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Abstract

- Four data sets of charged current neutrino and antineutrino interactions with neon,
deuterium and hydrogen collected from BEBC and the 15 Foot Bubble Chamber are used
to study the Bose-Einstein correlations between like-sign charged pions. Two forms of the
parametrization for the effect are used. No substantial differences are found between the
data sets obtained with neon, deuterium and hydrogen targets. The Lorentz invariant
parametrization of Goldhaber gives for the radius of the pion emission region the value
rg = 0.80+0.04£0.16 fm and for the chaoticity parameter the value A = 0.61+0.04+0.15.
Using the Kopylov-Podgoretskii parametrization yields rgx = 1.27 £ 0.06 + 0.12 fm, A =
0.58+0.03+0.12 and for the pion source lifetime er = 0.52+0.05+0.12 fm. The Goldhaber
parametrization was used to study the effect in further detail. The same emission radius
and the same strength of the effect were found for particles produced in interactions on
neutrons and protons, The data are compatible with a spherical shape of the pion emission
region. No multiplicity or forward-backward dependences are found. No dependence of
the effect on the event kinematical variables is seen.
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1. Introduction

Bose-Einstein (BE) correlations are expected from basic quantum mechanical prin-
ciples and originate from the symmetrization of the two-particle wave function of
identical bosons. The details of the effect depend on the distribution of the source
in space and time. The investigation of the BE effect is thus a powerful method
for measuring the space-time dimension of the region from which identical bosons
with similar momenta are emitted. The theory of this method was developed in
the papers of Kopylov and Podgoretskii [1] and Cocconi [2]. An analogous method

was first proposed by Hanbury-Brown and Twiss in astronomy to determine angular
 sizes of stellar objects [3].

In multiple hadron production the BE effect was first observed in a low energy
pp annihilation experiment [4]. Subsequently, the sizes of pion emission regions have
been determined in hadronic and nuclear interactions {5]-[18], in e*e~ annihilation
[19]-[27] and in lepton-nucleon interactions [28]-[30]. The radius of the pion emission
region was found to be of the order of 1 fm in elementary particle collisions and
several fm in nuclear collisions. Reviews of theoretical methods and experimental
data concerning the BE interference effect have recently been given in [31]-[34].

One of the aims of this paper is to search for possible differences in the BE effect
for pions produced in the interactions of (anti-)neutrinos on free and on bound nucle-
ons. Such differences may exist, because after their generation inside nuclear matter
pions can undergo rescattering before the stage of free propagation. It is commonly
assumed that pair correlations of identical pions are determined by the relative po-
sitions of their last scattering points, which thereby play the role of sources. The
BE effect can thus give information on the formation and propagation of hadrons in
nuclear matter.

For the present analysis, four data sets of charged current neutrino and antineu-
trino interactions with neon, deuterium and hydrogen targets have been used, which
were collected in the Big European Bubble Chamber (BEBC) at CERN and in the
15-Foot Bubble Chamber at Fermilab. A comparison of results from different data
sets allows more reliable conclusions to be drawn.

In the next section various parametrizations for the BE interference effect are
presented. Experimental details are given in section 3. The methods of analysis
are explained in section 4. Results are presented and discussed in section 5 and
conclusions are given in section 6.




2 The phenomenology of Bose-Einstein correla-
tions

The strength of the BE correlation effect can be expressed in terms of the two-
particle correlation function R, defined as

R(p1,p2) = D(p1,22)/ Do(p1, p2), (1)

where py, p; are the particle four-momenta, D(p;, p;) is the measured two-particle
density and Dy(p;,p:) is the two-particle density in the absence of BE correlations.
Let us consider the simultaneous detection of identical pions (Fig. 1). We assume
that the pions are emitted incoherently from two sources placed at points 7, and
73, and are observed with momenta 5, and p; at detectors a and b. According to
quantum mechanics, the wave function describing the two pions must be symmetric

under the exchange of the two pions:
¥ = %(qjuqubﬁ + Y30 Vas), (2)

where VU, is the wave function for a pion produced at 7, and observed at detector
a, and so on. The correlation function then takes the form

R(Pg,pb) =1+ COS((T' F)’ (3)

where § = p; — Py, 7 = ¥y — 7s. This expression shows that the BE effect measures
the projection of the space distance between the sources on the direction of the
momentum difference between the observed pions.

This picture of a two-point source can be generalized to a continuous distribution
p(Z,1) in space and time of sources emitting pions independently. The corresponding
modified correlation function is

R(p1,p2) = 1+ [3(q) %, (4)

where ¢ = p; — p; and 5(q) is the Fourier transform of p(Z,1).

A partial coherence of pion production reduces the correlation function R(p;, p2).
This reduction is usually accounted for by a chaoticity (or incoherence) parameter
A, first introduced in [5):

R(p1,p2) = 1+ Aa(g)P, (5)

with 0 £ A £ 1. For totally incoherent sources, A = 1 and R = 2 for p; = p;. The
BE effect thus allows one to probe the local space-time structure of the emitting
source and is sensitive to its size, shape and coherence.

The full reconstruction of p(Z, t) from R(p,, p;) is difficult. Therefore the analysis
of the experimental BE correlations is performed in terms of several parametriza-
tions of the distribution p(Z,t) or, equivalently, of the correlation function R(p;, pa).
Usually, two types of parametrizations are used:
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— The Kopylov-Podgoretskii parametrization {1}, which corresponds to a radi-
ating spherical surface of radius rx with incoherent point-like oscillators of
lifetime 7:

Rla, go) = 1+ MaJ{(qrx) /(x| /11 + (qo7), (6)

where J; is the first-order Bessel function, 7= 7, + 7 , w=IE1~E q¢=
|g x p]/|7]. This parametrization is not Lorentz-invariant, and the variables
are calculated in the centre of mass of the final-state hadrons.

- The Goldhaber parametrization [4, 35, which corresponds to a Gaussian shape
of the source in the centre of mass of the pair, where go = AFE = (;

R(M?) =1+ hexp(—riM?), (7)

where M? = —(p, — p;)? = M2, — 4m? , M, being the invariant mass of the
pion pair. This parametrization has the advantage of being rather simple and
of having a Lorentz-invariant argument. It can also be written in terms of the
Kopylov-Podgoretskii variables g; and go [31]:

E(gi, ) = 1+ Aexp[~rZq? — rigd/(v* - 1)), (8)

where 7 is the y-factor of the pion pair.

It has to be noted that the parameters rg and rg have different mnterpretations.
At small ¢; and ¢o, however, the parametrization (6) can be approximated as

R(g:,90) = 1 + dexp[—(rx /2)%q? — (go7)?]. (9)

Comparing equations (8) and (9), the approximate relation rx = 2rg 1s expected.

3 Experimental data

The data used in the present analysis come from four bubble chamber experiments
performed in the wide band neutrino and antineutrino beams of the CERN SPS and
of the FNAL synchrotron at an incident proton energy of 400 GeV.

Two experiments, WA59 and E180, used a heavy neon-hydrogen mixture. The
WAS9 experiment employed the Big European Bubble Chamber BEBC at CERN,
filled with 75 mole-% neon mixture (density 0.704 g/cm®, radiation length 42 cm);
muons were identified by a two-plane external muon identifier (EMI). The E180
experiment used the 15-Foot Bubble Chamber at Fermilab, filled with a 64 atomic-
% neon mixture (density 0.74 g/cm?, radiation length 39 cm); muons were identified
by a one-plane EML

The WA21 and WA25 experiments were performed at CERN with BEBC, in
beam conditions similar to those of the WA59 experiment. WA21 used a hydrogen
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target, which permits one to investigate hadron production in clean conditions, as
no nuclear effects distort the data. WA25 used a deuterium target, thus allowing
one to study separately interactions on protons and on neutrons, and at the same
time reducing to a minimum intranuclear reinteractions of produced particles.

The two experiments that use a heavy neon-hydrogen mixture (WAS59 and E180),
show very similar results, as expected. In the following, these data are combined
and are called “Neon”. The WA21 data are called “Hydrogen” and the WA25 data

“Deuterium”.

The (anti-)neutrino energy is determined in each event after correcting for the
loss of neutral hadrons by a method based on transverse momentum balance. Further
details on the four experiments can be found in [36]-[39].

For the following analysis, charged current events are selected with a muon
momentum p, above 4 GeV/c. The total hadronic mass W is required to be above
2.5 GeV in order to select the kinematical region where multiple pion production is
developed. The sizes of the final event samples are presented in Table 1.

All secondary charged particles were assumed to be pions, unless identified as a
muomn, an electron or a proton. The negative hadrons are mostly pions with a small
kaon contamination. The positive hadrons include in addition a significant fraction
of unidentified protons. Under these conditions the BE effect is expected to be more
clearly seen for the negative hadrons.

The precision in the momentum and angle measurements is important for this
investigation, because insufficient resolution tends to flatten the interference effect.
For the analysis only hadrons with a fractional momentum measurement error Ap/p
below 30% are used. Corresponding losses are corrected for by a weighting proce-
dure. The final results are however rather insensitive to this correction because the
BE effect is determined by the ratio of the two-particle densities (see eq. (1)), such
that the correction essentially cancels. The experimental resolution in M? is esti-
mated to be AM? < 0.01 GeV? at M? ~ 0.1 GeV? for the Neon data; for Deuterium
and Hydrogen it is better. The resolution improves strongly with decreasing A2,
Such a resolution is entirely adequate to measure the radius of the pion emission
region around an expected value of 1 fm.

In the subsequent analysis particle pairs with M? < 0.0002 GeV? are not in-
cluded. This both removes the few particles double-counted during measurement or
reconstruction and also the main contribution from Dalitz pairs. It also excludes
the region where Coulomb effects are significant (note that for the accepted data
above M? = 0.0002 GeV? the Coulomb effects are taken into account by the Gamow
factors). There are only about 10 to 20 particle pairs excluded from each experi-
ment. As a check, part of the analysis was repeated with M? above 0.001 GeV?2.
Since the results remained practically the same one may conclude that the residual
contribution from Dalitz pairs is negligible.

Finally, only events with at least two hadrons of the same charge (2h~ or 24)



are retained. The numbers of (——), (++) and (+—) pairs available are given in
Table 2,

4 The experimental method of studying the BE
effect

4.1 Reference sample

The BE interference effect is usually studied by comparing the distributions for
pairs of hadrons of like charge with those of unlike charge, at emall values of the
variables M? or ¢,. As an example Fig.2 presents the uncorrected M? distributions of
hadron pairs with negative (——) and unlike (+—) charge for the three data samples.
The (+-) distributions are normalized to the (——) distributions in the interval
0.20 < M? < 0.36 GeV?. The figure shows two differences between the distributions
for (——) and (+-) pairs. Firstly, the (——) exceeds the (+—) distribution at small
values of M?; this is a manifestation of the BE effect. Secondly, there is a small
excess of the (+—) over the (——) distribution around M? = 0.5 GeV? which is due
to p meson production (see below).

The main experimental difficulty is to derive the reference two-particle density
Dy(py1, pz) in order to determine that part of the difference at small M2 that is to be
attributed to the BE effect. Ideally, the reference sample for estimating Dy(p1,p2)
should be identical in all aspects to that of the like-charge pairs, except for the
BE interference effect itself. Various methods for the construction of the reference

sample have been proposed in the literature [31}-{34], in particular the following
three:

A) The reference sample is formed of all (+—) pairs, normalized to the number of
(——) pairs. In this method, however, resonances cause additional correlations.

B) The reference sample is formed adopting the so-called "mixed event” method:
a hadron from one event is combined with a hadron of the same charge, ran-
domly chosen from another event that has approximately the same character-
istics. For this method, the events are subdivided into several bins of charged
multiplicity (N.s) and W. The momenta of the particles in one event are then
rotated, such that the direction of the vector ¢ = 7, — §, coincides with that
of the second event; pairs of hadrons are then formed. The number of pairs
in the reference sample is normalised to the number of like-charge pairs in the
same (Ng, W) bin, This method is free from additional correlations due to
resonances. However, correlations are lost, especially in the regions near the
phase-space boundary, since in this method energy and momentum are not
conserved.



C) The reference sample is formed by pairing unlike-charge hadrons from the same
event, after the transverse momenta g, of the hadrons (with respect to the cur-
rent direction) have been randomly interchanged in the hadronic c.m.s. (The
interchanging is carried out for the two components of p; independently). The
same normalization is used as for method A. This method is called the "reshuf-
fled ;" method. It conserves the three-momentum, but energy conservation
is slightly violated.

Another method for constructing the reference sample has been proposed [40]
in a study of BE correlations in ete™ annihilation: correlations due to resonance
decays and kinematical reflections are avoided by reflecting the momenta of all
positive hadrons at a plane perpendicular to the sphericity axis.

4.2 Resonance contributions.

Correlations between identical pions produced in lepton-hadron interactions arise
from several sources: conservation laws, dynamics, and BE statistics. The BE effect
is the same for the #*7% and 7~ 7~ pairs, but dynamical effects (e.g. resonance
production) and conservation laws can influence 7t 7+ and 7~ 7~ systems in different
ways. Such correlations are investigated using a simulation that does not contain
the BE interference effect, namely the versions LEPTO 4.3 [41] and JETSET 6.3
[42] of the Lund Monte Carlo (MC) program. A value of 0.21 was chosen for the
parameter PAR(2) = P(s)/P(u), and all other parameters were set to their default
values.

Figs. 3 and 4 show the MC predictione, as functions of #? and g, respectively,
for various ratios of numbers of pion pairs. One observes that:

i) for pairs of pions that do not come from the same resonance, the ratios
(==)/(+-) and (++)/(+-) are linear and approximately flat, decreasing

only slightly at high M? or ¢ (curves 1 and 2);

ii) the contributions to (++) and (——) pairs from 7/ decays (n/ — gr¥7=,7 —
n+a~ 7% (r*7~4)) influence the region of small M? or ¢, at a level of 10 to 20%
(curves 3 and 4);

ili) for vV interactions, there is a contribution from A+* decays, when the proton
is misidentified as a pion (curve 5). For v/ interactions (not shown), such a
contribution is practically absent;

iv) the contributions to (+~) pairs from 7,7/ and w decays show rather strong
variations at small M?2. At higher M?, there is a large contribution from
the p° resonance (Fig. 3b). For the distribution in ¢;, the summed resonance
contribution looks flatter (Fig. 4b).



However, the Lund model is not suitable for correctly estimating resonance
production in neutrino interactions. It has been shown in several experiments [38,
39, 43, 44], that the average p° multiplicity in » and ¥ interactions is overestimated
in the Lund model* by a factor 1.5 to 2. It is also known that 7/ production is
strongly overestimated in Lund fragmentation [10]. It should be stressed that the
resonance contribution to (+—) pairs can influence the BE study only if reference
sample A is used, whereas the 5/ contribution to (==) and (++) pairs directly
modifies the apparent strength of the BE effect, whatever method is used.

4.3 Quality of the reference samples

For the present analysis, all three above mentioned methods of constructing the
reference sample were tested, using a Monte Carlo (MC) program [45) that simu-
lates (anti)neutrino events under the experimental conditions. Two variants of the
program were used. The first contains a longitudinal phase space (LPS) model for
simulating hadron production in neutrino-nucleon interactions, the second is based
on the Lund fragmentation scheme. Neither variant contains BE correlations. The
MC program includes the effects of hadron intranuclear rescattering, measurement
errors and misidentification of charged hadrons. Samples of 100000 neutrino and
100000 antineutrino events were generated for each experiment, and the MC corre-
lation functions, using methods A, B and C, were determined.

As an example, the MC correlation functions R~ and R** are shown as func-
tions of the variables AM? and ¢; in Figs. 5 and 6 respectively, for the conditions
of the WA59 experiment. Method C is seen to lead to a rather large artificial en-
hancement at low M? and especially at low g;. Therefore a2 modification of method
C was tested (marked as C* in the Figs. 5 and 6) in which the reshuffling of the
transverse momentum components is done in the laboratory system. In this case,
the artificial enhancement is somewhat smaller than before, but still sizable. The
same conclusion was obtained by the NA22 collaboration [10]. On the other hand,
the EMC collaboration {28] found that the correlation function obtained by method
C with the Lund model is rather flat in the variable AZ. They used a modifica-
tion of method C in which the whole f; was reshuffled between particles while in our
approach the two components of 5; were reshuffled independently. Therefore the cal-
culation of the correlation function was repeated exactly as in the EMC paper (28],
but no significant differences were found as compared to the previous approach. It
is therefore concluded that, at least for the present experimental conditions, method
C is not well suited for deriving a reference sample, so that this method is not used
in the following analysis.

The correlation function R(M*?) obtained by method B, using the Lund simula-

*This conclusion was obtained by comparing the data from these experiments with predictions
of the Lund model version JETSET 5.2. But, as has been checked, the versions JETSET 5.2 and
JETSET 6.3 give the same p° production rates for the conditions of these experiments.



tion, is reasonably flat, with only a small positive correlation at low M?; however,
the LPS variant gives a significant peak at small M2. The behaviour of the correla-
tion function in the variable g, is even worse, since in addition to a peak at small ¢,

it shows a rather large slope with increasing ¢;. Method B must therefore be used
with caution.

Method A looks rather attractive for both variables. However, its obvious de-
ficiency is the contribution of p° mesons to the m*7~ two-particle density, which
reduces the correlation function R(M?) in the range 0.36 < M? < 0.64 GeVZ and,
less strongly, the correlation function R(g:) in the range 0.6 < ¢; < 0.8 GeV/c. The
use of method A therefore requires the removal of these kinematical regions from
the analysis.

The above considerations on the quality of the reference samples lead us to apply
methods A and possibly B when using the variable M? and only method A when
using the variable ¢;. '

The data were not corrected with the corresponding MC ratios as was done, for
example, by the EMC collaboration [28], because the Lund model does not describe
resonance production in neutrino reactions quantitatively.

4.4 Final-state interactions between pions

The final-state Coulomb interaction between produced pions distorts the two-particle
densities of like and unlike charge pion pairs at small momentum differences. The
attractive force between unlike-charge pions leads to an enhancement and the repul-
sive force between like-charge pions leads to a suppression. Usually this Coulomb
effect is accounted for by introducing the Gamow factors [46] Gy(y)(7) for like {unlike)
charge pions

D?(u)(plapz) = Gl(u)(n)Dl(u)(plspZ)a (10)

where D° and D are the two-particle densities in the presence and absence, respec-
tively, of the Coulomb final-state interaction. The Gamow correction factors are
given by:

_ 27y
Gi(n) = exp(2mn) — 1’
(11)
G _ 2mn
u(n) - 1 - exp(—27rn) ]

with 5 = am,/M,a = 1/137. This correction is rather small except for very small
M? values (~ 3% at M? = 0.01 GeV?), but is nevertheless taken into account
because of its simplicity and for completeness. Technically, it was introduced into
the data by weighting each like-charge pair by 1/Gi(n) and each unlike-charge pair
by 1/Gu(n). The correction is twice as important for method A as for method B.



Final-state 77 rescattering generates a similar effect as the Coulomb interaction.
This effect has been estimated [47], using experimentally determined phase shifts
for I = 0 and / = 2 7w scattering under the assumption that s-wave scattering is
dominant -at small momentum differences. The repulsive force in the 7 = 2 channel
can reduce the measured correlation function by as much as 20%. The I = 0 channel
may affect the correlation function if unlike-charge pairs are used for normalization
(method A). However, the estimates of the 77 scattering effects have such large
uncertainties that no attempt is made here to correct for them.

In experiments with nuclear targets, the correlation function may also be dis-
torted by strong or Coulomb interactions between the emitted pions and the rest of
the target nucleus. Experimentally, final-state Coulomb interaction between a pion
and the rest of the nuclear system has been estimated using a crude approximation
[15], and was found to be very small. All such distortions are ignored in the present
analysis, "

5 Results

In the following the v and 7 data are combined for all experiments, unless special
comments are made.

5.1 Fits with the Goldhaber parametrization

Figs. 7 and 8 show the correlation functions R(M?) obtained by methods A and B,
respectively. All plots show a BE enhancement at small values of M?. For (—-)
pairs the enhancement is more significant and looks approximately the same for
both methods used. For (++) pairs the enhancement is smaller and the slope of the
correlation function at high M? depends on the method used.

The data points in Figs. 7 and 8 were fitted by the Goldhaber parametrization
in the form: B ) _
R(M?) = ~[1 + dexp(—ri M1 + 6M?). (12)

The fit parameters are the normalization v, the chaoticity ), the spatial dimension of
the pion source r¢ and a linear slope & of the background. The chaoticity parameter
A was introduced above as a measure of the incoherence of the pion emitters. On
the other hand this parameter also accounts for the reduction of the BE signal by
resonance production, particle misidentification and experimental resolution. The
contribution of misidentified pions in like-charge pairs was studied by Monte Carlo.
For negative hadrons about 90% of the pairs are true #~ 7~ pairs, practically inde-
pendently of M2, For positive hadrons, the corresponding fraction is only 60 — 70%
at small M? and slowly falls to 50 —60% at M? = 1 GeV?, with variations depending
on the neutrino and target type. The parameter é takes account of the variation
of the correlation function at larger A&?2. It should be noted, however, that there
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is no strong argument for the particular form (1 + 6M?) for this correction factor;
therefore large variations of R(M?) at large M? can lead to some biases on the fitted
parameters A and rq.

The fitted values of the parameters are presented in Tables 3 and 4 for (——)
and (++) pairs respectively. The region 0.36 < M? < 0.64 GeV? was excluded from
all fits when using method A, as discussed in section 4.3.

In Table 3 the fit results for Neon, Deuterium and Hydrogen are in good agree-
ment when using method A. Furthermore, the Neon results obtained with method B
are compatible with those obtained with method A, whereas the Hydrogen and Deu-
terium results for re and A are 10 to 30% lower with method B than with method
A. For all data sets the value of A obtained with method B is 10 to 30% lower than
with method A.

The results obtained for the Deuterium data with method A differ from those in
[29]. The reason for this difference is that in [29] the p mass region was not excluded
in the fits. Fitting the data of [29] excluding the p mass region yields a value for
the radius which is very similar to the value of this paper.

For positive hadrons (Table 4), the situation is more complicated, the fitted
values of A and rg obtained with method B being different from those obtained
with method A for all data sets. The values of A and rg obtained with method A
are more or less compatible for all three data sets. '

A comparison of the parameters for (++) and (—~) pairs shows that the chaotic-
ity parameter A is nearly 1.5 times as big for negative as for positive hadrons. This
agrees with the relative proportions of true =~ 7= pairs in the (——) pairs and of true
wtxt pairs in the (++) pairs given above. The same observation has been made
in & number of experiments. For example, the NA22 collaboration found that the
BE effect for identified positive pions was twice as strong as for all positive hadrons
[10]. One also notices that the radius rg is generally larger for (++) pairs than for
(——) pairs, whatever method used.

To understand the difference in the values of A and rg for negative and positive
hadron pairs, the BE effect, measured with method A, was simulated with the Lund
Monte-Carlo for the conditions of the WA25 experiment. Like-charge pion pairs were
assigned a weight according to (7), while other charged hadron pairs were assigned
a weight of 1. As an illustration Figs. 9a and b show fitted values of chaoticity,
Agit, and radius, ry,;, as functions of Ay, i.e. the initial value used for the weight
calculation according to (7). The initial value of the radius, rg, was taken to be
0.8 fm. For negative pairs, a rather good agreement is observed between the input
and output values for A and rg, down to A = 0.25. In contrast, the positive pairs
show large inconsistencies between the input and output values of A and rg. The
tendency observed in Fig. 9 is that observed in the data: the fitted values of rg are
bigger for positive than for negative pairs and the Ay; values are smaller for positive
than for negative pairs. For both parameters the fit errors are larger for positive
pairs.
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As the (——) pairs show a larger, cleaner and more stable signal, they are more
suitable for a further investigation of the BE effect. Therefore only (——) pairs are
used in the following.

The difference in the values of A and rg for the three different data sets can not
be considered as statistically significant for (——) pairs. Therefore the correlation
function R~~(M?) was fitted in the form (12) to all three data sets simultaneously,
the results being given in Table 3 as ”All”. One notices a reasonable quality of the
fits, indicating that all data sets can be described by equation (12) with a single set
of parameter values. (For (+4) pairs the same procedure yields only bad fits, see
Table 4). Alternatively, the values of A and r¢ were constrained to be the same for
all data sets, whereas different values of ¥ and & were allowed for the different data
sets. The fitted values of A and rg were the same as before, with X*/NDF = 55/52
for method A and x*/NDF = 87/73 for method B. If in addition different values
of A are allowed for different sets, the fit results for rg are practically the same as
before, namely r¢ = 0.80 & 0.04 fm for method A and re = 0.65 + 0.02 for method
B, while the values of A are in the range 0.57 to 0.64 for method A and 0.44 to 0.50
for method B. One may thus conclude that the data sets are compatible and the
best estimates of A and rg are obtained from the combined sample with method A.
The differences between the results of methods A and B give conservative estimates
of the systematical errors. The measured values of A and rg are then:

A = 0.61£0.040.15,
re = 0.80+0.04+0.16 fm.

5.2 Fits with the Kopylov-Podgoretskii parametrization

The Kopylov-Podgoretskii parametrization (6) requires searching for the BE effect at
small go values. Therefore the data are divided into the following three g, intervals:
go < 0.15 GeV; 0.15 < go < 0.40 GeV, and gy > 0.40 GeV. The correlation function
R(q:,q0) for (——) pairs obtained with method A is shown for the three go intervals
in Fig. 10. The number of (+—) pairs is normalised to the number of (——) pairs
for the whole ¢y region. The data show an enhancement of (g, q0) at small ¢; for
go < 0.15 GeV and are rather flat for g > 0.40 GeV. Table 5 gives the result of a
simultaneous fit for the three go intervals to the expression

R(ge90) = 7{1 + A[4J7 (k) / (aerie)’)/[1 + (g07)*]}- (13)

The region 0.6 < ¢; < 0.8 GeV/c was excluded from the fit.

A similar procedure is adopted to study the dependence of the correlation func-
tion on g in intervals of ¢;. Three intervals are chosen: ¢, < 0.2 GeV, 0.2 < ¢, < 0.5
GeV and ¢; > 0.5 GeV. Again, in agreement with (6), an enhancement is observed
(Fig. 11) at small go only in the first two g intervals. The results of a simultaneous
fit for the three ¢, intervals are given in Table 6.
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The fitted parameters for R(q;) and R{g) are compatible within each data
set which shows that the parameters are not affected by the binning of the two-
dimensional function R(g:,¢c). The Deuterium and Hydrogen data give smaller
values for the parameters rx and 7 than the Neon data, especially for the pion-
source lifetime 7. Nevertheless, as in the previous section, all data sets were fitted
simultaneously, the fit results being presented in Tables 5 and 6. A fit with different
values of v and A for the different data sets changes the values of re and 7 only
slightly. Our best estimates of the parameters A, 7k and 7 are:

A = 0.58+£0.03£0.12,
rk = 1.27+0.06 £0.12 fm,
er = 0.52+0.05£0.12 fm,

where the average differences between the results for the various data sets were taken
as estimates of the sytematical errors. All values of the parameters agree quite well
with those obtained by the TPC detector at PEP [19] in ete™ annihilation, namely
A =0.6210.06 £0.06, rx = 1.27 £ 0.07 £ 0.08 fm and ¢r = 0.62 + 0.10 = 0.15 fm.

Finally, comparing the values of the radius obtained with the Goldhaber (Table
3) and Kopylov-Podgoretskii (Tables 5 and 6) parametrizations it is seen that they
do indeed fulfill the approximate relation rg =~ 2rg, at a 20% level of accuracy.

5.3 Dependence on the incident neutrino type.

It is interesting to study the correlation function for neutrino and antineutrino in-
teractions separately. From the curves 3 and 4 in Fig. 3a it is clear that one of the
differences between v and 7 interactions, expected on the basis of the Lund model
without BE effect, is due to the different relative contributions of the 1/ meson de-
cay products to the like-charge pion pairs. Hence, the peak in the region of the BE
effect for (——) pairs should be slightly stronger in » than in # interactions. The
results of fitting the correlation function R(N?) for (——) pairs produced in » and
v interactions separately are given in Table 7. For each data sample, the fitted pa-
rameters for v and 7 interactions are compatible at the level of 1¢ to 1.50; however,
the parameter A is greater for v than for U interactions in all cases. This result is in
line, at least qualitatively, with the expected influence of the n/ resonance discussed
above,

5.4 Dependence on the type of the target nucleon.

Neutrino and antineutrino scattering in deuterium allows one to study the BE corre-
lations separately for interactions on protons and on neutrons. In principle, charged
current neutrino (antineutrino) events with an even number of charged tracks (even
prongs) should come from v(7)n interactions and events with an odd number of
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charged tracks (odd prongs) from »(¥)p interactions. However odd prong events can
also be due to »(7)n interactions where: i) the spectator proton gives a visible track
in the chamber, or ii) hadrons produced in the primary interaction scatter from the
spectator proton (rescattering).

The WA25 data were used to search for possible differences in the BE effect when
(anti-)neutrinos interact with a proton or neutron. An event was classified as a v(P)n
interaction if it had either an even number of prongs, or an odd number including an
identified proton in the backward direction. (Such a proton is a spectator proton,
since in a v(P)p interaction the secondary proton does not go backward in the
laboratory system). All the remaining odd prong events were classified as v(v)p
interactions. The correlation functions R~~(M?) for interactions on protons and
neutrons were fitted to the form (12). The resulting fit parameters are given in
Table 8. The values of A and rg for v(7)p interactions are compatible with those
from the Hydrogen sample in Table 3. There is no significant difference in the size
of the pion emission region for interactions on protons and neutrons.

For completeness, the possible effects of rescattering and forward going spectator
protons were estimated, using a weighting procedure as described in [49]. All events
were classified into three groups: i) even-prong events (EP); ii) odd-prong events
without visible spectator proton (OP); iii) events with a visible spectator proton
(SP). Separate M? distributions for neutron-target and proton-target events were
obtained plotting each event first with a neutron-target weight W, and then with
a proton-target weight W, = 1 — W,,, compensating for the effects of both rescat-
tering and spectator-proton identification. The weight W, was estimated as W, =
Wap/(1 ~ f), where f is the fraction of events involving rescattering, while Wep=0
for OP events, W, = 1 for EP events and W,, = 1+[(E,— P, cos 8,)/(E,+ P, cos 6,)1?
for SP events. Here F,, P, and 0, are, respectively, the energy, the momentum and
the production angle of the observed backward spectator proton. The value of the
rescattering parameter f was taken to be f = 0.12 according to [50).

Table 8 shows that the correcting procedure practically does not change the fit
parameters. One can thus conclude that no significant dependence of the BE effect
on the type of the target nucleon is observed.

5.5 Shape of the pion emission region.

In section 2 it was shown that in the simplest case of two sources the correlation
function depends on the scalar product of the difference vectors § = 5; — j» and
F=2ZI— Iy
R=1+cos(q-7). (14)
The BE effect thus measures the source size in the direction of the momentum
difference ¢, and gives the possibility of measuring the shape of the pion source.
To search for a possible non-spherical shape of the pion source, the data were
divided for each experiment into two subsamples of hadron pairs, defined according
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to the value of the angle 6 between the momentum difference § and the virtual-
boson momentum @iy, calculated in the c.m.s. of the hadron pair. For pairs with
|cos 8] > 1/4/2, the BE effect measures the longitudinal dimension of the source
(along the direction of §i), while for pairs with |cos8| < 1/+/2, it measures the
transverse dimension of the source.

The results of fitting equation (12) to the correlation functions R(#?) con-
structed from these subsamples are given in Table 9. The data are compatible with
a spherical shape of the pion source as seen in the 7 rest frame.

5.6 Dependence on charged hadron multiplicity.

Hadronic experiments at high energies (/s > 30 GeV) have reported that the radius
of the pion emission region increases with the charged hadron multiplicity N, (see
e.g. [8]). At smaller energies no such multiplicity dependence was observed. The
present data were divided into two subsamples for each experiment: a) events with
N £ 6 and b) events with Ny, > 6. For each subsample, the radius of the pion
emission region was measured using method A for the reference sample. The fit
parameters are presented in Table 9. No sizeable difference in the fitted values of
r¢ i1s found between the different data sets.

If the multiplicity dependence of the source size is related to an increase of the
particle density An/Ay in rapidity (see e.g. [48]), this dependence of rg on An/Ay
1s probably too small to be observed in the present data.

5.7 Forward and backward pions.

In lepton-nucleon interactions the pions going forward in the hadronic ¢.m.s. come
mainly from the fragmentation of the scattered quark, while pions going backward
come from the spectator target remnant. The emission regions for pions going
forward and backward can thus be different. The present data give, however, the
same values of the source radius for backward and forward pions (see Table 9).

5.8 Dependence on the event kinematical variables.

In order to study the dependence of the BE parameters on the kinematical variables
Q* (four-momentum transfer squared), W? v = E, — E, and Bjorken-z, the data
were divided into three regions for each variable, defined in such a way that each
region contains approximately the same number of negative hadron pairs. The
results of the BE analysis performed in each of these regions, using method A, are
presented in Fig. 12a. No sharp dependence of r4 and A on the kinematic variables
is observed. Since all three data sets are in rather good agreement with each other,
they were combined to search for possible dependencies, using a smaller binning in
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the kinematic variables, The results are presented in Fig. 12b, leading to the same
conclusion as above.

6 Summary and conclusions.

Bose-Einstein correlations were studied for negative and positive hadron pairs, us-
ing data of two v(7)Ne experiments, a v(#)D experiment and a v(7)p experiment.
Three methods were considered for the construction of the reference sample: unlike-
charge pairs, mixed events and p; reshuffling. The quality of these methods was
checked using a Monte Carlo program that offered two possibilities for the hadron
fragmentation: either the Lund model or an LPS model without resonance produc-
tion. The p, reshuffling method was rejected because of its behaviour at small M?
and g;. Two parametrizations, the Goldhaber and the Kopylov-Podgoretskii form,
were used to compare the data with theory.

The BE effect is seen in pairs of negative and in pairs of positive hadrons, the
effect being stronger for negative hadrons. Such a behaviour is connected with the
rather large contamination of the positive hadron sample by misidentified protons. A
simple Monte Carlo simulation confirmed that the BE effect is weakened for positive

hadrons. Therefore, only negative hadron pairs were used for further investigating
the BE effect.

For the Goldhaber parametrization, the data sets yield the following best esti-
mates for the chaoticity parameter and for the radius of the pion emission region:

A = 0.61£0.04+0.15,
re = 0.80+0.04 £0.16 fm.

These results are in agreement with those obtained in ete~ annihilation (e.g. [22]),
pp interactions [28] and v A interactions [30].

For the Kopylov-Podgoretskii parametrization, the radius rx turns out to be

approximately twice as big as rc, as expected. In this parametrization, the best
estimates of the parameters are:

A = 0.58+0.03+£0.12,
rg = 1.27x0.06+0.12 fm,
er = 0.52£0.05£0.12 fm.

This is also in agreement with e*e™ annihilation results [19].
The values of rg do neither depend on the type of the neutrino nor on the type
of the struck nucleon.

The shape of the pion emission region as viewed in the pion-pion rest frame is
consistent with being spherical. The data do not show the dependence of the radius
re.on the charged hadron multiplicity that was observed in hadronic experiments
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at high energies. No difference is found in A and r¢ for pions going forward and
backward in the hadronic c.m.s.

No dependence of the values of rg and A on the kinematical variables Q2, W2,
v and Bjorken z was observed.
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Tables

Table 1: Number of CC events for various cuts

Selection Beam | E180 | WAS9 | WA25 | WA21
s >4 GeV/e v 5824 9837 | 22968 | 18711

v 6410 | 16938 | 15771 | 13128
Pu>4GeVie| v 4542 | 8011 | 18064 | 14180
W > 2.5 GeV v 4074 | 10983 | 10426 7916
pu >4 GeV/c v 3545 | 6362 | 15605 | 13569
W > 2.5 GeV P 2451 6978 | 7147 | 5060
> 1 like pair

Table 2: Number of like and unlike charge hadron pairs used in the analysis (P, > 4
GeV/e, W > 2.5 GeV)

Exp. Beam | (==) | (+4) | (+-)
Neon v 11476 | 36560 | 55603
p 17602 | 17665 | 48775
Deuterium v 19251 | 57758 | 98381
v 15690 | 10359 | 39382
Hydrogen v 11854 | 60375 | 79220
7 0996 | 9761 | 30990

Table 3: Results of fitting equation (12) to the correlation function R(M?) for (——)

pairs in Figs. 7a and 8a, obtained with method A and B respectively

Exp. ¥ A rg, fm 6, GeV~=? | x*/NDF
A | Neon 0.97+0.02 | 0.65+0.07 | 0.81+£0.07 | -0.06x0.03 11.8/16
Deuterium | 0.954+0.02 | 0.564+0.05 | 0.73+0.07 | -0.01+0.03 20.0/16
Hydrogen | 1.014+0.02 | 0.67+0.08 | 0.86+0.08 | -0.11+£0.03 20.9/16
All 0.98+0.01 | 0.61£0.04 | 0.80£0.04 | -0.061+0.02 66.9/56
B | Neon 0.99£0.02 | 0.5620.06 | 0.8040.07 | -0.13£0.02 21.2/23
Deuterium | 0.90£0.04 | 0.48%0.06 | 0.49+0.05 | -0.04£0.04 31.1/23
Hydrogen | 0.9710.03 | 0.44£0.06 | 0.63+0.08 | -0.12£0.03 23.9/23
All 0.97+0.02 | 0.46+0.03 | 0.64+0.04 | -0.11+0.02 87.2/77
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Table 4: Results of fitting equation (12} to the correlation function R(M?) for (++)

pairs in Figs. 7b and 8b, obtained with method A and B respectively

Exp. o A TG, fm §,GeV=? | x*/NDF
A | Neon 0.90£0.01 | 0.51+0.10 | 1.354+0.17 | 0.26x0.02 16.5/16
Deuterium | 0.90+£0.01 | 0.47+0.06 | 1.06£0.10 | 0.261:0.02 27.6/16
Hydrogen | 0.90+0.01 | 0.45£0.10 | 1.4040.19 | 0.2810.02 17.8/16
Al 0.90£0.01 | 0.46+0.05 | 1.23£0.08 | 0.27+40.01 80.6/56
B | Neon 0.91+0.05 | 0.34+0.06 | 0.44+0.06 | 0.01+0.05 45.0/23
Deuterium | 0.98+£0.02 | 0.37£0.03 | 0.60+0.05 | -0.09£0.02 | 31.8/23
Hydrogen | 1.03£0.01 | 0.2540.05 | 0.97£0.14 | -0.11+0.01 49.8/23
All 0.97+0.02 | 0.2840.02 | 0.54%+0.06 | -0.06+0.02 167/77 |

Table 5: Results of fitting equation (13) to the correlation function R(g,) for (——)
pairs in Fig. 10, for the three ¢ intervals

Exp. ¥ A rx, fm cr,im | x*/NDF
Neon 0.90+0.01 | 0.71£0.07 | 1.444+0.10 1 0.74£0.11 | 30.5/44
Deunterium | 0.89:£0.01 { 0.46£0.04 | 1.19120.09 | 0.39+0.07 | 62.8/44
Hydrogen | 0.85+0.02 | 0.69+0.06 | 1.184+0.10 | 0.51+0.09 | 46.4/44
All 0.89+0.01 | 0.58%0.03 | 1.27£0.06 | 0.52X£0.05 | 182.0/140

Table 6: Results of fitting equation (13) to the correlation function R(gp) for (——)

pairs in Fig, 11, for the three ¢; intervals

Exp. 5 A Tk, fm cr,fm | x*/NDF
Neon 0.8940.01 | 0.66+0.06 | 1.22£0.06 | 0.63+0.10 | 43.4/44
Deuterium | 0.884£0.01 | 0.52+0.04 | 1.12£0.05 | 0.35+0.06 | 52.8/44
Hydrogen | 0.87+0.01 | 0.72+0.07 | 1.13+0.06 | 0.54+0.08 | 51.9/44
All 0.88+0.01 | 0.604+0.03 | 1.1540.03 | 0.47+0.04 | 163.8/140

Table 7: Results of fitting equation (12) to the correlation function R(M?) for (——)
pairs in neutrino and antineutrino interactions, obtained by method A

Target Beam ¥ A rg,fm | 6,GeV~—* | x*/NDF
Neon v 0.95+0.03 | 0.77+0.11 | 0.83%0.09 | -0.02+0.04 10.0/16
v 0.9840.03 | 0.55+0.08 | 0.78%0.10 | -0.07+0.04 15.3/16
Deuterium v 0.97£0.03 | 0.63+0.07 | 0.76+0.08 | -0.05x0.03 16.2/16
7 0.91+0.05 | 0.49+0.08 | 0.67£0.11 | 0.11+0.06 22.0/16
Hydrogen v 1.00+£0.03 | 0.83+0.10 | 0.83£0.08 | -0.12+0.03 18.3/16
v 0.98+0.03 | 0.46+£0.11 | 0.88+0.17 | -0.044+0.05 20.4/16
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Table 8: Results of fitting equation (12) to the correlation function R(M?) for
(—=) pairs from the WA25 experiment, obtained with method A. Results are given
uncorrected and corrected for rescattering and forward proton spectators, separately
for interactions on protons and neutrons

Target ¥ | A | rg,fm | 6, GeV-2 ] xI/NDF
Uncorrected

P 0.97+0.03 | 0.54£0.07 | 0.784+0.09 | -0.03+0.03 16.9/16
n 0.91£0.05 | 0.60+0.09 | 0.67+0.09 | 0.04%+0.06 21.6/16
Corrected
0.98+0.03 | 0.54+0.08 | 0.79£0.10 | -0.03+0.04 16.7/16
n 0.91£0.05 | 0.60+0.09 | 0.67£0.09 | 0.04£0.06 | 21.7/16

o

Table 9: Results of fitting equation (12) to the correlation function R(M?) for (——)
pairs, obtained with method A, for different regions of the angle 6 and the charged
multiplicity N.;, and for forward and backward hadrons

Neon Deuterium Hydrogen
A re, fm A re, fm A rg, fm
cos B > 1/v2 | 0.68+0.08 | 0.81+0,08 | 0.63+0.07 { 0.7840.07 | 0.7620.10 | 0.89+0.09
cosf| < 1/4/2 | 0.55+0.12 | 0.82+0.15 | 0.413+0.12 | 0.53+0.12 [ 0.42+0.11 | 0.72+0.19

Ny <6 0.561£0.08 | 0.76+0.11 | 0.4620.07 | 0.64+0.10 | 0.56+0.12 | 0.913-0.14
Nep > 6 0.77+0.10 | 0.83+0.09 | 0.62+0.08 |} 0.78+0.09 { 0.68+0.10 | 0.8520.10
Forward 0.75£0.10 | 0.73%0.09 | 0.61%+0.09 | 0.60+0.08 | 0.67£0.11 | 0.93+0.12

Backward 0.63£0.11 | 0.91%0.13 | 0.61+0.11 | 0.68+0.13 § 1.07£0.19 | 0.83+0.12
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Schematic illustration of the Bose-Einstein effect.

M? distributions for (——) (dots) and (4+—) (histogram) pairs for the three
data samples (neutrino and antineutrino combined). The (+—) distributions

are normalized to the (——} distributions in the region of 0.20 < M? < (.36
GeV? .

(a) predictions of the Lund Monte-Carlo for the ratios of the following num-
bers, as functions of M?: 1) n*#*+(n~7x~) pairs to 777~ pairs in »(7)N inter-
actions, where the two pions of a pair do not come from the same resonance; 2)
7~ (wtxt) pairs to 7t %~ pairs in (V)N interactions, where the two pions
of a pair do not come from the same resonance; 3) #~#~(r+#*) pairs from n/
decays to all 7"~ (x*x*) pairs in v(7)N interactions; 4) ¥x¥ (77 pairs
from 7/ decays to all #*x+ (7~ =) pairs in ¥(P)N interactions; 5) 7t =t pairs
from A*+ decay to all 7*x* pairs in vV interactions (protons with momen-
tum greater than 1 GeV/c were taken as pions); (b) predictions of the Lund
Monte-Carlo for the relative resonance contributions to the M? distribution,
defined as a ratio of the number of #*#~ pairs from a particular resonance
decay (p° w,n/,n) to all #¥ 7~ pairs in vN interactions.

The same as for Fig.3, for the variable g,.

Correlation function R(M?) (a) for pairs of negative hadrons; (b) for pairs of
positive hadrons, from a Monte Carlo simulation under the conditions of the
WADS9 experiment. Different methods (marked as A, B, C and C*) were used
for the construction of the reference sample and two variants for the hadron
fragmentation in neutrino-nucleon scattering were tested, namely the Lund
model {open circles) and an LPS model (crosses).

The same as for Fig.5, but for the correlation functions R(g).

Correlation functions R(M?) (a) for pairs of negative hadrons; (b) for pairs of
positive hadrons, obtained with method A. The solid curves show the fits of
parametrization (12) to each data set separately; the dashed curves show the
simultaneous fit to all data sets.

The same as for Fig.7, but using method B.

Fitted values of {(a) Ay and (b) ry: for pairs of positive and pairs of negative
hadrons as a function of A, obtained by method A from a Monte Carlo
simulation of the BE effect under the conditions of the WA25 experiment.
The input value of the radius r¢ was taken to be 0.8 fm.
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Fig. 10:

Fig. 11:

Fig. 12:

Correlation functions R(g:,¢g) for pairs of negative hadrons, obtained with
method A, as a function of g, for three gy regions: a) g < 0.15 GeV; b)
0.15 < ¢o < 0.40 GeV; ¢) go > 0.40 GeV. The solid curves show the fits of
parametrization (13) to each data set separately; the dashed curves correspond
to the simultaneous fit of all data sets.

Correlation functions R(g,qo) for pairs of negative hadrons, obtained with
method A, as a function of ¢, for three g regions: a) ¢ < 0.2 GeV; b)
0.2 < ¢ < 0.5 GeV; c) ¢ > 0.5 GeV. The solid curves show the fits with
parametrization (13) to each data set separately; the dashed curves show the
simultaneous fit to all data sets.

Chaoticity parameter A and radius rg of the pion emission region as functions
of the kinematical variables Q?, W2, v and zp from fitting eq. (12) (a) to the
Neon (dots), Deuterium (open circles) and Hydrogen (crosses) data, (b) to all
data sets combined. The solid lines are the best estimates of A and rg; the
dashed lines show their 1o variation, taken as a linear sum of statistical and
systematical errors.
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