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Abstract

Two-particle correlations in invariant mass are studied separately for like-
sign and unlike-sign pions. Strong correlations are observed only at small
masses. The correlations decrease very rapidly for like-sign pions and slowly
for unlike-sign pions, manifesting different particle dynamics. The like-sign
correlations exhibit a power-law behaviour as a function of mass, compatible
with the previously observed intermittency effect. The predictions of the par-
ton shower model (JETSET 7.3) deviate significantly from the data. However,
good agreement is obtained vnth the mass correlations, both for the unlike-sign
and for the like-sign pairs if the production of the n’ and p° mesons is reduced
and Bose-Einstein correlations are included in the model. The value of the
Bose-Einstein correlation strength is consistent with unity for pions which are
produced directly or in the decays of short-lived resonances.

(To be submitted to Z. Phys. C)
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1 Introduction

Particle correlations have been studied for many years in terms of a variety of kinemat-
ical variables. Recently, considerable effort has been devoted to the study of fluctuation
phenomena in multiparticle production processes, both from a theoretical and an experi-
mental point of view [1]. These studies concentrated on the search for intermittency, i.e.
the occurrence of fluctuations due to scale-invariant dynamics. The search is made by
studying normalized factorial moments F, of order ¢ of the multiplicity distributions of
charged particles as a function of the size & of phase space cells [2]. The F, are defined
by:

Fq(5)=<n(n~1)...(n—q+1)>. (1)
<n>9

Intermittency in particle production is defined as a power-law behaviour of F} as a func-
tion of §:

Fy(8) ~ 5% (2)

where the intermittency index ¢, is a positive constant. The first studies were performed
in one dimensional phase-space, in the kinematical variable rapidity y or pseudo-rapidity
n. Later it was realized that the effect is smeared out by the projection from momentum
space onto one dimension [3] and therefore two and three dimensional analyses were
undertaken in terms of three variables: rapidity y, azimuthal angle ¢ and lnpr, the
transverse momentum, or combinations of these. It was soon realized that a study of
factorial moments amounts to a study of correlations [4].

The most recent development in the study of intermittency is the use of the “Correla-
tion Integral” method [5], which indicated that the invariant quantity Q% = —(q; — g2)?
(where g; and ¢, are the four-momenta of the particles) is a more suitable variable than
the traditional ones because it combines the features of a three-dimensional analysis with
the large statistics of the one-dimensional projection [6]. For two-pion correlations, the
invariant mass of the studied pair is related to Q? by:

Q> = M? — 4m?. (3)

Therefore, the invariant mass M of the particle pair is an appropriate variable to study
two-particle correlations. Although the information obtained from Q? distributions is
the same as the one obtained from M distributions, it is advantagous to use the latter
variable for the following reasons. Intermittency in terms of the factorial cumulant or
Mueller moment [7] A = F, — 1 has the form:

1 ¢
K2 (Q%) ~ (@) (4)
which leads to singularities for Q? — 0. The use of M? or M instead of Q? avoids such
singularity and gives a finite correlation strength at the two pion mass threshold. It is
also a more familiar variable with a clear physical meaning, directly related to resonance
signals and their reflections. In this paper the effects of correlations (intermittency)
are studied by analyzing two-pion correlations separately for unlike-sign and for like-
sign pairs. The study of the latter, influenced by Bose-Einstein correlations, is another
motivation for the present study. Indeed, very different values of the source size (r) and
correlation strength (A) are obtained in LEP experiments [8-10] using the same Gaussian
parametrization for the Bose-Einstein correlation but two different reference samples for
the uncorrelated background.



2 Analysis

The two-particle correlation function is defined as the inclusive coincidence rate per
collision, minus the rate expected if the hadrons are uncorrelated:

Ca(qar @) = P2 (qas @) — P7(Ga)P5(05), (5)

where ¢, and g, are the four-momenta of the particles a and b. The two-particle inclusive
density is:

E E(, d6n

New Fo B (6)
Nev d®p.d°py

with n the number of pairs and Ney the number of events. The single-particle density is:

P35 (G- @) =

E d&n -
pi(q) = Nev &p (7)
with n the number of particles. The normalizations are:
d*p, &°py
ab a — 5

JJ 5 @) T =< (e = 8as) > (8)

ap, 4P
Pit(@)p— =< nap > (9)

a,b

with §, = 1 if particles (a) and (b) are identical and zero otherwise.
Integrating (5) over all variables except the effective mass M of the pairs gives

Ca(M) = po(M) — p1 @ p1(M) (10)

where py(M) is the two-particle invariant mass distribution divided by the number of
events and with normalization (8). The second term in (10) describes the uncorrelated
background and is given by:

d3p, &
pi @ P (M) = Ep 7’;”5(\/(% + @) — M)pi(qa)p3(g) (11)

with normalization:

/p‘f@p’;(M)dM =< ng >< ny > . (12)

The uncorrelated background (11) was calculated using four-vectors! of particles ran-
domly selected from different events. The quantity p, ® p1(M) was then calculated in the
same way as for real events, and normalized to the value given by (12) in the kinematical
region considered.

The ratio: (M)
P2
RM) = ———— 13

(M) p1 @ p1(M) (13)
is a direct measure of correlations. If calculated for all charge combinations, R(M) is
equal to F5(M), the normalized factorial moment of order two, and to K;(M)+1. In
this paper the search for correlation effects is carried out by studying the ratio R(M) for
like-sign and unlike-sign combinations.

TMomentum components of the particles are calculated with respect to the thrust axis



3 Event and track selection

The present study is based on the sample of hadronic events collected with the DELPHI
detector during 1992, at a centre-of-mass energy of Vs = 91.28 GeV. The detector has
been described in ref. [11]. In this analysis all charged particles are assumed to be pions
and only those which satisfy the following requirements are used:

— polar angle # with respect to the beam axis between 25° and 155°;

— momentum larger than 0.2 GeV/c and smaller than 50 GeV/c;

— measured track length in the TPC, the main tracking chamber of DELPHI, larger than
50 cm;

— measured impact parameter with respect to the event vertex within 5 cm in the trans-
verse plane and 10 cm along the beam direction.

Hadronic events were selected by requiring that:
— there are at least 5 charged particles in the event;:
— the total energy of charged particles exceeds 3 GeV, in each of the two hemispheres
with respect to the beam axis;
— the total energy of all charged particles is larger than 15 GeV;
— the total momentum imbalance of all charged particles is less than 30 GeV/c;
— the polar angle of the thrust axis satisfies | cos 6y, |< 0.75.

A sample of 490,440 events satisfied these requirements. The contamination from
events due to beam-gas scattering, v interactions and 7+7~ events is estimated to be
less than 0.3% of the selected events [12]. To ensure that the analysis is restricted to
charged particles originating from the primary vertex, invariant masses of particle pairs
were calculated for particles with impact parameter relative to the event vertex, within
0.1 cm in the transverse plane and 1 cm along the beam direction. The strict cuts on
both transverse and longitudinal impact parameters remove most tracks from R? and A
decays but keep the particles from charm and bottom decays. To exclude overlapping
tracks with potential problems which might not be correctly reproduced in the simulation,
the following procedure was used: all pairs of tracks were considered and, if the opening
angle was less than 2°, the shorter track was removed from the event. The stability of
the results was checked by varying the cut on opening angle up to 3°.

The Monte Carlo simulation program DELSIM [13] was used to correct the data for
geometrical acceptance, kinematical cuts, resolution and particle interactions with the
detector material. A sample of Z° events was generated with JETSET 7.3PS [14] and
all particles were followed through the detector. The simulated events were processed
through the same reconstruction chain as real data. A sample of 300,000 events passed
the track and event selection criteria used for the data sample. Correction factors were
calculated per bin of effective mass as the ratio of the generated to the accepted number
of pairs.

In the following, all comparisons between the data and the JETSET predictions are
presented with corrected distributions. However, it was checked that the same features
are present at the level of the uncorrected distributions.

4 Results

The correlation functions Cy(M) and R(M) were first studied in ref. [15] using a
small sample of pp interactions. Recently, it was shown in a large statistics 7*p/K*p



experiment [16] that relation (4) holds for the variable M, separately for like-sign and
unlike-sign pion pairs.

In the absence of kinematical and dynamical correlations R(M) would be strictly one,
and C,(M) zero. Decay products of a resonance will affect the relevant mass correlations
around the resonance mass. Combinations of two particles out of three or more body
decays of a resonance, should also lead to sizable correlations. For example, rtm~
combinations from 7 and 7’ should contribute at small invariant masses.

4.1 Correlations in invariant mass

Fig. 1 shows p,(M), the inclusive two-particle density, p; ® p1(M), the uncorrelated
background, and the correlation Cy(M) for unlike-sign and for like-sign pairs, for the
corrected DELPHI data. The mass dependent correction factors are shown in Fig. 2a,
2b and 2c¢ respectively for po( M), the background and R(M). The shape of the p, ®p, (M)
function is identical for the like-sign and the unlike-sign combinations because they are
derived from the single-particle distributions which are the same for positive and negative
particles. From Fig. 1a it is seen that the +— correlations are significant for small eflective
masses (< 1 GeV/c?), with additional contributions around the p°(770) and fo(975)
masses. The like-sign correlation decreases more rapidly with increasing mass than the
unlike-sign one and becomes negative for M > 0.65 GeV/c?. The same observations are
valid if only particles with | y |< 2 are considered (not shown), where y is the rapidity of
the particle along the thrust axis. The latter cut is used in most intermittency analyses
[17-19].

Fig. 2 shows the correction factors for p2(M), py @ p1(M) and R(M). The former are
of the order of 2.4 for pairs, corresponding to about 1.6 for single particles, essentially due
to the strict cuts on impact parameter. Fig. 2b indicates that, as expected, the correction
factor for the uncorrelated background is the same for like-sign and for unlike-sign pairs
at all mass values. The correction factor for the two-particle density pz is about 6%
larger for like-sign than for unlike-sign pairs. Both correction factors for p;(M) and for
p1 @ p1(M) exhibit a very sharp rise towards the two-pion mass threshold, due to the
cut on 2° opening angle of the pair. Therefore, in this analysis the region M < 0.34
GeV/c?, corresponding to Q% < 0.04 GeV?, will not be used. It is important to avoid
the very small mass region for a study of Bose-Einstein effects (see Sect. 4.4), because
this is precisely the region where reflections from resonances decaying into three or more
particles contribute (particularly n’ and D*), and where Coulomb effects are important.

The correction factors for R(M) (Fig. 2c) are equal to unity within about 5% and
are smooth as a function of mass, except for the +— combination at M ~ 0.5 GeV/c,
where a small influence of K2 decay is seen. It can also be remarked that, contrary to
the correction factors for p2(M), py ® p1(M) or Co(M), the correction factors for R(M)
practically do not depend on the momentum of the pairs.

Fig. 3 shows the ratio R(M) (Eq. 13) for full phase space (Fig. 3a) and with a rapidity
cut | y |< 2 (Fig. 3b). Several features are visible in these figures:

e strong correlations are present at small masses;

e the value of R(M) for unlike-sign combinations is significantly larger than for like-
sign pairs;

e the unlike-sign combinations display clear signals of the p°(770) and the fo(975)
mesons;



e for the sample of particles with | y |< 2 (Fig. 3b), where the kinematical correlations
from energy-momentum conservation are less influential, both ratios are close to one
at masses above 1.8 GeV/c2

4.2 Comparison with JETSET

The data are compared with the predictions of JETSET 7.3PS, with parameters tuned
to the DELPHI results [20]. This model which does not include Bose-Einstein Correla-
tions generally shows good agreement with e*e~ data on inclusive distributions and on
global event variables. Fig. 4 shows the ratio of the data to the JETSET prediction
for p2(M) (unlike-sign combinations in Fig. 4a, like-sign ones in Fig. 4b) and for the
uncorrelated background p, @ p,(M) (Fig. 4c). Systematic differences between JETSET
and the data are present in all three cases, i.e. both for the two-particle invariant mass
distributions and for the uncorrelated background, with JETSET predicting too steep a
decrease at larger masses. Concentrating on the small mass region where the correlations
are strong, Fig. 5 shows the ratio R(M) for the data and JETSET. In this ratio system-
atic differences at high mass values largely cancel. Nevertheless, strong disagreements
are observed.

Several comments can be made for unlike-sign pairs (Fig. 5a):

e JETSET considerably underestimates R(M) in the mass interval from 0.4 to 0.6
GeV/c?;

e The discrepancy around the fy-mass is due to the absence of f, production in the
version of JETSET 7.3 used [21];

e R(M) in the model is slightly but systematically too large at M > 1 GeV /c?;

e A very steep decline of R(M) from threshold to M = 0.4 GeV/c? is observed in
JETSET, much steeper than in the data; this steep decline was traced back to the
contribution of #*7~ pairs from 7 and 7’ decays. ALEPH has shown [22] that n’
production is strongly overestimated in JETSET.

e A strong p? signal is observed in the model, a weaker one in the data. In Fig. 6,
the ratio R(M) is shown for particle pairs with a cut at z,, = 0.1, where z,, =
2| p|/Ecm and p is the momentum of the 77 system. The agreement between the
data and the model is quite good for z,, > 0.1 (Fig. 6a), where the experimental
value of the p® cross section [21] also agrees with the JETSET prediction.

No direct measurement of the p® production cross section is available at LEP energies in
the kinematical region 2. < 0.05 and, therefore, the production cross section in JETSET
cannot be checked. Still, Fig. 6b suggests that the p° production is too abundant in the
model at small . values.? An analogous problem with p° meson production was observed
in hadron-hadron interactions [23]. As seen from Fig. 6, the strong disagreement in Fig. 5a
for M = 0.4 <+ 0.6 GeV/c? is also due to unlike-sign pairs with ,, < 0.1. In JETSET this
Zrr-reglon contains about 85% of all #*t7~ pairs from 7’ decay and 65% of all p° decays.
As a step towards a more realistic description of the production of 7’ and p°, a sample of
JETSET events was generated where 75% of the 5’ and 40% of the p° meson decays were
prohibited and these fractions of the resonances taken as stable particles. The first value
is based on a measurement of the n’ production rate [22] and the second one was adjusted
to give better agreement with the data. A reasonable satisfactory agreement with the
data is obtained® (see dashed line in Fig. 6b). Most of the 7+ 7~ pairs from w(783) decays

YA too high n' production rate also generates some extra p®’s at small zr» values, via the decay ' — p%y with 30 %
branching ratio.
§In this version of JETSET Bose-Einstein correlations were also included for direct pions (see sect. 4.4).



contribute in the mass region of 0.4 to 0.6 GeV/c. Increasing the w production rate in
JETSET by 15-30% leads to an improved agreement with the data (not shown) but the
sensitivity of the R,_(M) distribution to the w production rate is too low to allow a
conclusion.

Fig. 5b shows R(M) for like-sign pairs, both for the data and the model. The ex-
perimental values of R(M) are considerably higher than the JETSET predictions for M
smaller than 0.6 GeV/c? and are lower for larger M. This is usually attributed to the
Bose-Einstein interference. However, it is striking that JETSET also predicts a strong
rise of R(M) towards threshold, although no Bose-Einstein interference was present in
the model. This is due to the presence of multijet and bb events [9]. The influence of
multijet events is the strongest cause of the rise at small masses. Additional correla-
tions are generated at low masses because, in the denominator of (13), combinations of
tracks from different jets lead to larger masses, thereby yielding a relative depletion of
p1 ® p1(M) at low masses and thus an increase of R(M). It was verified that in JETSET
R,,.(M), for like-sign combinations, varies by less than 7% around an average value of
0.95 (not shown) over the mass interval up to 1.6 GeV/c? if two-jet events are selected
by the LUCLUS algorithm and bb events are removed.

4.3 Intermittency in invariant mass

Since there are no prominent resonances which decay into two like-sign charged
particles,Y the JETSET prediction of R;, (M) takes into account both the kinematical
correlations and “methodological” correlations, i.e. the ones originating from the mixing
of different jet multiplicities and bb events. Contrary to the case of unlike-sign combi-
nations, R, (M) does not change significantly in JETSET if the influence of 1’ and p°
decays is reduced.

The ratio: dota
REZM) (14)
Ry (M)
is a measurement of dynamical correlations. The quantity R’ for like-sign and unlike-sign
pairs is shown in Fig. 7a for all combinations and in Fig. 7b for particles with |y < 2.
From this figure it can be seen that:

R(M) =

e most of the correlations are confined to the small mass region M < 1.8 GeV/c%

e the cut | y |< 2 hardly influences the results at all, indicating that kinematical
correlations are indeed removed;

o the p° is more prominent than in Fig. 3;

e in the small mass region, the like-sign ratio decreases much faster than the unlike-
sign one.

Below the p° mass region, the ratio R’ is fitted to the form

/ 1\7#
R(M)=A+B(—M;) (15)
and the results of the fit with A fixed to one, are given in Table 1. This is equivalent to
a fit of the factorial cumulant or Mueller moment [7] to the form:

. 1\?

TExcept for the ' which decays 4.8 times less often in like-sign pairs than into unlike-sign ones, and the A*t+ and D*
which do not change the R(M) distributions significantly in the mass region studied.




As shown in Fig. 8, the quality of the fits is satisfactory. The values of 3 for like-sign
and unlike-sign pairs are very different: the slope for unlike-sign pairs is close to zero, the
one for like-sign pairs is 1.5 units. A reasonable fit to the form (15) with free parameter
A is also obtained for the like-sign combinations in the mass interval 0.34 + 1.0 GeV/c?
(last line of Table 1 and full line in Fig. 9). This analysis shows that a power-law
behaviour of the factorial moments or cumulants is also observed in terms of the effective
mass of the pairs. Furthermore, the mass dependence of the factorial cumulants of all
charge combinations is dominated by the contributions of like-sign combinations and the
intermittency slope is considerably stronger in effective mass than in rapidity [17], which
is used in most intermittency studies.

4.4 Bose-Einstein correlations

Recently, several authors considered the possibility that Bose-Einstein (BE) correla-
tions could be responsible for the observed intermittency effects [24] but no quantitative
proof was given. In the present analysis, JETSET 7.3 PS was used without BE corre-
lations. Previously [10], the DELPHI collaboration studied BE correlations using two
different reference samples: the sample of unlike pair combinations yielding a correlation
strength A = 0.45 + 0.02 and radius of the source r = 0.82 + 0.03 fm and a sample of
mixed tracks yielding the values A = 0.35 £ 0.04 and r = 0.42 & 0.04 fm, in fits to the
form:

R = N(1+8Q)[1 + Aexp(—r?Q?)] (17)

where N is a normalization factor and the term (1 + §Q) takes into account possible
long range correlations. Similar results were obtained by ALEPH [9]. These results were
obtained using corrections for Coulomb interactions and for non-7-7 pairs. The ratio
R'(M) (Eq. 14) for like-sign pairs is the same quantity which was studied by DELPHI
[10] with the mixing technique, but calculated as a function of @, using another mixing
method: two-jet events were selected and the momenta of particles from one jet were
reflected through the origin, to be combined with particles from the second jet. The
same Bose-Einstein parameters within errors as in [10] were obtained with the mixing
method used in this paperl!l, without any selection on two-jet events nor cuts on momenta.
Experimentally, the A and r parameters are measured for all pion pairs including pions
from decays of long-lived particles and, consequently, the value of X is the mean value of
the correlation strength for all pions. To compare with the data, JETSET events were
generated with BE correlations included in the Gaussian parametrization for all pions
and with both sets of parameter values: one obtained by using unlike-sign pairs and the
one using a mixed track reference sample. The results, shown in Fig. 10, where the data
are the same as in Fig. 5b for like-sign combinations, clearly prove that JETSET with
BE correlations and the parameters derived in [10] with the mixed track reference sample
gives a good representation of the data (Fig. 10b), whereas the parameters obtained with
the unlike-sign combinations (Fig. 10a) do not. Indeed, the decay products of the n and
n’ mesons strongly influence the values of A and r when these parameters are estimated
by using the unlike-sign combinations as a reference sample (see also Figs. 5a and 6b).
It is known [9,25] that pions are effectively uncorrelated within the experimental reso-
lution if they are produced from the decays of long-lived particles. To investigate the

TThe measured values of A and r for all pions in the present analysis are A = 0.334 0.02 and r = 0.42 % 0.02 fm. These
values were obtained using the correction for non-m-m pairs but not corrected for Coulomb interactions. The correction
with the Gamow factor amounts to less than 2% change in the considered mass region. The values measured without any
correction are A = 0.254 0.02 and r = 0.44 % 0.01 fm, also in good agreement with the corresponding uncorrected values
obtained in ref. [10} using the mixing technique



expected influence of long-lived states on ), a separate analysis was undertaken [25],
using flavour-tagged data samples enriched in b- and uds-events respectively. These two
samples, which differ in their contents of long-lived heavy-quark states, should in principle
have different A values as a result of their different amounts of non-interfering pairs. A
difference in the ) value of 2.2 standard deviations between the two samples was observed,
A being smaller for b-events than for the uds-events. This gives experimental support to
the hypothesis that long-lived heavy-quark states influence the correlation strength. In
the JETSET model, the fraction of direct like-sign pion pairs*™ in the sample of all
like-sign charge particle combinations, can be well parametrized in the low-mass region

(M = 0.34 =+ 1.20 GeV/c?) by the function:
f(Q) =0.17 4+ 0.26Q — 0.12Q*. (18)

In the above equation, only pairs are considered where both particles are direct pions or
both pions are decay products from the same weakly decaying particle. The fraction of
the latter ones is less than 1% in the considered mass region. One can correct for the
presence of non-direct pion-pion pairs by fitting the ratio R’ for like-sign pions (Fig. 7a)
with a slightly modified form of (17):

R = N(1+ 6Q)[1 + Af(Q) exp(~Q*r?)]. (19)
The data and the result of the fit are shown in Fig. 11a. The fitted parameter values are:
A =1.06 £ 0.05, r =0.49 £ 0.01 fm (20)

with x?/DF=84/82 .
Using these fitted values of A and r, the individual entries of the R'(A) distribution
can be corrected for the finite purity of direct pion pairs by weighting each entry by a

factor:
1 4+ dexp(—Q?r?)
1+ Af(Q) exp(—Q?r?)’
The results are shown in Fig. 11b, as well as the functional form (17) with parameters
obtained from the fit to function (19).

The main source of systematics for the A and r parameters is the uncertainty on
the fraction (18) of direct pion pairs, calculated by means of JETSET. To estimate the
systematic errors on the parameters, this fraction was calculated by applying to the model
various modifications which are relevant for this fraction:

(21)

e A systematic relative error of +10% was assigned to the fraction of pairs from decays
of charm and bottom particles which are long-lived. This number was estimated
using the average charge multiplicity of bottom particle decays as measured [26].
The corresponding uncertainties on the A and r parameters are AXA = £0.10 and
Ar = £0.04 fm;

e The production rates of the n’ and p° were reduced by 75% and 40%, respectively,
as discussed in Sect. 4.2, and the w production rate increased by 30%. The maximal
variations of A and r were —0.12 and —0.02, respectively, and, consequently, the
uncertainties were estimated as Al = £+0.12, Ar = £0.02 with respect to (20).

e The width of the Gaussian parametrization of transverse momentum distributions for
primary hadrons was varied between the default value of 0.350 GeV /c and the DEL-
PHI tuned value of 0.395 GeV/c [20], yielding uncertainties of £0.04 and 0.01 fm,
respectively, for A and r.

**Here and in the following, direct pions are taken to be pions which are either produced promptly or decay pions of
short-lived resonances. All particles with lifetimes longer than the K *(890) are considered to be long-lived [14]




e The suppression of the s-quark pair production was varied between 0.28 and 0.32,
the range having been determined in [27] from the K° differential cross section. The
uncertainties are AA = £0.02 and Ar = +0.01.

All contributions were added in quadrature and the final values of the parameters A and
r for direct pions are:

A=106+0.05+0.16, r=0.49 £ 0.01 £ 0.05 fm (22)

where the first quoted error is statistical and the second systematic. The value of r is
close to the value r = 0.42 4+ 0.04 fm, measured for all pions with the mixing technique
[10], whereas the A value found is compatible with unity, indicating maximal interference
strength.

As a verification, JETSET events were generated where BE correlations were included
after decays of short-lived resonances, but before decays of long-lived ones and with
A =1, r = 0.50 fm. Good agreement with the data on like-sign combinations is found
(Fig. 12). Including BE correlations in JETSET not only changes the distribution of
like-sign correlations but also of the unlike-sign ones as is shown in Fig. 13. The model
with BE correlations included (full line in Fig. 13) leads to a better agreement with the
data than JETSET without BE correlations (dashed line), particularly in the p°(770)
mass region. The mass of the p®(770), measured from the 7t7~ invariant mass spectrum
in this experiment [21], is five standard deviations below the Particle Data Group value
[28]. This can be explained in part by the distortion of the Breit-Wigner shape of the
p°(770) by BE correlations [29]. On the other hand, it also shows that decay pions
from the p° and other short-lived resonances play an important role in the BE effect
for like-sign combinations in the mass region considered in this analysis't. Moreover,
JETSET calculations show that the fraction of like-sign pion pairs where both pions are
directly produced without being decay product of a resonance, is only about 2% in the
investigated mass region. Consequently, most of the like-sign two pion correlation is due
to interference of pions in pairs where at least one of the pions is the decay product of a
resonance.

5 Summary

New results on two-pion correlations in invariant mass are obtained from a sample
of about 500,000 hadronic events from DELPHI, mainly using the ratio of two-particle
density to the uncorrelated production according to the single-particle density (Eq. 13).

The standard Monte Carlo program JETSET7.3 PS for the generation of hadronic z°
decays fails to represent the data both for like-sign and unlike-sign particle correlations.

The production of ' and p° is too large in JETSET and is responsible for the dis-
agreement in unlike-sign correlations. If, in JETSET, the production rate of the n’ is
reduced according to the results of ALEPH, and the p® production rate is tuned to the
DELPHI data, reasonable agreement is obtained for unlike-sign correlations.

The Bose-Einstein effect is the main source of like-sign correlations. The maximal
interference strength is needed for direct pions to explain the data. If the Bose-Einstein
effect is included in JETSET, good agreement is found with the data on like-sign correla-
tions. Correlations for like-sign combinations are responsible for most of the intermittency
effect and these are dominated by Bose-Einstein correlations.

TTLess than 10% of the p°(770) decay products in JETSET contribute to the mass region below 0.34 GeV/c
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Table 1. Fits of R'(M) to the form (15)

Pairs | Mass (GeV) |Selection A B Ié} x?/NDF
T | 0.34-0.55 1 (fixed) | 0.31£0.02 [0.05£0.03| 19/19
++ | 0.34-0.55 1 (fixed) }0.0051£0.0008}1.54+0.09 23/19

+— | 034-055 | |yl<2| 1 (fixed) 0.3040.02 |0.1040.03| 15/19
++ | 034-055 | |y|<?2 | 1 (fixed) |0.006040.0010|1.53+£0.09| 34/19

++ | 0.34-1.0 0.886+0.007 [ 0.058+0.010 |0.68+0.06| 81/63

Figure Captions
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10.

11.
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13.

Two-particle density po(M), uncorrelated background p; ® p1(M) and the correla-
tion Cp(M) as a function of effective mass for +— and for ++ pairs, corrected for
acceptance.

. Correction factors used for a) the two-particle densities, b) the uncorrelated back-

grounds and c) the ratios R(M).

. The ratio R(M) for a) all like-sign and unlike-sign combinations, b) particles with

ly <2

. Ratio of the data to the JETSET prediction for ps(M) a) for unlike-sign and b)

like-sign combinations and c) for the uncorrelated background p; @ p1(M).

. The ratio R(M) for the data compared to the JETSET 7.3 prediction with param-

eters tuned to the DELPHI data, for a) unlike-sign and b) like-sign combinations.
The data points are the same as in Fig. 3a.

. The ratio R+~ (M) for pairs with a) 2. > 0.1 and b) Z»r < 0.1 The full line is the

JETSET prediction with parameters tuned to the DELPHI data. The dashed line is
JETSET with Bose-Einstein (BE) correlations included for direct pions with A = 1.
and r = 0.50 fm, and with 75% of the 7’ and 40% of the p® decays prohibited (RJ).

. The ratio R'(M) (Eq. 14) for a) all like-sign and unlike-sign combinations and b)

particles with | y |< 2.

. The factorial cumulant K,(M) for unlike-sign and for like-sign combinations with

power-law fits superimposed for a) all pairs and b) particles with | y [< 2.

. The ratio R'(M) for like-sign combinations with fit to the form (15) superimposed.

The data points are the same as in Fig. 7a.

The ratio R(M) for like-sign pairs compared to predictions of JETSET 7.3 with
BE correlations and parameter values a) A = 0.45, r = 0.82 fm and b) A = 0.35,
r = 0.42 fm. BE correlations in JETSET are included for all like-sign pions. The
data are the same as in Fig. 5b.

a) The ratio R'(M) for like-sign combinations (data points are the same as in Fig.
7a) and fit to the form (19) superimposed. b) The ratio R'(M) for direct pion pairs.
The function (17) is superimposed with parameters obtained by the fit with (19).
The ratio R(M) for like-sign combinations, compared to the prediction of the JET-
SET model with BE correlations included for direct pions, with parameters A = 1.,
r = 0.50 fm. The data are the same as in Fig. 5b.

The ratio R(M) for unlike-sign combinations in the kinematical region z, < 0.1
(the data is the same as in Fig. 6b). The dashed line is the JETSET prediction
without, the full line with BE correlations included. In both versions of the model,
n' and p° production were reduced as discussed in Sect. 4.2.
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