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Abstract - Bose-Einstein correlations between pions of equal charge have
been observed in Charged Current and Neutral Current
(anti)neutrino-deuterium interactions in the BEBC bubble chamber exposed
to the SPS wide band beam. The pion emission region 1is found to be
essentially spherical with a mean radius of (0.48 t 0.07) fm; the
chaoticity parameter is 0.36% 0.04.
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1. Introduction

In this paper are presented the results of a study of the
Bose-Einstein (BE) correlations between identical pions produced in
(anti)neutrino-deuteron interactions. The BE correlations are second
order intensity interference effects, arising from the bosonic nature of
the pion; consequently there is an ambiguity in the paths of two
identical pions. The amplitude arising from the pion produced by the
source a (b) hitting the detector A (B) interferes with the amplitude
arising from the pion produced by the source b (a) hitting the detector A
(B). The interference depends on the distribution of the pion sources in
Space and in time and on their degree of coherence. The main feature of
the observed interference pattern is the enhancement in the number of
pion pairs close in phase space.

Bose-Einstein two-photon correlations were first used by
Hanbury-Brown and Twiss to determine angular stellar sizes (1). The
application of the method to identical pions for the determination of the
Space-time structure of hadronic production was developed by Kopylov and
Podgoretsky (2) and by Cocconi (3); the first measurements were performed
by Goldhaber et al in low energy pp annihilations (4).

Measurements of the pion emission regions have been made in
hadron-hadron (4-21), positron-electron (22-24) and muon-proton (25)
collisions. These measurements gave sizes of slightly more than 1 fm in
hadron-hadron collisions and smaller than 1 fm in e+ e- and up
collisions. This difference may arise from the relatively simpler
situation in positron-electron and lepton-nucleon interactions than in
hadron-hadron interactions: in the first two cases the Bose-Einstein
effects arise from hadronization of relatively simple parton
configurations, while this is not the case in hadron-hadron interactions,
which also need not be limited to single primordial quark interactions.

Our analysis concerns mainly Charged Current (cc)
(anti)neutrino-deuteron interactions; results for Neutral Current (NC)
interactions are also presented. It is the first time that BE
correlations are observed in neutrino interactions.

A brief phenomenological description of BE correlations is given in
Section 2, while experimental details are given in Section 3. Results are
described in Sections 4 and 5 for CC and NC interactions, respectively.
Conclusions are given in Section 6.

2 - Bose-Einstein correlations

Various types of parametrizations of Bose-Einstein correlations are
found in the literature, usually in the overall c.m. reference frame. We
shall consider in the hadronic c.m. system a pair of pions with three
momenta P ; and 3i and energies E; , E; and define the two vectors

—

T =7y +'3j and q ='31 -'Ej.The independent variables most commonly used
are

\;"‘



9 =|E; - Ej| (1a)
a_=|dx% / |7 (1b)

q. is the relative transverse momer+um of the two pions with respect to
the direction of their sum, D / |P] .

The interference distribution, between 1like sign pions, assuming
independent space and time distributions, is given by

I=1+aF(q¢) Fala,). (2)

a = 1 for complete BE interference from completely chaotic sources;
otherwise O < a < 1; Fi(q¢) and F(q,) are the Fourier transforms of the
emitting source distribution functions F1(;) and Fj, (t), respectively.
Different kinds of functions F, and F, have been used in previous
analyses:

F, (ag) = 4 J; (a,R) / (aR)° (3)
Fi (a¢) = exp(-q% R?) (4)
F, (qe) = [1 + (q v)2]-! (5)
F, (q,) = exp [- (q,7)2], (6)

J, is the Bessel function of order 1; R may be considered to be the
radius of the space emitting region; the parameter 7T multiplied by the
speed of light ¢ may be interpreted as the effective thickness of the
space emitting source. There is no real justification to prefer one or
another of these parametrizations. It has also to be remembered that the
parameters R and 7 have different interpretations in the different
parametrizations; moreover fits to the data with different
parametrizations usually yield different numerical values of R and T .
Finally the above descriptions are not Lorentz invariant.

Most of the analyses have been performed as function of q. only,
using data at relatively small values of q, , because the data are
usually not statistically adequate to perform simultaneously a two
dimensional fit to Fj; and F, ; furthermore one should also have a good
knowledge of the correlations between qtand q, .

An alternative and Lorentz invariant parametrization is the
following

I =14+ aexp [-MZRQ] , (7)

where M2= M2 - 4 m2 and Mgmis the invariant mass of the pion pair. R
is now a space-time radius. For 9, = O the form (7) becomes identical to
(2) with expressions (4) and (5) (or (6)).

In the following we shall use both form (7) and form (2), with (4)
and (5), at relatively low values of q, . In the last form the source, of
radius R, emits pions with an intensity decreasing with the distance from

the centre as exp [-(r/R)2].



3 - Experimental data .

The data were obtained in exposures of the bubble chamber BEBC
filled with deuterium to the CERN-SPS wide band neutrino and antineutrino
beams produced by 400 GeV protons. The chamber was equipped with an
External Muon Identifier (EMI) and, in the last two runs, with an
Internal Picket Fence (IPF) of vertical proportional tubes. Experimental
details of the exposures, of the scanning and measuring procedures, of
the neutrino energy determination for Charged Current events and of the
event selection have already been published (26-28); the selection of
Neutral Current events is discussed in ref (29-31).

3.1 - Charged Current (CC) events

In the present work a total of 16155 antineutrino (CC*) and 26390
neutrino (CC~ ) raw events were used. The main selection of Charged
Current events was based on the two-plane EMI. A cut on the muon 1lab
momentum, p, > 4 GeV/c, was applied. All secondary charged hadrons were
assumed to ég pions, unless otherwise 1identified by energy loss, range,
interaction or decay. Only a small fraction, about 10%, of the tracks
have been identified. The relatively small contamination by kaons,
protons and antiprotons should decrease the observed interference, more
so for positive pairs than for negative ones. Events were weighted as in
ref.27, the mean global correction factor being 1.09.

The analysis of Bose-Einstein correlations requires the study of the
intensity distribution of identical pions, I, relative to an ideal
uncorrelated distribution, I. . The ratio of the two distributions,
I/1., may be studied as function of the variable qi for a given range of
Qo .

The distribution I (q{) may be approximated with the q.-distribution
of particles of the same charge, I; (q¢), for "like" pairs. The following
cuts were applied to the data in order to obtain a clean sample of 1like
pairs. > 2
(a) Only CC events with a hadronic mass square W > 4 GeV are

considered. This cut eliminates low energy events for which an
insufficient number of pions are produced.

(b) Only events in which there are at least two positive pions or two
negative pions in the final state are retained.

(c) Since two identical pions can interfere only when they are close in
phase space (that is when q , is small) we include only pairs with
small qo . Our limited statistics forces us to use a relatively large
interval in q, (qo< 0.6 GeV).

(d) We require that the c¢.m. angle between the two pions of a pair be
smaller than 90 ° (cos ¢ > 0).

(e) For each track we require 4p<0.15 GeV/c, where 4p is the measurement
error on each track momentum in the 1lab frame. It has to be noted
that the average value of 4p is 0.12 GeV/c. The cut on the absolute
uncertainty, which removes poorly measured tracks, seems more
appropriate than a cut on the relative uncertainty (20). We have
checked that in our case there is no noticeable difference in the



results obtained applying the absolute or relative cut.

Table 1 gives the number of events and the number of combinations
for different experimental cuts.

An approximation of the ideal uncorrelated distribution I, (qt) is

given by the distribution of charged particles of opposite charge (unlike
pairs), I ,(gq¢ ). This distribution does not include Bose-Einstein
correlation effects, but it 1is different from the ideal uncorrelated
distribution because: .
(a) The inclusive single particle distributions for negative and positive
hadrons are different; this effect is reduced when using neutrino and
antineutrino events together.
(b) I ,(aq¢) contains the effect of resonances. The effect is minimized
with the use of the variable q,, instead of the variable M (or Man ).
Fig. 1 shows the effective dipion mass distributions for (++)+(--) and
(+-) pairs. Notice the @° contribution; it is visible only in the Mem
distribution of unlike pairs; it is not present in the q -distribution
of (+-) pairs (32). t

Because of the above uncertainties in the Iy (qt ) distribution
determined from (+-) pairs, many authors have tried other approximations
for I, (20,25), all of which suffer from some problem. In the present
experiment the main limitation arises from the statistics available and
not from the choice of the background.

Fig.2 shows the ratio Nl/Nu of like-pairs to unlike-pairs versus qt.

3.2 Neutral Current (NC) events.

The selection of NC events is considerably more difficult than that
of CC events. The selection was based on the EMI and IPF systems using
the program EMI-PICKET (30,31). The IPF was not available before 1981. We
thus used only the 1981 and 1983 runs for the analysis of NC events.

The outgoing tracks of a given event were extrapolated to the IPF
and to the EMI. The space extrapolations were mapped onto the electronics
timing informations. It was thus possible to assign a space-time point to
each event. This information is then wused to classify events in Charged
Current (CC), Neutral Current (NC) and Hadron induced Events (HA).

The obtained CC sample is a clean sample, but does not contain all
the CC events. The obtained NC sample contains true NC events and a
number of unidentified CC events and hadron induced (HA) events. In order
to reduce the contamination of CC and HA events in the NC sample, the
following cuts were applied:

1) Events with one or more tracks with transverse momentum (in the
visible hadronic system) Py > 1.5 GeV/c were rejected (this cut
removes CC events with high momentum muons not registered by the EMI).

2) Events with a total transverse momentum P¢, tot < 0.5 GeV/c were
rejected (this cut removes HA events and CC events with low energy
muons not registered by the EMI).

More details of the NC selection are given in ref. (29-31).

Since the final state neutrino is not observed, one does not have
all the information on the final state. One possible way out is to




systematically use the visible hadronic system in its own c¢.m. frame and
apply in this frame the same type of cuts as for CC events, namely (all
variables in the c.m. of the visible hadronic system have an apostrophe,
wW',oaql, 9y ..

a) W'2 >4 Gev 2,

b) Use only events with at least two positive or two negative tracks.

c) q', < 0.6 GeV.

d) cos ¥%' > O.

e) Require for each track 4p < 0.15 GeV/c in the lab frame.

After all these cuts we are left with 2610 weighted NC events (see Table
2).

For the approach based on eq. (7) one must compute the invariant
effective mass squared, M 2, for each pair of particles and then fit the
distribution to eq. (7).

Because of our 1limited statistics either approach is adequate. Fig. 3
shows the ratio of like-pairs to unlike pairs versus M2 .

4 - Results for CC events

In Fig. 2 the ratio of the distributions for like-pairs to that of
unlike-pairs is plotted versus q. for all q, and for q,< 0.6 GeV. The
data show the expected behaviour, with a Gaussian like maximum at small
values of q , and a background constant in Qe - Fits were made using the
function

Ny /N, =y (1 +ae'BQi) (8)

where y is a normalization constant, the radius R is R (fm) =
0.197 VB (Gev/c)-2 and @ is the chaoticity parameter. Eq. 8 is an
approximation of Eq. (2) with formula (4); areplaces eq. (5). The fits,
given in table 3, have acceptable xz/DoF. The chaoticity parameter a is
considerably smaller than 1. This may arise from the presence of hadrons
other than pions in the sample, from the large range of q, used and from
the limited precision in the particle momenta and angles. This reduction
in @ does not alter the value of R (20). We checked that fits with
y=9*'(1 + §q;) yield values of 0 equal to zero, within errors, and that
the quality of the fits 1is not significantly improved. We also checked
that different cuts, for instance using only events with one like pair,
do not change the parameters, within errors.

For g, < 0.6 GeV (and Ap < 0.15 GeV/c, cosg> O) we obtain R =(0.48+¢
0.07) fm, a value smaller than the values obtained in hadron-hadron
collisions and consistent with the values from ete~ and up collisions.

Cut in cos ¢ :

The effect of the cut in cos ¥ was verified performing fits with and
fits without the cut. The Bose-Einstein interference is less visible if
there is no cut in cos ¥. The cos®>0 cut focusses on those pairs which
go in the same hemisphere and which may have physically similar




7.

conditions; for these pairs the Bose-Einstein correlation should be
maximum.

Dependence on g,

Our limited statistics does not really allow to perform an analysis
for different bins of q, . We have nevertheless performed such fits for
the three ranges qQ,< 0.3, 0.3<g, € 0.6, g, > 0.6 GeV. The chaoticity
parameter decreases slowly and monotonically from 0.38 to 0.24, allowing
a very rough estimate of c7 , which comes out to be approximately 0.1 fm,
with an uncertainty of essentially 100%. The slow decrease of @ with
increasing q, justifies the analyses made for a large q, interval.

Dependence on multiplicity
The data may be compatible with a small increase of the radius with
increasing multiplicity.

Shape of the emission region

We computed the differences in the three momenta of the pions,
&p, = |Pix -~ Px|» &Py =|Pyy - Piy|» &P, =|P;; - P, | . Pion pairs were
selected according to the largest value of Ap, , Apy ,Ap, , thus
yielding information on the 3 radii in the x, y, z directions with
respect to the intermediate boson (Wt ) direction. For instance the
selection Ap, >Ap, , AP, 24P, should select those pairs which give the
best estimate of the dimension in the x-direction. We find (table 3) that
the three radii R,, Ry , R, are equal within 1large errors, suggesting a
spherical emission region, in agreement with other data at relatively low

energies.

Forward and backward pions

The selection of forward going pions in the hadronic c.m. system
selects those particles coming from the current jet, while backward pions
should come preferentially from the spectator jet. Forward pions may give
more direct information about the Charged Current-quark interaction. An
analysis was performed in the c.m.s. of the selected forward pions. The
fit indicated a value of R around 0.3 fm, but the value of the chaoticity
parameter has such a large an error that no conclusion may be reached.

5 - Results for NC events

After all the cuts described in Section 3.2, we are left with 2610
weighted NC events. The &* &~ and A +m* Y effective mass combinations
are plotted in Fig. 3. The ratio of the distributions of like-pairs to
that of unlike-pairs is plotted versus M2 for q; € 0.6 GeV in Fig 4
(the variable qj refers to the value in the c.m. of the visible
hadronic system). The fits of the distributions to equation (7) yield the
values given in table 4. In particular we have R=(0.53 ¢+ 0.14) fm,
compatible, within its large error, with the value obtained from the CC
sample.

We checked that we obtain similar values from the q¢ distribution.




6 - Conclusions

Our data show the existence of Bose-Einstein interference effects in
high energy (anti)neutrino-deuteron interactions in both Charged and
Neutral Current interactions. The interference is only partial, with a
chaoticity parameter equal to 0.36 £+ 0.04. The radius of the emitting
region is 0.48 + 0.07 fm, a value considerably smaller than the value
found in hadron-hadron interactions, and approximately equal to those
found in e*e~and up interactions (33,34). This difference may be related
to the simpler parton configuration of e+ e- and up interactions.

In CC interactions there may be some dependence on charged hadron
multiplicity.

Within our 1limited statistics there 1is no difference in BE
correlation for CC and NC interactions.
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Table 1 - Number of unweighted and weighted CC events for various cuts.
The last 1line gives the number of combinations of like and
unlike pairs.

Number of combinations |1ike = 40210
lunlike=54620

[ | ! |
| %D | »D | %D+ w»D |

I I | I

| I I | I
|unweighted Pu> 4 GeV/c | 16155 | 26390 | 42545 |
|cC events p”>4 GeV/c,W?> 4 Gev?| 12693 | 22825 | 35518 |
| | | | |
I I | | I
|weighted p >4 GeV/c,W2>4 Gev?| 13740 | 2s080 | 38820 |
|cC events w | | | |
| and 1 like pair | 8571 | 19620 | 28191 |
| I | I

and cos¥:0,q,<0.6 GeV | 7729 | 17331 | 25060 |

I I | |

| |

| I

I I

I
I
|
I
I
I
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Table 2 - Number of unweighted and weighted NC events with various cuts.

|

| and cos?¥'>0,q.<0.6 GeV| 2610
| |
|
|
|

| D + ¥D |

| |

I l I
|unweighted | 3464 |
|NC events | |
| W2 > 4 GeV?2 | 2927 |
| | |
|weighted W2 > 4 Gev? | 3085 |
INC events | |
| and 1 like pair | 2790 |
I |

|

|

Number of combinations|Like = 5208]|
Junlike=7306 |
| |
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Table 3 - CC fits. Values of the parameters obtained from the fits of
N; (a¢)/N, (@ +) to Eq. 8. Only statistical errors are considered. One
should add a systematic uncertainty, which is at least of the same order
of the statistical wuncertainty. All fits are relative to the cuts
Py = 4GeV/c, W8> 4 GeV2 , gp < 0.15 GeV/c,cos¢ > O, » 1 like pair.
Further cuts are indicated in the table. N, is the number of charged
hadrons produced. The last fit refers to the M‘zdistribution, eq. 7. (q,
is in GeV).

Condition | a 1 R (fm) | y | x2 /DoF

| | | I

All g, 10.32 £ 0.03 | 0.51 £0.06 | 0.63% 0.02 | 1.7

q., < 0.6 10.36 * 0.04 | 0.48 £0.07 | 0.61% 0.02 | 2.2
| | | |

Q,<0.6; Nen< 6 |0.31 £ 0.07 | 0.40 £0.09 | 0.56¢ 0.03 | 1.9
| | | |

q,<0.6; Ngp > 6 |0.36 + 0.05 | 0.58 £0.09 | 0.69+ 0.02 | 0.7
| | | |

3, <0.3 |0.38 £ 0.04 | 0.53 £0.09 | 0.61+ 0.02 | 2.7

0.3< q, < 0.6 |0.34 + 0.15 | 0.35%0.11 | 0.60+ 0.07 | 1.2

Q. > 0.6 |0.24 £ 0,06 | 0.58 *0.14 | 0.65+ 0.03 | 1.0
| | | |

9, < 0.6,d4p>4p,.4p, 10.07 £ 0.08 | 0.38 £0.40 | 0.72t 0.05 | 1.2

" Apy>Apy,4P; 10.50 * 0,06 | 0.55 *0.09 | 0.59+0.03 | 2.1

" 4Pz>Apy,4p, |0.54 t 0.04 | 0.62 *0.07 | 0.59+0.02 | 1.6
| ! | |

M2 q, < 0.6 10.39 = 0.04 | 0.49 £0.06 | 0.62% 0.02 | 2.2
| | !

Table 4 - NC fits. Values of parameters obtained from the fits of N; /N,
to eq.7. All fits are relative to the cuts: W'? 2 4 GeVz, 4p < 0.15%5
GeV/c, cos ¥' > 0, > 1 like pair. The last line gives a fit of CC events
with cuts similar to those used for NC events (q! is in GeV).

Condition | a | R (fm) I Y | x? /DoF
| | l |__
NC all q! | 0.43%f 0.12 | 0.57t0.19 | 0.61:0.04 | 1.2
NC q; < 0.6 | 0.42+ 0.11 | 0.53¥0.14 | 0.58t0.04 | 1.2
l l I |
cC q! < 0.6 | 0.48x 0.06 | 0.41:t0.05 | 0.58+0.03 | 1.0
l | | l
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Fig 1 - Invariant dipion mass distribution for (a) #*m~and (b)m w-andmw*m*

pairs produced in Charged Current "'y. D and 17“ D interactions. The lines are
the results of fits to a Breit-Wigner plus background contributions (32).
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Fig 2 - Ratio of like-pairs to unlike pairs versus q ¢ for W 2 >4 gev? ’

cos ? > 0, dp < 0.15 GeV/c. (a) all pair combinations; (b) for all pairs
with q, <0.6 GeV. (CC events).
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