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Editor K Winter

KgKg correlations have been studied 1n a sample of 717 511 hadronic events collected by the DELPHI detector at
LEP during 1992 An enhancement 1s found in the production of pairs of K‘S’ of similar momenta, as compared with
a Monte Carlo simulated reference sample The measured values for the strength of the correlation and the radius of
the emitting source of kaons are 4 = 1 13+0 54 (stat) + 0 23 (syst) and r = 0904 0 19 (stat) = 0 10 (syst) fm This
enhancement 1s consistent with the hypothesis that KgK(S’ pairs display an enhancement, regardless of whether they

come from a KOK° or from a KK? (K9K?) system

1. Introduction

An enhancement in the production of identical
bosons with similar momenta produced in high en-
ergy collisions 1s observed in any type of reaction
(see ref [1] for a review), and attributed to Bose—
Einstein (BE) statistics approprate to identical bo-
son pairs To study the enhanced probability for
emuission of two 1dentical bosons 1t 1s useful to define
a correlation function R

P{pi, p2)
P(p)P(p)°

where P(pi,p;) 1s the two-particle probability den-
sity, subject to BE symmetrization, and P(p,) 1s the
corresponding single particle quantity for a particle
with four-momentum p, In practice, P(p;)P(p;) 15
often replaced by a reference 2-particle distribution
Py (pi.py), which, 1deally, resembles P(p;,p>) 1 all
respects, apart from the lack of BE symmetrization
BE correlations can be used to study the space-time
structure of the hadronization source [2]

The effect can be described using the variable Q,
defined by Q? = M?—4m?, where M 1s the invariant
mass of the two particles, and m 1s the particle mass
The correlation function 1s usually parametrized as

R(pi.p2) =

R(Q)=1+1e"9, (1)

where the parameter r gives the size of the source and
A measures the strength of the correlation between the
1dentical bosons, being 1 for a completely incoherent
(“chaotic”) source

Thus letter describes a study of KK correlations in
hadronic Z° decays When a K2KQ pair 1s produced,
there are two possibilities

(a) The KIK{ pair comes from a K°K® (or K°K?)
system In this case, the K3K? pair originates from an
identical boson pair, and 1s thus subject to BE sym-
metrization At low Q values, where the BE effect 1s
observed, the fraction of K3K¢ coming from identi-
cal boson pairs 1s about 28% of the whole data sam-
ple This fraction was evaluated using the JETSET 7 3
[3] Monte Carlo program based on a parton shower
model (JETSET PS n the following)

(b) The K2K{ pair comes from a K°K? system In
this case, the original system 1s a boson-antiboson
pair, and thus 1s not subject to BE symmetrization
However, as described 1n detail in ref [4], an en-
hancement 1s expected 1n the low Q region 1If one se-
lects the C = +1 eigenstate of the charge conjugation
operator C The wave function of the |[K°K") state 1s

a superposition of C = +1 and C = —1 eigenstates
— 1 —
KK cosr = ﬁuKO(p)K‘)(—p))

£ K@K (-p))),

where p 1s the three momentum of one of the kaons
1n their centre of mass frame

In the limit of |p| = 0 (@=0), the probability am-
plitude for the C = —1 state (KgKE pair) disappears
whereas that for the C = +1 state (KK or KYK?
parr) 1s maximal This should cause an enhancement
for KIK (and KPK?) pairs at low Q values, but this
1s exactly compensated by the low Q suppression of
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the K2K? state. This means that no BE effect would be
observed (as expected for a boson-antiboson system)
if all the possible final states of K’K° system were de-
tected Since this analysis uses only KIKS pairs, one
expects to observe a full BE-like enhancement 1n the
low @ region

In reality the selected KSK$ sample will not display
a full BE correlation due to the presence of K§ com-
ing from sources which are not BE correlated In this
analysis we correct for non-prompt kaons and for the
decays of the f3(975) scalar meson

Although there are many measurements of BE cor-
relations between pions 1n the hiterature including
three studies by LEP experiments [5-7], only OPAL
has published results on K2 K¢ interference in ete”
interactions [8]

2. Experimental procedure

This study 1s based on the sample of hadronic events
collected with the DELPHI detector at the centre of
mass energy around /s = 91 2 GeV 1n the 1992 run-
ning period of LEP. The DELPHI detector has been
described 1n detail elsewhere [9] The analysis relies
on the information provided by the central tracking
detectors: the Micro Vertex Detector (VD), the Inner
Detector, the Time Projection Chamber (TPC), and
the Outer Detector.

The central tracking system of DELPHI covers the
region between 25° and 155° 1n the polar angle 6,
with reconstruction efficiency close to unity. The av-
erage momentum resolution for the charged particles
1n hadronic final states 1s 1n the range Ap/p ~ 0 001p
10 0.01p (p in GeV/c), depending on which detectors
are included 1n the track fit

Charged particles were used 1n the analysis 1f they
had

e momentum larger than 0 1 GeV/c,
o measured track length in the TPC above 30 cm,
o 0 between 25° and 155°
Hadronic events were then selected by requiring
that

¢ the total energy of the charged particles exceeded
15 GeV;

¢ the total energy of the charged particles 1n each
of the two hemuspheres defined with respect to the
beam axis exceeded 3 GeV,
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o there were at least 5 charged particles with mo-
menta above 0.2 GeV/c

In the calculation of the energies, all charged parti-
cles have been assumed to have the pion mass A total
of 717511 events satisfied these criteria. The back-
ground due to beam-gas scattering, yy interactions
and 77~ events has been estimated to be less than
0 3% of the sample.

The influence of the detector on the analysis was
studied with the simulation program DELSIM [10]
Events were generated using JETSET PS, with param-
eters tuned as 1n ref. [11]. The particles were followed
through the detailed geometry of DELPHI giving sim-
ulated digitizations 1n each detector These data were
processed with the same reconstruction and analysis
programs as the real data

3. Analysis

The K¢ are detected by their decay mn flight into
ntn~ Such decays are normally separated in space
from the Z° decay point (primary vertex), measured
for each fill using the VD data.

Candidates for secondary decays, V;, were found by
considering all pairs of tracks with opposite charge
The vertex of each pair was determined by minimizing
the x2 obtained from the distance of the vertex to the
extrapolated tracks

The K decay vertex candidates were required to
satisfy the following

o The probability from the yx? of the fit was larger
than 0.001

o In the R¢ plane (perpendicular to the beam di-
rection), the angle between the vector sum of the
charged particle momenta and the line joining the ‘pri-
mary to the secondary vertex was less than (10 +
20/p:(K2)) mrad, where p, (K$) 1s the transverse mo-
mentum of the Kg candidate relative to the beam axis,
in GeV/c

o The radial separation rg, of the primary and sec-
ondary vertex in the R¢ plane was larger than four
times the error on rgy from the fit 1f VD hits were in-
cluded 1n the track fit, six times the error otherwise.

e When the reconstructed decay point of the K
was beyond the radius of the VD, there were no signals
1n the VD associated to the decay tracks.
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Fig 1 (a) #*z~ imvanant mass spectrum for the ac-
cepted secondary vertices used in the present analysis (b)
Two-dimensional plot of the absolute value of the differ-
ence from the nominal Kg mass Am (GeV/c?) when two

or more Kg candidates are present 1n the same event

The ntx~ nvariant mass spectrum from the ac-
cepted K2 candidates 1s shown 1n fig 1a A clear sig-
nal of about 111000 K2 1s seen over a background
of about 17% within =10 MeV/c? from the peak. In
an interval of +£10 MeV/c¢? around the nominal K°
mass, the average detection efficiency for Kg ton*tn,
weighted by the momentum spectrum predicted by
JETSET PS, 1s about 28%

The background from A decays into pr~ was found
to be flat in the nt 7~ mass spectrum The level of
this background 1s about 2% under the peak The con-
tribution from photon conversions was found to be
negligible
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In order to evaluate the number of Kg pairs, the fol-
lowing procedure was used First a search was carried
out for events with at least two K candidates (com-
mon tracks were not allowed) with invariant mass
within £ 100 MeV/c? of the K2 peak To evaluate
the background 1n this sample, the absolute values
Am; and Am; of the differences between the invariant
mass of the K{ candidate and the known K¢ mass was
computed The correlation between Am; and Am; 18
shown 1n fig. 1b

The “signal region”, defined by Am;,Am; < 10
MeV/c?, contains 14741 pairs coming from 12408
events. The number N of selected pairs 1s a sum of
four contributions

e Ny, the number of pars of true K2,

e N,,, the number of pairs 1n which the first can-
didate 1s a true Kg, while the second 1s fake,

e Ny, the number of pairs 1n which the first can-
didate 1s a fake K2, while the second 1s true,

e Ny, the number of pairs 1n which nerther can-
didate 1s a true K9,
where 1n the 1deal case Ny, = Ny

It was verified by simulation that, in the region of
Am used for the extrapolation, the background under
the Am, peak 1s flat for each Kg candidate The three
background contributions N, s, Ny, and Nys can thus
be estimated from the numbers of pairs N;, N, and
N3, 1n three “control regions” defined 1n the Am,, Am,
correlation plot

Ny = kN + kNyy,
Amy<a, b<Am, <100 MeV/cz,
Ny = kNg + Ny,
b < Am; < 100 MeV/cz, Amy <a,
N3 = k*Nyy, b <Am; <100 MeV/c?,
b < Amy < 100 MeV/c?,

where

width of the control region 100 — b
width of the signal region a

The upper imit a = 10 MeV/c? of the signal region
and the lower limit b = 20 MeV/c? of the interval
defining the control region (from b to 100 MeV/c?)
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Fig 2 Distribution of Kg pairs 1n data (points) and simu-
lation without Bose-Einstein interference (solid line), as a
function of Q The contents of the simulated sample 1is nor-
malized to be equal to the data sample 1n the range 0 5-2 0
GeV/c?

were chosen to have a stable signal to background
ratio and to match the hypothesis of a flat background
behaviour for the extrapolation procedure.

The number of true pairs in the signal region can
then be estimated as

Ny =N - (Ny+ Nep + Nyy)
=N~ (N + M)k + Ny/k*,

giving finally after background subtraction 10943 +
124 (stat) KK pairs among which 4956 =+ 82 (stat)
have Q <2 GeV/c

Fig. 2 shows the distribution as a function of Q of
the parrs of K for data and simulated events Simu-
lated events were generated without BE symmetriza-
tion An excess 1in the experimental data can be ob-
served at low Q

To give a first estimate of the correlation function,
we define the ratio Rmess(Q) = NNr(Q)/Ns(Q),
where Ng and Ny are the number of K$ pairs per n-
terval of Q for real and simulated data respectively
after background subtraction, and A 1s a normahza-
tion factor computed as the ratio of Ng and Ny 1n the
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Fig 3 Rat1o Rpeas(Q) The best fit to (1) 1s superimposed
as a solid line

range between 0.5 GeV/c and 2 GeV/c

In the case of K pairs there 1s no obvious way to
extract a good reference sample from the data itself
[81, as 1t 1s the case of the charged pions [7], so 1n
this analysis a sample of 754 000 simulated events was
used as a reference sample

The correlation function Rpmeas (Q) 15 plotted 1n fig
3 An enhancement 1s clearly visible 1n the region Q <
0.4 GeV/c

The best fit to expression (1) gives

A =088+0 35 (stat) £ 0 16 (syst),

r=082+016(stat) £ 0 12 (syst) fm,

with 2 = 8 5 for 10 degrees of freedom and corre-
lation coefficient 0.62 The evaluation of systematic
errors 1s explained 1n section 3 2

In fig 4, the contour plot of the 68% and 90% con-
fidence levels for the fit of Rmeas to (1) 1s shown. Re-
sults from OPAL [8] on KJK¢ correlations and re-
sults from LEP [5-7] on two-pion correlations are
also shown

3 1 Corrections for non-interfering kaons

Due to the presence of K not coming from the pri-
mary 1nteraction, the measured correlation between
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Fig 4 The nner line shows the 68% and the outer line
shows the 90% confidence level for the fit of Rmeas to (1),
statistical error only OPAL results [8] on Rmeas from KK
correlations are also shown Note that for Rpeas, corrections
for non-prompt Kg and for f;(975) and ay(980) produc-
tion have not been applied Results from LEP [5-7] on
two-pion correlations, displayed 1n the same plot, have dif-
ferent correction procedures for non-interfering pairs, and
different reference samples The extra dotted error bars cor-
respond to the systematic errors added 1in quadrature

K‘S’ pairs 1s expected to be smaller than the bare cor-
relation between prompt K3

In particular, a non-neghgible fraction of K 1s ex-
pected to come from the decay of charmed and bot-
tom particles In order to perform this correction we
need to estimate the fraction f;.(Q) of K3K? pairs
including at least one K$ coming from the decays of
charmed or bottom particles f,.(Q) was computed
by means of JETSET PS, and 1s displayed in table
1 #1

Due to the correction f;.(Q), the correlation func-
tion becomes

#1 The nse of f; (Q) at low Q values 15 due to pairs from
the same decay For most of these patrs the decay am-
plitude 1s highly constrained and thus they should not
display BE enhancement (coherent source) [12] Under
the extreme assumption that a// pairs from a common
ancestor would fully interfere, A would be decreased by
20% This 1s anyway an overestimate of the effect
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Table 1

Correlation function before and after corrections Rmeas (@)
1s the measured value, R*(Q) 1s the value after correcting
for the contribution of non-prompt kaons f,.(Q), and 1n
R**(Q) the fy correction 1s also apphed

Q (GeV/c) Rmeas(Q) [ (@) R*(Q) R (Q)

0000-0 167 169+£034 0328
0167-0333 134+£012 0287
0333-0500 101+£007 0243
0500-0 667 099+£006 0238
0667-0833 105£006 0232
0833-1000 093+006 0223
1 000~1 167 102+006 0211
1167-1333 091+£006 0235
1333-1500 114+008 0246
1 500-1 667 098+008 0236
1667-1833 099+008 0231
1833-2000 101£008 0246

203+051 186+050
148+017 1374018
102+009 097+010
098+008 096+008
107+008 106+008
091007 0914007
103+008 1031008
089+008 089+008
119+010 120+010
097£010 098+010
098+010 100+0 10
101£011 1024011

Rimeas (Q) — 1
1 - ﬁw(Q)

A fit of R* toeq (1) yielded

R(Q) =1+

AY = 131 +£053 (stat) +£ 022 (syst),

r* =084+016 (stat) £ 0 10 (syst) fm

A correction to R* (Q) 1s needed due to the absence
of decays of mesons like f3(975) and aq(980) 1n the
simulated sample Such decays can fake the correla-
tion effect, producing two K$ very close in momen-
tum The production cross section at LEP energies 1s
presently known only for f [13] The mean multi-
plicity of fo per hadronic event has been measured to
be 0 10 £+ 0 04 1n the region of momentum of the f,
larger than 4 5 GeV/c We could thus correct only for
this source

The @ distribution for KK pairs coming from f;
decay was calculated by using the coupled channel
Breit-Wigner formula [14] including the KX thresh-
old effects The f; branching ratio to kaons was taken
from ref. [15] The correlation function R** (Q) after
subtraction of these pairs 1s listed 1n table 1

A fit of R** to eq (1) yielded *?

#2 A rough estimate of the ay(980) contribution (assuming
that the ay multiplicity 1s the average of the predictions
from JETSET PS and HERWIG, and that the ay behaves
like the f3) would decrease A** by approximately 10%
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Table 2

Systematic errors from different sources contributing to the uncertainty due to the reference sample Contributions to the

PHYSICS LETTERS B

corrected correlation functions are shown 1n the four last columns
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Source Uncorr data After f}. corr After f;. and fy corr
AL Ar(fm) AL Ar* (fm) AL** Ar**(fm)

Oq +0073 +0 084 +0 092 +0 063 +0 107 +0 066
a +0 037 +0 020 +0 046 +0016 +0 053 +0 020
4 +0 021 +0 005 +0 026 +0 003 +0 025 +0 005
Qo +0 048 +0 029 +0 059 +0023 +0053 +0 022
Ys/Pu +0014 +0014 40017 +0 011 +0019 +0 009
ViV + P) +0 039 +0 066 +0 048 +0 050 +0 044 +0 049
total +0 11 +011 +013 +0 09 +0 14 +009

A*t

113+ 0 54 (stat) = 0 23 (syst),

r** = 090+019 (stat) = 0.10 (syst) fm

]

3 2 Evaluation of the systematic error

The following sources of systematic error were con-
sidered.

e Reference sample In order to estimate the sys-
tematics of the reference sample, we varied the phys-
1cal parameters of the simulation Relevant parame-
ters for the parton shower evolution of JETSET PS are
the QCD parameter A, and the cut-off parameter Qq.
Their ranges of variations were established as 1n ref.
[16]: A was allowed to vary between 0.25 and 0 32
GeV, and Qy 1n the range between 0 6 and 1.4 GeV
The fragmentation 1n JETSET PS 1s governed by the
Lund symmetric fragmentation function, with essen-
tially only one free parameter, a Its value was found in
ref. [16] to be between 0.14 and 0.26 (the b parame-
ter was fixed at 0 34 GeV~2) The transverse momen-
tum of primary hadrons 1s parametrized by a Gaus-
sian, whose width g; was varied between 355 MeV/c
and 415 MeV/c.

In addition, the following were varied:

- the probability of generating a prompt spin 1 me-
son, V/(V + P), between 0.47 and 0 67 Thas range
was calculated from the K® and K* average multiplic-
1ties measured previously by DELPHI [17,13]

— the probability of exciting a s§ pair from the
vacuum, s /7., between 0 28 and 0 32 This range was
derved [17] from the K° differential cross section
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The uncertainties due to these sources are shown in
table 2

e Selection of the pairs The systematics were eval-
uated by a varnation of the signal region upper limit
froma = 8 MeV/c? to 20 MeV/c?, and of the control
region from the range between 10 and 100 MeV/c?
off the mass peak, to the range between 40 and 100
MeV/c? off the mass peak. During the variation the
upper limit of the signal region was required to be less
than the lower limit of the control region

e Normalization of R This source was estimated
by varying the range of Q used for the normalization;
the intervals of Q between 0 333 and 2 GeV/c, and
between 1 and 2 GeV/c¢ were studied

o Non-prompt kaons A relative systematic error of
+10% was assigned to f5.(Q@), to account for uncer-
tainties 1n the decay modes of charmed and bottom
particles.

e fo production The multiphcity of fy-mesons per
hadronic event was varied within errors of the DEL-
PHI measurement (0 10 + 0.04)

The total systematic errors were calculated by
adding 1n quadrature all the contributions (see table
3)

4. Conclusions

Low-Q correlations between pairs of K from the
decay of the Z° have been observed with the DELPHI
detector at LEP, using a sample of about 11 000 pairs
coming from 717511 selected hadronic events The
results show a BE-like enhancement which can be
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Table 3
Systematic errors
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Source Uncorr data After f,. corr After f,. and fy corr
Al Ar(fm) AL* Ar* (fm) AA** Ar**(fm)
reference sample (see table 2) +0 11 +0 11 +013 +009 +0 14 +0 09
selection of the pairs +0 11 +0 04 +017 +0 04 +016 +004
normalization of R +001 +001 +005 +0 01 +0 01 +001
10% relative error of f;,.(Q) - - +006 +0 00 +0 06 +0 00
(nfb(g']s)) = 0 lOﬂ:OO4 bt - - - :t0.07 :l:O 03
total systematic error +016 +012 +0 22 +0 10 +023 +010

parametrized by the expression R(Q) = 1 +41 e"ZQZ,
where, without any correction for non-prompt Kg
pairs, A = 088 £ 035(stat) = 0 16(syst) and r =
0.82+ 0 16(stat) £ 0 12(syst) fm

Taking into account the contribution from non-
prompt K¢ pairs coming from the decays of charmed
and bottom hadrons changes the values above
to A = 1.31 £ 0.53(stat) £ 022(syst) and r =
084 + 0 16(stat) = 0 10(syst) fm. Taking into ac-
count 1n addition the decay of the f; into KK pairs
gives A = 113 + 0 54(stat) + 023(syst) and r =
090+ 0.19(stat) £ 0 10(syst) fm

The radius of the region of emission of the kaons
compares with that measured by DELPHI for the pi-
ons [7],r = 062+ 004(stat) £ 020(syst) fm The
physical interpretation of a comparison of the strength
of the correlations 1s more difficult, since the results 1n
ref [7] were not corrected for particles coming from
long-living secondary sources (like B and D mesons)
A new analysis by DELPHI [18] makes a correction
for all these sources, obtaining a value of A consistent
with 1

According to JETSET PS, 28% of the low Q KK}
pairs come from identical K°’K® (or K°K°) paurs.
about 70% of them originate from prompt sources
If the positive interference at low Q would affect
only the K°K® (or K°K?) pairs, a value of A ~ 3-5
would be required to explain our data Assuming
that the strength of the Bose-Einstein effect can be
parametrized by 4 < 1, 1t 1s then unlikely that only
1dentical neutral kaons are responsible for the ob-
served enhancement at low @ Our results support
the hypothesis that K3 coming from K°K? pairs also
exhibit constructive interference at Q ~ 0

We are greatly indebted to our technical staffs and
collaborators and funding agencies for their support
mm building the DELPHI detector and to the many
members of the CERN-SL division for the excellent
performance of the LEP machine We would like to
thank M G Bowler and N Torngvist for useful dis-
Cuss1ons
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