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ABSTRACT

Correlations among identically charged pions were measured for pions produced in pp
collisions at 360 GeV/c using the EHS spectrometer. The effective radius for pion produc-
tion was determined to be 1.024:0.20 fm with a chaoticity factor 0.3240.08. We attempted
to obtain the radii in the directions parallel and perpendicular to the beam axis and found
no difference between them. No multiplicity dependence of the radius was observed at this
energy. A peak near zero in the four momentum transfer distribution showed significant de-

viation from a single Gaussian. The results of an analysis of the three like pion enhancement

were consistent with those for two pions.

1. INTRODUCTION

It is now well known that identically charged pions produced in hadronic processes, as
well as in electron-positron annthilations, exhibit interference effects due to Bose-Einstein
symmetrization required for the multipion wave function. The effect was first observed in
1960 by Goldhaber, Goldhaber, Lee and Pais [1] in proton-antiproton annihilations and was
called the GGLP effect. Later it was realized that the effect was essentially the same as
a second order interference phenomenon of photons which was discovered by R. Hanbury
Brown and R. Q. Twiss [2] in 1954 and had been used in determining the size of stellar

objects.

Goldhaber et al.[1] have shown that like-charge pions with small relative momenta are
emitted with enhanced probability as compared to an uncorrelated case. If we take the

negative of the invariant four momentum transfer squared Q?, it can be expressed as
Q¥ = —(p1 — p2)? = M}, —4m? (1)

where p;, p2 are the four momenta of the particle 1, 2, My is the effective mass of the two par-

ticle system and m, the pion mass. If the pion source is of a Gaussian form exp[—(r/p)?/2],
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then the ratio R of two pion distribution of identical charge pions to an uncorrelated case

can be expressed as
R(Q*) = C[L + Xexp(—p?Q%)]. (2)

where C is a normalization constant and A a factor introduced by Deutschmann et al. i3] to
take care of partial interference. It is often called the chaoticity factor (or the incoherence

parameter), since A = 1 corresponds to a completely chaotic source for which the Bose-

Einstein correlation is maximal.

Kopylov and Podgoretsky [4] used gr, the component of three momentum difference of
two pions p; —pg2 perpendicular to the momentum sum p; +p2, and gy the energy difference
|Ey — E3|. They showed that if the pions come from a radiating spherical surface of radius

p with incoherent point-like oscillators of lifetime 7, the ratio R will be

J1 2
2l eesl o

R(gr,90) =C[1+ A

where Jj is a first-order Bessel function. A similar expression

exp(—p*¢2) { (4)

Rlgr,90) = C[1 + )\m

was derived by G. Cocconi [5] for the case of a Gaussian luminosity distribution. He pointed
out the possibility of determining the source size in three dimensions. Several other authors
[6- 10] contributed to the sophistication of the theory. Among them, it is to be noted that
B. Andersson and W. Hofmann (9] and M. G. Bowler[10] pointed out that the radius p
obtained did not necessarily represent the actual source length if pions were produced in the

way predicted by the string model.

Numerous experiments have been performed to determine the source size using the
Bose-Einstein correlation for the hadron-hadron interactions [3][11-18], electron-positron
annihilations [19-23] as well as lepton-hadron interactions [24-25] in the energy range from
/$= 2 to 63 GeV. Their results are summarized in Table 1. Some of the authors used Bessel

functions in their analyses, while others preferred a Gaussian form. But the difference of



these two functions is virtually indistinguishable. One should double the p values obtained
by a Gausssian fit as compared with those obtained with the Bessel functions. Although it
was shown that Q? is approximately equal to g3 [21], they are not identical. One should
note that equations (3) and (4) are not Lorentz invariant, thus their applicability becomes
questionable in highly relativistic regions. We prefer to use equation (2) which is Lorentz
invarjant. Some authors used unlike particle distributions as their reference sample, while
others made artificial ones by mixing tracks from different events. Presence of resonances
like p, w etc. affects the Q% distribution of unlike particles. On the other hand, when making
an artificial reference sample, care should be taken in simulating a natural event. Variations

in the results presented in Table 1 are partially due to the different methods applied in the

analyses.

The situation concerning p-p interactions is somewhat confusing. As is shown in Table
1, the Axial Field Spectrometer Collaboration, using the CERN ISR [14], reported that at
v/$ = 63 GeV for p-p interactions the source size is substantially larger in the direction
parallel to the beam axis than in the transverse direction. They showed also that the size is
multiplicity dependent, increasing as the number of emitted pions increases. Their findings
are contrary to the results obtained for e*e~ annihilations, where neither directional nor
multiplicity dependence of the source size was observed|22][23]. More recently the same
Axial Field Spectrometer Collaboration [15] reported that when pions produced in two
central jets were selected, no elongation of the source region was observed along the jet axis.
ABCDHW Collaboration [17] confirmed the multiplicity dependence of the source size at
the highest ISR energy ( 4/s = 63 GeV),but at a lower energy (31 GeV), they found that
the multiplicity dependence was very weak. So it is interesting to repeat the same analysis
for p-p interactions at comparable energies. Recently the UA1 Collaboration [18] measured
the effect for pp collisions at /s = 0.2 - 0.9 TeV. They observed the source size roughly
independent of energy, but highly dependent on ‘the multiplicity: the higher the multiplicity

is, the larger the source size and the smaller the chaoticity factor.



2. DATA SAMPLE

The present analysis was done using the data obtained at a proton beam momentum
of 360 GeV/c (/s = 26 GeV) by the NA23-experiment performed at the European Hybrid
Spectrometer [26]. From an exposure of the hydrogen Rapid Cycling Bubble Chamber [27],
a data sample consisting of 9884 events with more than 4 prongs for which all charged
tracks were measured, were selected. Pions were identified by ISIS (a multiple sampling
drift chamber with a large volume) [28]. For the tracks without ISIS information, those
which stopped in the bubble chamber were identified as protons while all other tracks were
assigned as pions. In order to restrict the analysis to pions produced in the central region,
only those tracks with momenta in the centre-of-mass frame less than 6.5 GeV/c, one half
of the maximum possible momentum, were selected. This selection removes high energy
protons in the forward direction which may contaminate positive pions. Also tracks with
momentum error larger than 4 % were rejected. Checks were made that none of the selections
imposed at this level introduce systematic errors on the physical quantities of interest in the

subsequent analysis.

3. DATA ANALYSIS
3.1 GLOBAL ANALYSIS

Since it was anticipated that the source size might be multiplicity dependent, the data
sample was divided into two groups: one for charged multiplicity less than 13 and the other
for the rest. This choice is made in such a way that two samples of equivalent statistical
significance are defined: a low and large multiplicity sample, respectively. The Q? defined by
equation (1) was calculated for all combinations of pions. The @? distribution was obtained
by applying weights proportional to the ratio of the number of events to the topological

cross section.

A reference sample was formed by combining randomly particles of different events in a
data bank of the same multiplicity group. For each event, the sphericity tensor was calculated

and the eigenvectors for the tensor were used to define a coordinate system related to the



sphericity axis. All particle momenta were expressed with respect to this system. A hundred
thousand random numbers were used to generate data for each multiplicity group, so that
sufficient statistics were obtained. The Q? distributions of the reference samples for the two

multiplicity groups were combined with weights as were done for the real data.
The ratio R of the real data to the reference sample were obtained for all multiplicities

( Fig.1) and were compared to the distribution:

2 l—f—)\exp(-—szz)
R(Q)=C 13 607 . (5)

The equation (5) is equivalent to equation (2) with an additional factor 6 to take account
of the slow variation of R with Q* observed beyond the low Q? region. In the fitting, the

first data points, corresponding to Q% < 0.01 (GeV/c)?, were always omitted for the reasons

described in Section 3.4.
A x*-fit of the parameter p, A and § gave the following results:
p =0.99£0.17 fm, A = 0.37+0.08, 6 = 0.09£0.14 (GeV/c) ™% with x*(NDF) = 31(35).
Fig. 1 shows the data and the curve corresponding to this fit.

Within the present statistics, the parameter § is not significantly different from zero.
Setting 6 = 0 (to recover equation (2)) and using only the data points in the low QZ region

(Q* < 0.2 (GeV/c)?), where the Bose-Einstein effect is significant, we obtain
p = 1.0520.14 fm, A = 0.40+0.06 with x*(NDF) = 19.6(16),
in accordance with the results of the fit which includes the parameter §.

Our results on p and A are in good agreement with those obtained at similar energies

for 7*p and K*p interactions [12].

To check possible influence of single diffraction dissociation events on p and A, we re-
peated the analysis for samples where single diffraction dissociation events were eliminated
(by introducing a cut on positive tracks: |Xz| > 0.85 and a cut on the rapidity gap between
the fastest positive track and its neighbour: Ay > 2.5). We did not observe any signi'ﬁcant

difference.



3.2 MULTIPLICITY DEPENDENCE
When the ratios R were evaluated and fitted separately for the two multiplicity groups,
we obtained for multiplicities less than 13
p=1.04£0.22fm, A = 0.36::0.10, § = 0.17£0.15 (GeV/c) "2 with x2(NDF) = 31(35).
and for multiplicities larger than 13:

p = 0.84+0.24 fm, A = 0.43+0.13, 6 = -0.11£0.31 (GeV/c)~2 with x*(NDF) =
36(35).

One does not observe a significant multiplicity dependence, in agreement with the results
at +/s = 31 GeV by the ABCDHW Collaboration [17].

3.3 DIRECTIONAL DEPENDENCE

The four momentum transfer @ may be expressed as
Q' =Qr+Q% -4 =0} +Q} (6)

where Q7 and Qz represent the three momentum transfer components transverse and par-

allel to the sphericity axis respectively. If one uses the variables Q% and

QL= Q% - %, (7

these are invariant to boosts along the jet direction. Dividing our data into a two-dimensional
array with 20x20 bins for 0.0 < Q% < 0.4 (GeV/c)? and -0.1 < Q% < 0.3 (GeV/c)? and
fitting the function

1+ A exp(—p:sz% - p%Q%}) (8)
1+ 61@%\ + 52Qi

R(Q%, Q%) =cC

we obtain:

pr= 1.2330.27 fm, pr= 1.104+0.28 fm, A = 0.30£0.10,
61 = 0.2320.10 (GeV/c)~%, 6, = 0.88+0.10 (GeV/c)~? with x*(INDF) = 397(387).
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The data together with the curves corresponding to the best fit are shown in Fig.2.

One may conclude that pr and py, are the same within statistical errors. These results

are consistent with those found by an ISR experiment [15] but not with [14].

It was observed [29-31] that events of hadron-hadron collisions show remarkable similar-
ities with ete™ events at a similar centre-of-mass energy . Especially the sphericity and the
thrust distributions were quite similar with those from e*e™ events, and detailed analysis
showed that nondiffractive events were dominantly composed of ”di-jet configuration” with

the sphericity axis closely aligned with the collision axis.

One might have expected to observe a source size greater in the direction of the spheric-
ity axis of "di-jet” events. But the following argument was presented by Andersson and
Hofmann [9] and Bowler{10]. If the string model were correct, then particles produced at
the opposite ends of the region will be emitted in opposite directions, and so the length
scale measured by Bose-Einstein correlations is hence not the source size, but instead the
distance in production points for which the momentum distributions overlap, which should

not be very much different in longitudinal or transverse directions.
3.4 DOUBLE GAUSSIAN ANALYSIS

The Axial Field Spectrometer Collaboration [15] has shown that, analysing their data
obtained with ISR in Q rather than in Q?, the ratio R could be better represented by the

sum of two Gausssians,

1+ Arexp(—piQ?) + Az exp(—pi Q%) 9
T (9)

R(Q)=C

than by a single Gaussian.

We also notice that, when the ratio R is plotted against Q instead of Q% as shown in
Fig.3, the data deviate significantly from a single Gaussian curve in the region @ < 0.1
GeV /c, suggesting that the inclusion of a second Gaussian term would lead to a better fit.

The fit to equation (9) produces:



p1 = 0.97+0.12 fm, A\; = 0.35:£0.07, .

pz = 3.64+0.85 fm, Xz = 0.8540.37, § = 0.1040.03 (GeV/c)~? with x2(NDF) =
30(34),

while the fit to a single Gaussian equation gives:
p =1.12£0.12 fm, A = 0.46::0.07, § = 0.11:£0.03 (GeV/c) % with x*(NDF) = 37(36).

Both fits are displayed in Fig. 3. Due to poor statistics we cannot claim that the peak
near ¢ = 0 is really a Gaussian. But if it were so, it could be ascribed to resonance effects,
since many pions are known to be produced via resonances, which correspond to a larger
source size than for direct production. Our findings are consistent with the Axial Field
Spectrometer analysis[15]. It is interesting to note that Akhababian et al.[11] observed that
the source size measured for negative pions which were decay products of p° was about 3

fm, while those which were not associated with p° gave a source size much smaller.

All our data distributions, expressed either as functions of Q or Q2, display a peak
near ¢ = 0. The statistical errors are too large, however, to attempt systematically to
parametrize all the data with a double Gaussian form. Instead, we omitted the first point
in @? distribution corresponding to Q2 < 0.01 (GeV/c)? from the fits. This point was
equivalent to the first four points in the @ distribution (Q < 0.1 GeV/c) where the strong
deviation from a single Gaussian was observed. We estimated the source size of the primary

interactions in this way.

3.5 THREE-PARTICLE CORRELATION

The Bose-Einstein enhancement is expected to be even more pronounced for combina-~
“tions of three or more particles. We have measured three like pion correlations using Q%

defined as

Q* = Ml; — 9m? (10)

where the first term represents the square of the invariant mass of the three particles and

my the plon mass. A reference sample was formed by event mixing technique in the same



way as was done for the two-particle correlation. The distribution thus obtained is shown

in Fig.4. Fitting to the equation (5) produced
p = 0.5840.07 fm, A = 1.1940.22, § = 0.1940.11 {GeV/c)"? with x*(NDF) = 21(15).

From symmetrization of the wave function for three particles, as compared to that for
two particles, it can be shown that p for three particles will be 1/v/3 to 1//2 of that for
two-particle correlation and A for the former about five times of that for the latter [23].
We found that p is about one half of that for two-particle correlation and A about four
times. So what was found is consistent with the two-particle correlation, leaving no space
for any additional three-body correlation. The same conclusion was reported by the TASSO

Collaboration [23] and the Axial Field Spectrometer Collaboration [15].
3.6 EFFECT OF n'(958) DECAY

Among the many resonances produced, the cascade decays of n'(958), ' — n¥7x g
followed by n — #tx~n° or n — ntx~~, are known to produce like pions with low Q?
values. Fig.5 shows the Q? distribution for these like pion pairs. One can see that they
populate the Q? space exactly where the Bose-Einstein correlation effect is maximal. So it

is important to estimate the number of ' produced and correct for their effect.

One way of doing this is to use FRITIOF, a Monte Carlo low pr event generator based
on the Lund fragmentation scheme. This model is known to reproduce various aspects
of single particle distributions experimentally observed [32]. We processed outputs of the
program FRITIOF [version 1.0] with the same criteria as were used in our data analysis and
obtained 0.033 like pion pairs per eveﬁt coming from n' decay. We subtracted them from

the Q* distribution of our data and repeated the parameter fitting. The result was
p = 1.0640.23 fmm, A = 0.2840.06, § = 0.10£0.11 {GeV/c)~? with x*(NDF) = 31(35).

Since it is not known how correctly resonance production is described in the event gener-
ator and since it was pointed out in Ref. [12] that »’ production was strongly overestimated,

we tried to estimate n' production from our own data.
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In a previous paper [33], we used data from the two electromagnetic calorimeters in the
EHS spectrometer, for reconstructing particles decaying into two gamma-rays and found

that the inclusive n production cross section for | Xy| > 0.1 was about 3.5 mb.

Fig.6 shows the M(n,n ™ ,m~) effective mass distribution obtained with the present data,
using as n the two gamma effective region where an 7 signal is observed [33]. One can see
a small enhancement at the n’ mass. The distribution was fitted with a Gaussian centred
at 958 MeV, the n' mass, and a smooth background expressed as a polynomial of the third
order. The result of the fit is also shown in Fig. 6. It gave 1747 n'’s of this particular decay
mode. Considering the branching ratios of decay modes and correcting for the detector
acceptance, we estimated 0.019 like pion pairs per event coming from 7' decay, while the
FRITIOY event generator predicted 0.033 like pion pairs per event. So a factor of 0.55 was
obtained as the ratio of experiment to FRITIOF for the n' production. We used this factor
to estimate the amount of data in Q? distribution to be subtracted. Fig.7 shows the R(Q?)
distribution after the subtraction. The fitting of the distribution to Eq. (5) gave

p =1.0240.20 fm, A = 0.3240.08, § = 0.10£0.12 (GeV/c)~? with x*(NDF) = 31(35).

So we concluded that the correction due to n' is not significant compared to the statistical

errors in our analysis.

4. CONCLUSIONS

Table 2 lists all parameters obtained in the present analysis.
We summarize our conclusions as follows:

1) We have observed Bose-Einstein correlations for pions produced in soft p-p interac-

tions at /s = 26 GeV.
2) No multiplicity dependence of the source size was observed at this energy.
3) Analysis of its directional dependence indicated a source region with a spherical shape.

4) When the ratio R was plotted against Q, a strong peak near @ = 0 was observed.
Double Gaussian parametrization yielded a second Gaussian radius of 3.6 fm. This may be

ascribed to resonance effects.
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5) The effects of n'(958) decay were estimated and were found to be negligible at our

statistical level.

6) The results of a three-particle correlation analysis were consistent with those of two-

particle correlation.

7) Our results are in good agreement with those obtained at similar energies for w¥p

and K*p interactions[12].
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TABLE 1

Previous experimental results on Bose-Einstein correlation.

Experiment Reaction NE Data Variable Fitting A p(fm) Remark
form
Hadron-hadron Interactions
Bubble Ch.[3] PP 1.88  like/mix qr Eqn.(3) 0.640.06 1.45+£0.12 *
xtp 5.6 0.7610.02 1.43£0.05 *
K- p 5.6 0.75+0.05 1.27+0.08 *
Bubble Ch.{11]  # p 8.7  —-—/mix gr Eqn.(3) 3.44+0.4 *1
++/mix 1.2404 *
NA22[12| rp,K¥p 217  ——/mix Q*  Equ.{5) 0.35+0.02 0.77:£0.03
——/+— 0.38+40.01 0.8310.02
Bubble Ch.[13] pp 282  ——/+~ gr Eqn.(4) 0.58+0.05 1.50+0.25 *
ATFSC[14] PP 63 like/mix qr Eqn.(3) Ar 0.33£0.03 pr 1.8%0.1 *
Az 0.474007 py 32203 *
AFSC|15] PP 63 like/mix Q%,Q7 Eqn.(8) 0.33+0.03 pr 0.68+0.05
pr 0.66:+0.05
ABCDHW(18] PP 63 like/+— qr Eqn.(4) 0.45:0.03 1.104+0.06
op 63 like /-t~ 0.4340.05 1.05£0.09
ABCDHW][17] pp 63,44,31 like/+— Q%  Equ.(5) 0.3-0.5 0.7-1.7
UA1[18] pp 200-900 like/mix qr Eqn.{4) 0.4-0.15 0.7-1.2
Electron-positron Annihilations
Mark JI[19] ete” 31 44/ Q? . Eqn.(2) 0.71£0.03 0.8520.02
Mark 11[20] ete” 3.1 like/+— Q?*  Equ.(5) 0.6920.03 0.77+0.02
4-7 0.4610.04 0.63£0.06
29 0.28+0.02 0.75+0.03
CLEO|21] ete” 9.46  like/+— ar  Eqn.{4) 0.50:+:0.09 0.9930.14
continuum 0.43+0.07 0.8610.09
TPC[22] ete 20 like/mix Q Eqn.{5) 0.61+0.05 0.65:+:0.04
TASSO|23] ete 34 like/+— QZ,Q% Eqn.(8) 0.3140.03 pp 0.710.11
pr 0.7210.11
Lepton-hadron Interactions
EMC|24] up 23.4  like/+— Q7 Eqn.(5) 0.60-1.08 0.46-0.84
or mix
WA25[25] vd SPS wide band v beam
like/+~— or Equn.(4) 0.48+0.07 0.3640.04
In the column of Data, ’~=’-+-" and "+ ~' mean the combinations of #~x~, stz ™ and xtx~ respectively.
'like’ represents a sum of '——’ and '++’ combinations. 'mix’ stands for an artificial reference sample made up

by mixiﬁg pions from different events. Subscripts T and 7 stand for transverse and longitudinal components

of a three-vector, L for difference of longitudinal and time components of a four-vector (see Section 3.3).

L3

Those marked with in the column

about twice of those obtained with a Gaussian

function.
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Remark, used a Bessel function Jy. Their p values are equivalent to



1 For negative pions, double Gaussian fit gave two radii 1.140.5 and 5.542.0. The larger radius was attributed
to the resonance effect.

TABLE 2
Parameter summary of the present analysis.
Section  Fitting P) A 3 x*{NDF) Remark
form fm (GeV/c)—2
3.1  Eqn.(5) 0.99+0.17 0.37+0.08 0.09+0.14 31(35) all multiplicities
3.2  Eqn.(5) 1.04-:0.22 0.36+£0.10  0.17£0.15  31(35) multiplicities < 13
0.8440.24 0.43+£0.13  -0.11£0.31 36(35) multiplicities > 13
3.3  Eqn.(8) pr 1.2340.27 0.30::0.10 6, 0.23+0.10 397(387) Q%,Q? analysis
pr 1.1040.28 &2 0.88::0.10
3.4 Eqn.(Q) p1 0.97+£0.12 X 0.3540.07 0.10+0.03 30(34) Double Gaussian analysis
pz 3.6440.85 X; 0.85+0.37
Eqn.(5) 1.1240.12 0.4610.07 0.111+0.03 37(36) Single Gaussian analysis
3.5  Eqn.[5) 0.584+0.07 1.19:£0.22  0.19+40.11 21(15) Three particle correlation
3.6  Eqn.(5) 1.02+0.20 0.32+£0.08  0.10+0.12  31(35) Final results after correction

for n’ effect
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure 5.

Figure 6.

Figure 7.

FIGURE CAPTIONS

R(Q?) data. The curves are the results of fits to equation (5). In doing the fitting,

the first data point was omitted (see text).

R(Q%,Q%) data. The curves are the results of fits to equation (8).
Q% distribution for 0.00 < Q% < 0.04 (GeV/c).

Q% distribution for 0.04 < Q% < 0.08 (GeV/c)?.

Q% distribution for 0.08 < Q3 < 0.12 (GeV/c)?.

Q% distribution for —-0.03 < Q% < 0.00 (GeV/c)%.

Q2. distribution for 0.00 < Q% < 0.03 (GeV/c)®

Q% distribution for 0.03 < Q% < 0.06 (GeV/c)?.

R(Q) data. The solid curve is the best fit to the double Gaussian equation (9), while
the dot-dashed curve is the fit to a single Gaussian equation (5). The dotted and
dashed lines correspond to contributions from two sources of different radii in the

double Gaussian equation.

R(Q?) distribution for three like pion combinations. The reference sample was formed

by event mixing technique. The curve shows the result of the best fit to equation (5).

Q? distribution calculated for like pion pairs produced in the cascade decays n' —

x+tr~n followed by n — mt7~#° (solid histogram) or n — 77~ ( dashed histogram).
The effective mass M(n,7,77) distribution for  — vy decay.

R(Q?) corrected fof the effect of n' decays. Data points and the solid line are the

results after correction, while the dashed line is the curve before correction.
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