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Abstract 

Correlations between pions from different w’s in e+e- +W+W- events are studied using data collected by the DELPHI 
detector at LEP running at a centre-of-mass energy of 172 GeV in 1996. At the present level of statistics, no enhancement 
of the correlation function above that expected from a pair of uncorrelated W’s is observed at small values of the four- 
momentum difference of the pions. @ 1997 Published by Elsevier Science B.V. 

1. Introduction 

The fragmentation of quarks and gluons into 
hadrons is not calculable in QCD. Instead, phe- 

nomenological models are used to describe the 
hadronization process [ 11. The models are built ac- 
cording to a probabilistic scheme, while the correct 
theory is an amplitude-based quantum mechanical 
description. 

’ On leave of absence from IHEP Serpukhov. 
For a pair of identical bosons, the quantum mechan- 
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ical wave-function must be symmetric under particle 
exchange, which leads to an enhancement in the pro- 
duction of pairs of bosons of the same charge and sim- 
ilar momenta. Such effects are observed in a variety of 
processes [ 21 and are attributed to this Bose-Einstein 
symmetrization. Since a symmetrization of amplitudes 
is normally absent in probabilistic descriptions, a cru- 
cial question is whether or not Bose-Einstein corre- 
lations can be considered to be a small correction to 
the probabilistic approach to the hadronization pro- 
cesses. If not, models formulated along a probabilis- 
tic approach would be far from reality [ 31. There are 
clear indications that Bose-Einstein effects play an in- 
creasingly large role with increasing centre-of-mass 

energy and it is becoming difficult to perform detailed 
analyses of multiparticle production without a better 
understanding of this effect. An experimental exam- 
ple is the distortion by Bose-Einstein correlations of 
the Breit-Wigner shape for oppositely charged pions 
from the decay of broad resonances, observed at LEPl 
energies [4,5] (see also [6] ). 

Recently, it has also been conjectured that the mea- 
surement of the W mass at LEP2 by reconstructing 
W pairs giving 4 jets is likely to be affected by Bose- 
Einstein correlations between pions from different 
W’s [ 31. The typical separation in space and time be- 
tween the W+ and W- in e+e- +W+W- events is 
smaller than 0.1 fm at LEP2 energies, much smaller 
than the source radii of 0.5 fm usually observed, and 
consequently pions from different W’s can be subject 
to Bose-Einstein symmetrization. A study of the cor- 
relations between pions originating from different W’s 
presents a unique possibility of measuring, in a clean 
way, the Bose-Einstein effect between particles from 
different, well-understood, sources. Such measure- 
ments may help to provide a better understanding of 
the Bose-Einstein phenomenon and, correspondingly, 
lead to improvement of existing models or the need 
for new models to describe multiparticle production. 

This paper describes an investigation of Bose- 
Einstein correlations between pions from different 
W’s in e+e- +W+W- events at a centre-of-mass 
energy of 172 GeV, using data collected with the 
DELPHI detector [7,8] at LEP in 1996. 

2. Analysis 

To study the enhanced probability for emission of 
two identical bosons, the correlation function R is de- 

fined as 

Np1rp2) = 
P(PlTP2) 

Po(p1 ,p2) ’ 

where P(pl , p2) is the two-particle probability den- 
sity, subject to Bose-Einstein symmetrization, pi is the 
four-momentum of particle i, and Po(pl , p2) is a ref- 
erence two-particle distribution which, ideally, resem- 
bles P(pl ,pz) in all respects, apart from the lack of 
Bose-Einstein symmetrization. 

If f(x) is the space-time distribution of the source, 

R(p~,pz) takes the form 

R(PI,PZ) = 1+ IWWl12, 

where 

G[f(x)l = J f(x>e- ol-_pz).~& 

is the Fourier transform off (x) . Thus, by studying the 
correlations between the momenta of pion pairs, one 
can determine the distribution of the points of origin 
of the pions. Experimentally, it has been observed [ 91 
that the effect can be described in terms of the variable 
Q, defined by Q2 = M2( n-r) - 4m$ where M is 
the invariant mass of the two pions. The correlation 
function can then be written as 

R(Q) = 3, 
0 

(2) 

which is often parametrized by the function 

R(Q) = 1 + Ae-r2Q2, (3) 

where the parameter Y gives the source size and A the 
strength of the correlation between the pions. 

For the present analysis of correlations between 
like-sign pions from different W’s, the two-particle 
distribution of unlike-sign charged pions coming from 
different W’s is used as the reference two-particle dis- 
tribution PO(Q) . 

Unlike-sign two-particle distributions are gener- 
ally strongly influenced by decays such as 77 into 
n-+n--rr’ or r+r-y, or w into n-+n--n-‘. However, 
in the present case, when the pions come from differ- 
ent W’s, the unlike-sign two-particle distribution may 
represent an ideal reference, provided colour recon- 
nection effects are not large. This is because, in the 
absence of colour reconnection, it should be identical 
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to the like-sign distribution except for Bose-Einstein 
correlation effects, and should not contain pairs from 
decays of particles or resonances. 

To obtain the two-particle Q distribution for pairs of 
pions coming from different W’s, the following pro- 
cedure was used. The Q distribution for pion pairs 
was obtained for efe- -+W+W- events with fully 
hadronic decays, i.e. events where both W’s decay into 
two quark jets. This distribution is the sum of the dis- 

tribution of pion pairs coming from the same W and 
that of pion pairs coming from different W’s. The con- 
tribution of pairs coming from the same W was sub- 
tracted statistically, using the Q distribution obtained 
from e+e- -+W+W- events in which one W decays 
into two quarks and the other one into lepton plus 
neutrino. The same procedure was followed for both 
like-sign and unlike-sign pion pairs to obtain P(Q) 
and PO(Q) , respectively. 

The detector effects on the analysis were estimated 

using samples of WW and background events gener- 
ated with PYTHIA 5.7 [lo] with the fragmentation 
tuned to the DELPHI data at LEPl [ Ill. The gener- 
ated events were passed through the full detector sim- 

ulation program DELSIM [ 81. 

3. Particle and event selections 

The track and event selections, which are described 
below, were similar to those in [ 121. 

3.1. Particle selection 

The DELPHI detector and its performance have 
been described in [ 7,8]. The analysis relied on the 
information provided by the tracking detectors: the 
micro-vertex detector, the inner detector, the time 
projection chamber as main tracking detector, the 
outer detector, the forward chambers and the muon 
chambers. Neutral particles were detected from their 
electro-magnetic showers in the high density projec- 
tion chamber, the forward electro-magnetic chambers 
and the luminosity monitor, STIC; neutral hadronic 
showers were measured in the instrumented iron 
return yoke of the solenoidal magnet. 

All charged particles except those tagged as hard 
leptons in semileptonic events were taken to be pions. 

Charged particles were selected if they fulfilled the 
following criteria 

- polar angle between 10” and 170”; 
- momentum greater than 0.1 GeV/c and smaller than 

the beam momentum; 
- good quality, assessed as follows: 

. track length greater than 15 cm; 

. impact parameters with respect to the nominal in- 
teraction point less than 4 cm (transverse and lon- 
gitudinal with respect to the beam direction) ; 

. error on momentum measurement less than 100%. 
For neutral particles the following selection criteria 

were applied: 
- energy of the electromagnetic or hadron shower 

greater than 0.5 GeV, 
- additional requirements on shower quality, assessed 

as follows: 
. showers in the STIC must have deposits in more 

than one cell; 

. showers in the hadron calorimeter must have an 
error in the energy of less than 100%. 

Electron identification was performed in the po- 
lar angle range between 20” and 160” by looking 
for characteristic energy deposition in the central and 
forward/backward electromagnetic calorimeters and 
demanding an energy-to-momentum ratio consistent 
with unity. For this polar angle range the identification 
efficiency for high momentum electrons was deter- 
mined from simulation to be (77f2) %, in good agree- 
ment with the efficiency determined using Bhabha 
events measured in the detector. 

Tracks were identified as due to muons if they had 
at least one associated hit in the muon chambers, or 
an energy deposition in the hadronic calorimeter con- 
sistent with a minimum ionizing particle. Muon iden- 
tification was performed in the polar angle range be- 
tween 10” and 170’. Within this acceptance, the iden- 
tification efficiency was determined from simulation 
to be (92 f 1) %. Good agreement was found be- 
tween data and simulation for high momentum muons 
in Z -+ p”+pL- decays, and for low momentum pairs 
produced in yy reactions. 

3.2. Event selection for fully hadronic @al states 

The event selection criteria were optimised in order 
to ensure that the final state was purely hadronic and 
in order to reduce the residual background, for which 
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the dominant contribution is radiative qq production, 
e+e- --+ qq( y) , especially the radiative return to the 

Z peak, e+e- + Zy + q@. 
Only events where the value of the thrust was less 

than 0.9 were considered. For each event passing the 
above criteria, all particles were clustered into jets 
using the LUCLUS algorithm [ 131 with the resolution 
parameter djoin = 6.5 GeV/c. At least four jets were 
required, with more than three particles in each jet. 

Events from the radiative return to the Z peak were 
rejected by requiring the effective centre-of-mass 

energy of the e+e- annihilation to be larger than 
115 GeV. The effective energy was estimated using 
either the recoil mass calculated from one or two 
isolated photons measured in the detector or, in the 
absence of such a photon, by forcing a 2-jet interpre- 
tation of the event and assuming that a photon had 
been emitted collinear to the beam line. 

Events were then forced into a four-jet configura- 
tion. The four-vectors of the jets were used in a kine- 
matic fit, which imposed conservation of energy and 
momentum and equality of masses of two pairs of jets. 
Events were used only if at least one of the three pos- 
sible pairings of jets had a fit probability larger than 
2%. The distribution of the fitted mass of the two jets 
for all those combinations is shown in Fig. la, together 
with the background contribution and the combined 
expected distribution of the signal and background. 
The final cut to select WW events was the requirement 
of a fitted mass larger than 75 GeVlc2 for at least one 
retained combination. 

From a data sample corresponding to an integrated 
luminosity of 10 pb-‘, 24 events were selected. The 
purity of the selection, estimated using simulated 
events, was 90%. 

3.3. Event selection for mixed hadronic and leptonic 
jinal states 

Events in which one W decays into lepton plus neu- 
trino and the other one into quarks are characterized by 
two hadronic jets, one energetic isolated charged lep- 
ton, and missing momentum resulting from the neu- 
trino. The main backgrounds to these events are radia- 
tive qq production and four-fermion final states con- 
taining two quarks and two charged leptons of the 
same flavour. 

DELPHI 
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Fi g. I. Reconstructed W mass distribution obtained from the 

kinematic fit described in the text for (a) fully hadronic 

(4-j&) final states and (b) mixed hadronic and leptonic 

(jet-jet-lepton-neutririno) final states. For fully hadronic (4-jet) fi- 

nal states all combinations are plotted for which the fit probability 

was larger than 2%. The shaded areas represent the background 

contributions (negligible for mixed final states). The histograms 

are the sum of the expected signal and background. 

Events were selected by requiring six or more 
charged particles and a missing momentum of more 
than 10% of the total centre-of-mass energy. Electron 
and muon tags were applied to the events. In qq(y) 
events, the selected lepton candidates are either lep- 
tons produced in heavy quark decays or misidentified 
hadrons, which generally have rather low momenta 
and small angles with respect to their quark jets. 
The momentum of the selected muon, or the energy 
deposited in the electromagnetic calorimeters by the 
selected electron, was required to be greater than 
20 GeV. The energy not associated to the lepton, but 
assigned instead to other charged or neutral particles 
in a cone of 10” around the lepton, is a useful measure 
of the lepton’s isolation; this energy was required to 
be less than 5 GeV for both muons and electrons. In 
addition, the isolation angle between the lepton and 
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the nearest charged particle with a momentum greater 
than 1 GeV/c was required to be larger than 10”. 
If more than one identified lepton passed these cuts, 

the one with highest momentum was considered to 
be the lepton candidate from the W decay. The angle 
between the lepton and the missing momentum vec- 
tor was required to be greater than 70”. All the other 
particles were forced into two jets using the LUCLUS 
algorithm [ 131. Both jets had to contain more than 
two charged particles. 

Further suppression of the radiative 44 background 
was achieved by looking for evidence of an initial 
state radiation (ISR) photon. Events were removed 
if there was a cluster with energy deposition greater 
than 20 GeV in the electromagnetic calorimeters, not 
associated with a charged particle. Events with ISR 
photons at small polar angles, where they would be lost 
inside the beam pipe, were suppressed by requiring 
the polar angle of the missing momentum vector to 
satisfy ( cos /3ess/ < 0.94. 

The four-fermion neutral current background was 
reduced by applying additional cuts to events in which 
a second lepton of the same flavour as the first was 
detected. Such events were rejected if the energy in a 
cone of 10” around the second lepton direction was 
greater than 5 GeV. 

If no lepton was identified, the most energetic par- 
ticle which formed an angle greater than 25” with all 
other charged particles was considered as a lepton can- 
didate; this recovered some unidentified leptons and 
some additional W--t rv, decays. In this case the lep- 
ton was required to have a momentum greater than 
20 GeVic, as before, but tighter cuts were applied 
to the amount of missing momentum (greater than 
20 GeV/c) and to its polar angle ( 1 cos t9missI < 0.85). 

A kinematical fit was performed on the selected 
events. The four-vectors of the two jets and of the lep- 
ton were used in the fit, which imposed conservation 
of energy and momentum and equality of the masses 
of the two-jet system and the lepton-neutrino system, 
attributing the missing momentum of the event to the 
undetected neutrino. Events were used only if the fit 
probability was larger than 0.1%. The distribution of 
the fitted mass for these events is shown in Fig. lb, to- 
gether with the background contribution and combined 
expected signal and background distribution. The fi- 
nal cut, as in the case of fully hadronic final states, 
was that the fitted mass of the two-jet system had to 

Q(GeV/c’) 

Fig. 2. Q distributions for like-sign (a) and unlike-sign (b) pairs 

for fully hadronic final states (open circles) and mixed hadronic 

and leptonic final states (solid circles). The Q distributions for 
the mixed decay channel have been normalized to the number of 

selected hadronically decaying W candidates present in the fully 

hadronic channel (see text). 

be larger than 75 GeV. 
From the data sample corresponding to an inte- 

grated luminosity of 10 pbb’, 25 events were selected. 
The purity of the selection, estimated using simulated 
events, was about 98%. 

4. Results 

Fig. 2a shows the like-sign (n*r*) Q-spectrum 
for fully hadronic final states (open circles) and for 
mixed hadronic and leptonic final states (solid cir- 
cles) . The Q distributions for unlike-sign ( rTT+r- ) 
pairs for both samples are shown in Fig. 2b. The Q- 
spectra shown for the mixed decay channel have been 
normalized to the number of hadronically decaying W 
candidates in the fully hadronic sample. 

For both the like-sign and unlike-sign pion pairs, 
the maxima of the spectra occur at larger Q values for 
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Fig. 3. Q distributions for like-sign (solid circles) and unlike-sign 

(open circles) pairs for pions arising from different w’s 

the fully hadronic decays than for the mixed decays, 
since two pions from different W’s are less likely to 
have a small Q value. 

To obtain distributions for pion pairs coming from 
different w’s, the normalised Q distributions of the 
mixed sample were subtracted from those for the fully 
hadronic sample, both for the like-sign pairs and for 
the unlike-sign pairs. The resulting distributions are 
shown in Fig. 3. In this figure, no excess of like- 
sign pairs over unlike-sign pairs is observed. The ratio 
of like-sign to unlike-sign pairs, R(Q), is shown in 

Fig. 4. 
Since no enhancement of the correlation function is 

observed at low Q values, the parameter r in Eq. (3) 
is not well defined. The fit to the correlation function 
with expression (3) was therefore performed with a 
fixed value of r = 0.5 fm, as measured in @ de- 
cays [ 51. The fit yielded the value 

/\. = -0.20 4 0.22(stat) (4) 

with x * = 14 for 14 degrees of freedom. This fit is 
shown by the solid curve in’Fig. 4. At the present level 
of statistics, no evidence is observed for Bose-Einstein 
correlations between pions from &fSeerent w’s 

In Monte Carlo events with full detector simulation, 
the contamination of like-sign particle pairs where at 
least one particle is not a pion is about 18% for the 
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Fig. 4. The correlation function R(Q) for like-sign particles arising 
from different W’s for data (solid circles) and simulated events 

without Bose-Einstein symmetrization (open circles). The shaded 

area represents the model prediction for events with Bose-Einstein 

symmetrization (see text). The solid curve shows the result of 

the fit using Eq (3). The dashed and dotted curves are results of 

fits to R(Q) distributions for like-sign particles measured in 9 
decays. 

interval Q <0.5 GeV/c*. Correcting for this effect 
with the same methodology as in [ 141 would change 
the value of A by about -0.04. As this correction is 
much less than the statistical error on A, the parameter 
value (4) obtained from the fit is used in the following 
analysis without correcting for this effect. 

It has been shown [5] that using the unlike-sign 
two-particle distributions as reference distribution for 
Bose-Einstein correlation studies for particles from 
the decay of the Z” yields values for the measured 
Bose-Einstein parameters which depend strongly on 
the influence of resonance decays. Therefore, in order 
to study the correlations between particles from the 
same W in the two-jet sample, the same methodology 
as in [5] was used, i.e. the event mixing technique. 
The values of A and P obtained were compatible with 
those found at the Z” * . 

* The fitted values were A = 0.63 f 0.23 and r = 0.55 f 0.11 fm. 
The corresponding values obtained by ALEPH [ 141 and DEL- 

PHI [ 151 at the Ze using the same method (mixed-event refer- 
ence sample) were h = 0.40 =t 0.02 and r = 0.50 f 0.02 fm and 

A = 0.35 f 0.04 and r = 0.42 & 0.04 fm, respectively. At the 
Z”, using unlike-sign pairs for the reference sample has typically 

given larger values of both A and r [ 14-161. 
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To estimate the systematic errors on /\ in (4), the 
following procedures were used: 
- The selected hadronically decaying WW candi- 

date events contain about 10% background. If the 
value of A for the background events was about 
0.3, as measured at the Ze [ 14,15], the presence 
of Bose-Einstein correlations in the background 
events would have changed the A value obtained 
in (4) by f0.06. To estimate any other possible 
influences of background events, the background 
contamination estimated from simulation without 
Bose-Einstein correlations was subtracted from the 
experimental Q distributions and the analysis was 
repeated. The change in the value of h was neg- 
ligible. Consequently, the systematic error due to 
background events was taken to be AA = f0.06. 

- The distributionof R( Q) for simulated events, with- 
out Bose-Einstein correlations included, was ob- 
tained in exactly the same way as that from the data 
(this is shown in Fig. 4 as open points). R(Q) for 
the data was divided by R(Q) of these simulated 

events, in order to take into account possible detec- 
tor effects and any correlations which are not due 
to Bose-Einstein correlations, and the fit to Eq. (3) 

was repeated. The deviation of A from the value 
(4) was used as the estimate of the systematic error 

from this source, AA = f0.04. 
- Cuts on the charged particle multiplicity were ap- 

plied to the fully hadronic and leptonic selected 
events in order to estimate possible uncertainties 
due to the influence of the events with the lowest 
or highest multiplicity. The uncertainty from this 

source was estimated to be f0.03. 
- To estimate the influence of final state Coulomb 

interactions, a correction by the Gamow factor 
[ 181 was applied to R(Q). This increased A by 
0.03. However, it has been suggested [ 191 that the 
Gamow factor overestimates the size of the final 
state Coulomb interaction. Hence it was decided 
not to correct the A parameter for Coulomb inter- 
actions, but to include a systematic error of f0.03 
on A due to this source. 
Adding all contributions in quadrature gave the final 

result (for r fixed to 0.5 fm): 

h = -0.20 f 0.22( stat) f O.OS(syst). (5) 

5. Discussion 

In addition to the data points, Fig. 4 also shows 
R(Q) distributions predicted using WW events gen- 
erated by PYTHIA. 

When no Bose-Einstein effects are included, the 
correlation function R(Q) is found to be equal to one 
within errors in the whole Q-region presented, in good 
agreement with the data. This is true for events passed 

through the full detector simulation and analysed in 
the same way as the data (open circles), and also if 
R(Q) is obtained using only fully hadronically de- 
caying WW events and considering only pairs of pi- 
ons from different W’s (not shown). It is also true if 
R(Q) is extracted in the same two ways at generator 
level (also not shown). 

Bose-Einstein correlations can be included in 
PYTHIA by using the LUBOEI code, where they are 
introduced as a final state interaction [ 171. After the 
generation of the pion momenta, the values generated 
for all identical pions are modified by an algorithm 
that reduces their momentum vector differences. This 
procedure violates energy-momentum conservation. 
Finally, resealing is therefore applied to restore the to- 

tal energy and momentum. This code has been shown 
[5] to reproduce the two-particle correlations mea- 
sured in Z” decays well if Bose-Einstein correlations 
are switched on with a Gaussian parametrization for 
pions that are produced either promptly or as decay 
products of short-lived resonances 3 and the parame- 
ter values h = 1 and Y = 0.5 fm are used4. The value 
A = 1 for direct pions corresponds to A N 0.4 for all 

pions or A N 0.3 for all particles [ 14,151. 
The same algorithm with the same values of A and 

r was applied to the generated WW events to calculate 
predictions for the case where Bose-Einstein correla- 
tions are present. The R(Q) distributions for pions 
from different W’s for generated events were again 
obtained in the same two ways as before, i.e. (a) di- 
rectly, by using only the fully hadronic decay channel 
and considering only pairs of pions coming from dif- 
ferent W’s, and (b) using the difference between the 
distributions for fully hadronic and mixed hadronic 

3 Resonances with longer lifetime than the K* (890) were con- 

sidered long-lived. 
4 The measured values of the parameters for such ‘direct’ pions 

in Z” decays were A= 1.062~0.17, r=0.49&0.05 fm 151. 



DELPHI Collaboration/Physics Letters B 401 (1997) 181-191 191 

and leptonic decay channels, as done for the data. The 
shaded area in Fig. 4 represents the area between the 
R(Q) distributions obtained in these two ways. In the 
low-Q region, procedure (a) gave the lower values of 
R(Q), and the R(Q) distribution for fully simulated 
events was again consistent with that obtained at gen- 
erator level. 

Fig. 4 also shows curves obtained by fitting the 
R(Q) for like-sign particles measured by DEL- 
PHI [ 51 and ALEPH [ 141 at the Z” using the event 
mixing technique (dashed and dotted curves, respec- 
tively) . These R(Q) distributions measured in Z” de- 
cays show a clear enhancement in the low-Q region. 
The statistical errors are negligible. 

The R(Q) distribution for like-sign pions from dif- 
ferent W’s (solid circles in Fig. 4) in the low-Q re- 
gion is systematically below the predictions including 
Bose-Einstein effects and the fits to Z” data, and does 
not show any enhancement. However, at this level of 
statistics no conclusion can yet be drawn. 

6. Summary 

The first measurement of the correlation function 
for like-sign particles arising from d@eerent W’s is re- 
ported, using unlike-sign particles as a reference. The 
Q distributions of pion pairs from different W’s, both 
for like-sign and for unlike-sign combinations, were 
obtained statistically, as the difference between (a) the 
distribution for all combinations in fully hadronically 
decaying WW (four jet) events and (b) the appropri- 
ately normalized distribution for events where one of 
the W’s decays leptonically (two jet, lepton, neutrino 
events). Interpreting this difference in the above terms 
assumes that colour reconnection effects are not too 
large. At the present level of statistical precision, no 
enhancement of the correlation function is observed 
at small Q values. Fixing the value of the radius Y at 
0.5 fm, the Bose-Einstein correlation strength is found 
to be 

A = -0.20 f 0.22(stat) 5 O.OS(syst). 
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