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Fig.8 Distributions of the polar angle cos § { Ap) of the momentum difference Ap with respect to the beam axis in the
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1.6 T T T

14 (a) 7*n* 0.0<cosf(Ap)<0.7 7]

—~
o
g os . L -
ot 1.6 T T T
14 b (b) n*n* 0.7<cos6(Ap)s1.0

0.8
0 0.1 0.2 0.3 0.4

Q* ((Gev/c)?)

Fig.9 The ratios R(Q%) for ™ " 7 ' pairs with the polar angle of (a} 0< cos @ (Ap) <0.7 and (b) 0.7< cos § (Ap)
<1.0. A number of pairs of @° distributions in region of 0.2< Q% <0.4(GeV/c)? is normalized to unity in the

real data and the reference sample. The curves are fits to the Goldhaber parametrization (7).
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Fig.10 The ratios R (Q") for 7 ~ = pairs within the rapidity intervals of (a) 0<3<1. ib) 1<y<2Z and (c) 2<y<3,

A number of pairs of Q" distributions in region of 0.2< Q° <04 (GeV'/c)? is normalized to unity in the real

data and the reference sample. The curves are fits to the Goldhaber parametrization (7).
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Fig.11 The ratios R(Q") for T~ 7 * pair< of 9< ros 8 «Ap) < 0.7 within the rapidity intervals of (a) 0<+<1 and
(b) 1<y<2. A number of pairs of @ distributions 1n region of 0.2< @ <04 (GeV'/c)” is normalized to unity
in the real data and the reference sample. The curves are fits to the Goldhaber parametrization (7).



200

1.6 : T .
(a) m*n%, 0 <ys1
14 ¢ 0.7<cos@(Ap)s1.0

1

R(Q% )

(b) n*s* 1 <ys 2 (c) n*a*, 2<ys3
1.4 0.7<cos@(Ap)S1.0 0.7<cosf(Ap)s1.0

0 0.1 0.2 0.3 040 0.1 0.2 0.3 0.4
Q? ((GeV/c)?) Q? ((GeV/c)?)

Fig.12 The ratios R1Q%) for # * 7 ' pairs of 0.7< cos § { Ap) <10 within the rapidity intervals of (a) 0<3<1, (b)
1<y<2Zand (¢) 2<y<3. A number of pairs of Q" distributions in region of 0.2< Q° <04 (GeV/c)? is nor-
malized to unity in the real data and the reference sample. The curves are fits to the Goldhaber parametriza-

tion (7). Because of low statistics of data in (a), a bin width in it is twice as large as that of (b) and {c).

Table 3 Rapidity dependence of the parameters fitted with eq. (7) to R(Q") data.

rapidity C A ¥ 8 X ?/NDF
fm (Gev/C) ?

0—1 1.00£0.01 0.3540.02 1.3240.07 0.014£0.04 39./36

1-2 1.0120.01 0.42+0.03 1.4240.08 -0.02£0.03 79./61

2-3 1.99+0.01 0.47+0.08 1.31+0.12 -0.01£0.05 46./56

0.0 < cos@ Lap) <0.7

rapidity ¢ A v 8 X ?/NDF
fm (Gev/C) *

0—1 1.00=0.01 0.3540.02 1.30+£0.07 0.0240.04 39./36

1-2 1.00+0.01 0.40%0.04 1.23+0.11 0.01%0.04 72./61

0.7 < cos @ (ap) <1.0

rapidity C A ¥ ) X %/NDF
fm {GeV/C) *

0—1 0.99+0.03 0.36+0.05 1.3820.21 -0.05£0.18 12./19

1-2 1.01£0.01 0.46£0.06 1.64+0.16 -0.06+0.07 54./32

2—3 0.95+0.02 0.48+0.09 1.29+0.14 0.08+0.06 53./56
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Fig.13 Summary of the source radius r and the strength parameter A of the Goldhaber parametrization (7) deter-

mined experimentally for various rapidity intervals and cos § (Ap) intervals.
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Fig.14 Distributions of the momentum p,,, of secondary tracks within the rapidity intervals of 0<y<1 (solid line),
1<y<2 (dotted line), and 2<y<.3 {dashed line).



202

4. Discussion

Since energy and momentum conservation is not taken into account in forming the reference sample
“events, it is not ideal one. Therefore we control our method by producing a reference sample and evaluat-
ing the ratio R (Qj) for @ " ® " pairs where the Bose-Einstein correlation is absent. Comparing the ratios
R(Qz) evaluated with 7 = 7 ' pairs and T © 7 ones. we can estimate possible correlations independent
from the charge. which are induced by the method of analvsis or by the detector itself. We have studied
Bose-Einstein correlations for =~ 7t pairs with the reference sample of mixed events described in
Sect.3.2, and at the same time, we checked the ratios R (Q%) for 7 ' 7 pairs as shown in [20]. R(Q%) for
7w+~ pairs in Fig2(b) shows a small dip structure in the region Q@ <0.05 (GeV/c)® as well as a small
enhancement at Q° ~ 0.16 {Gel'/e)” due to K’ decays and that at Q2 ~ 051 (GeV/e)? due to P° decays.
This small dip structure was observed in the ratios R {g,) of the Kopylov-Podgoretskii parametrization at
small g, region (¢, << 0.2 Gel7/¢) [20]. This point is discussed in the appendix. Furthermore, momentum
spectra of 7 *and T 7 are not same in our case as we are dealing with pp interactions. By these reasons,
we employed a reference sample of mixed events instead of 77 7~ combinations of the same event.

Among the many resonances produced. the cascade decavs of 7 °(958).7'— 7% 7~ 7 followed by 7
t o= g0

— T

or 7 — #®"' 7 ¥ are known to producc identically charged pions with low Q% or q
values. The influence of the 7 decay on charged-pion interferometry in ¢ ¢ annihilations was studied
using the Lund fragmentation model [28]. In an earlier study of Bose-Einstein correlations in pp collisions
at 360 GeV/c[29], it was estimated that removal of identically charged pion pairs from 7 decays leads to
an increase of the radius » by —4% and a decrease of the strength parameter A by ~ 10%. In the present
work, no such subtraction was done because the 7 production cross section is not well known [24].

A correction for the ratio R le‘J due to Coulomb interactions is of the order of a few percents for
Q% < 0.01(GeV/c)®. and is smaller for large @ [30]. This was neglected in the present analysis.

Our results obtained by means of the Goldhaber parametrization are consistent with a picture of
particle emission from a spherically expanding source. which is in agreement with the conclusions of the
earlier analysis made by means of the Kopvlov-Podgoretskii parametrization with the reference sample
slightly different from the present one !see the appendix) [20]. No directional dependence of Bose-Einstein
correlation was observed with respect to the angle cos 8 (A p) which agreed with results obtained in the
K*p. 7 pexperiment at 250 GeV/c[31] and the #p experiment at 280 GeV/c[32].

The study of rapidity depende.ncv of the Bose-Einstein correlations is important in hydrodynamical
theory of multiparticle production through the one-dimensional expansion of the matter along the collision
axis. Our result shows no significant dependence of the correlation on rapidity, which is consistent with
the result obtained in the pseudorapidity range | 7 <3 by the UA1 collaboration in pp collisions at v's
= 200-900 GeV [33]. On the other hand the NA35 collaboration observed the Bose-Einstein correlations
in heavy-ions collisions exhibiting a marked dependence on the rapidity interval considered [18].

B. Lorstad et al. proposed a model of the longitudinal hydrodynamical flow in particle emission, and
they showed that their model is consistent with data of the heavy-ion collisions [27]. It is interesting to
point out that their hvdrodvnamical model does not describe well our results, which is in agreement with
their conclusion that the hyvdrodynamical interpretation of minimum bias pp events at the ISR is inadequate

[27].



5. Conclusions

Our results can be summarized as follows.

1) We have observed Bose-Einstein correlations emploving the Lorentz invariant Goldhaber paramet-
rization for identically charged pions in soft pp interactions at 400 GeV/c (v s=27.4GeV).

2) The pion source radius » decrcased and the strength parameter A increased with increasing the
pion momentum p.,. This feature appeared with increasing the transverse momentum ps as well as po,.

4) No directional dependence of the Bose-Einstein correlations was observed for pions emitted in sub-
divided regions defined by the angle cos @ ,,, or cos § (Ap).

5) No significant dependence of the Bose-Einstein correlations on the rapidity v was observed in the
range 0<y<3 within our error. No rapidity dependence for pions emitted in subdivided regions defined
by the angle cos @ (Ap) was observed within our error too.

6) It is suitable to employ an event mixing technique instead of 7 * 77 combinations of the same

event in making a reference sample in our case.
ACKNOWLEDGEMENTS

We are deeply indebted to the CERN-SPS beam and EHS crews for their support during the prepara-
tion and runs of our experiment. Thanks are duc to the scanning and measuring staff of the collaborating
laboratories for their good work which made this analysis possible. Our thanks are due to Prof. B. Lérstad
for his useful suggestions. We wish (o acknowledge with gratitude the support of various national funding

agencies.
Appendix: Comments on the reference sample

In order to study the dip structure in the region of Q7 <0.05 (GeV/e)® in Fig.2 (b), we evaluated the ratio
R(Q% for mT m~ pairs rejecting one of two tracks of 7= 7 © pairs in the region of 0< Q* <005
(GeV/e)® of the real data in Fig.2 (a) where Bose-Einstein correlations were enhanced. The ratio thus
obtained is shown in Fig.15 (b} together with that for * 7  pairs with no cut of 7 7 ® pairs (Fig.15
{a)). One can see from this figure that the dip structure in @° < 0.05 (GeV/c)® in Fig.15(a) somewhat
disappeared in Fig.15 (b). If we evaluated the ratio R(Q°) for @ '« pairs rejecting one of two tracks of
m* m* pairs in the region of 0.1< Q" <0.15 {(GeV/e)” instead of 0< Q* <0.05(GeV/e)® in Fig2 (a)
where Bose-Einstein correlations were negligible, the dip structure in the region of Q% <0.05 (GeV/e)?
appears again as shown in Fig. 15 (¢). This behavior, that is. the dependence of the dip structure of R Q%

* * w7 pairs ev-

for # 77" pairs on @° cut of T 7' pairs was observed too in the ratios R (g,) for
aluated in terms of the Kopylov-Podgoretskii parametrization [20]. which was not shown in the figure.
This fact implies that the dip structure of the @ distributions of 7 ~ 7 ~ pairs in the region of Q° <
0.05 (GeV/c)? is due to inherent reflection of the Bose-Einstein correlations of # % 7 % pairs. These dis-
cussions suggest that the mixed-event technique 1s more suitable than ™ * 7~ combinations of same event
in making the reference sample. If we employ a reference sample of the 7 * 7~ combinations of same
event, where the regions of 0.12< Q% <0.2 (Gel'/e)” for Ky and 04< Q° < 0.6 (GeV/c)® for P are ex-

cluded in the fit, we obtain the pion source radius # of ~ 7% smaller and the strength parameter A of
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jected of the real data. A number of pairs of ©° distributions in region of 0.2< Q% <04 (GeV/e)

)

is normal-

ized to unity in the real data and the reference sample.

~14% larger values for the data of F (Q") of # © @ ° pairs in comparison with those obtained with a re-
ference sample of the mixed events in Fig.2(a). Fitted parameters for Bose-Einstein correlations with the
reference sample of mixed events and those with the reference sample of 7 * 7~ combinations of the same
event were compared in /p interaction [32]. ¢ ¢ annihilations [16,34] and K¥p. 7 *p interactions [31],
and thier results did not contradict our above-mentioned argument.

In our earlier work [20]. we created a reference sample mixing real events of a given configuration,
where the momentum of secondary tracks were expressed with respect to the coordinate system related to
the sphericity axis defined by the eigenvectors for the sphericity tensor [35]. As pointed out in [20], re-
ference samples of mixed events expressed in the coordinate system of the sphericity axis and those ex-
pressed in the coordinate system fixed in the bubble chamber did not give different results within errors.
This fact is understood with our data, in which soft processed of hadron production are dominated and the
principal axis of the event is close to the beam axis.

In the present case. the ratio K (Q%) of ™ * m* pairs in the interval of 2<y<3 gave the parameter &
of significantly larger value than zero in eq.(7) with the reference sample expressed in the coordinate sys-
tem of the sphericity axis, while it was compatible with zero with the reference sample expressed in the
bubble chamber system. This might be caused by ambiguity in evaluation of the eigenvectors for the
sphericity tensor for pions with large momentum (see Fig.14), since we are using tracks in the limited re-

gion 0 <Xp<0.5. It was preferable to use a reference sample which gave a numerical value of & close to
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zero, therefore we employed the coordinate system fixed in the bubble chamber instead of that of the

sphericity axis in making a reference sample in the present analysis.

References

[1] R. Hanbury Brown and R. Q. Twiss, Phil. Mag. 45(1954)663

[2] P.LKnight and L.Allen. Concept of Quantum Optics (Pergamon Press, NY , 1983)

[3] G.LKopylov and M.I. Podgoretskii. Sov.]. Nucl. Phys. 153(1972)219: 18(1973) 336

[41 G. Cocconi, Phys. Lett. 49B (1974)459

[5] G.N. Fowler and R. M. Weiner, Phys. Lett. 70B(1977) 201

[6] A.Giovannini and G.Veneziano, Nucl. Phys. B130(1977) 61

(7] M. Gyulassy, S. K. Kaufmann. and Lance W. Wilson, Phys Rev. C20(1979) 2267

[8] M. Biyajima, Phys. Lett. 92B (1980) 193

[9] B. Andersson and W. Hofmann, Phys. Lett. 169B (1986) 364

[10] M. G. Bowler, Z. Phys. C - Particles and Fields 29 (1985)617; 46 (1990) 305

[11] G. Goldhaber et al.. Phys. Rev. 120(1960) 300

[12] W.A.Zajc. Proc. Conf. on Multiparticle production, Eds.P. Carruthers (World Scientific, Singapore,
1988): D.H. Boal, C-K Gelbke and B.K. Jennings, Rev. Mod. Phys. 62(1990) 553

[13] CELLO Coll., H.-].Behrend et al.. Phys. Lett. 245B(1990) 298.

[14] JADE Coll, R.Pust et al.. Z. Phys. C - Particles and Fields 51(1991)531

[15] OPAL Coll.. P.D.Acton et al.. Phys. Lett. 267B(1991) 143.

[16] ALEPH Coli., D.Decamp et al.. Z. Phys. C- Particles and Fields 54 (1992) 75

[(17] UA1-MINIMUM BIAS Coll.. N.Neumeister et al., Phys. Lett. 275B(1992) 186.

[18] NA35 Coll., A.Bomberger et al.. Phys. Lett. 203B (1988) 320.

[19] WAS80 Coll.,, R. Albrecht et al., Z. Phys. C - Particles and Fields 53(1992) 225

(20] LEBC-EHS Coli., M.Aguilar-Benitez et al., Z. Phys. C - Particle and Fields 54(1992) 21

[21] LEBC-EHS Coll.. M.Aguilar-Benitez et al.. Nucl. Instrum. Methods A258(1987) 26

[22] LEBC-EHS Coll., M.Aguilar-Benitez et al.. 7. Phys. C - Particle and Fields 40(1988) 321

[23] YuFisjak et al., Minimum bias events from EHS, Preprint CERN/EP 87-137 (1987)

[24] LEBC-EHS Coll., M.Aguilar-Benitez et al. 7. Phys. C - Particles and Fields 50(1991)405

[25] M. Deutschmann et al.. Nucl. Phvs. 204B(1982) 333

[26] AFS Coll., T. Akesson et al.. Phys. Lett, 187B(1987)420

[27] B.Lérstad and Yu M.Sinvukov. Phys. Lett. 265B (1991) 159

(28] K. Kulka and B. Lorstad., Nucl. Instrum. Methods A295(1990) 443

[29] NA23 Coll., J.L.Bailly et al.. Z. Phys. C - Particles and Fields 43(1989) 341

[30] M. G. Bowler, Phys. Lett. 270B (1991)69

[31] NA22 Coll., M. Adamus et al.. Z. Phys. C - Particles and Fields 37 (1988) 347

[32] M. Arneodo et al.. Z. Phys. C - Particles and Fields 32(1986)1

[33] UAI1 Coll.C. Albajar et al.. Phys. Lett. 226B(1989)410.

[34] MARK I Coll.. I. Juri¢i¢ et al., Phys. Rev. D39(1989) 1

[35] NA23 Coll.J.L. Bailly et al.. Phys. Lett. 206B (1988) 371



206

400GeV/cDETEERIBIZE TS k4 FE O
K= 74V ax24 HBEDOWZE

BOIALE - 5 THE L T AT 2L ) D E2ORNFIIEHRET L&, /S HH
TEOFRF AL UET L Thr TR TARBRE G, ZTOBRRBORBEHNT L)
FEO—DIIE-ZX - TA LT 25 A P HBERGL FiESSH B, TAUSE UEEO RAAO
MBI 2 5128 0, SRR FAHR S A BB ORI RILAT) & £ DORARDOEEH
WELERT A DT, NHDERDPLEHE LI 7L EORBEHLNMITHI LN
TED, I TIXAGHEREAHA00GeV/ DM & B IIREDORFA 8% L TRAE L2 T09K
SNAHMEf AT 0 AR ARY PO A—%— (EHS) #fi- THELT, KX -7
£ ad A MBIZOGCTIIRE L. F L TENFOBEIRI 708 EORBIILYY &
MEL. FOREEE, A A OFORGEE B CHESEOMINI L > T/hE (- T
WB LW I ENEBIINSAS, FEFATFAOEIZEHE VKRG L o7ze THHDH
By HETERIKENTETENAIE L 2055 26 2 T BT R 27K &
NEBEVHIEIHUIBRT LI EATE L.

(¥—7—F)
R—X 7422254 A8, BF-BTFERRD, FEHTER,
BIRIF -FH TR



