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Abstract

The spin density matrix elements for the �0, K�0(892) and � produced in
hadronic Z0 decays are measured in the DELPHI detector. There is no evidence
for spin alignment of the K�0(892) and � in the region xp � 0:3 (xp = p=pbeam),
where �00 = 0:33�0:05 and �00 = 0:30�0:04, respectively. In the fragmentation
region, xp � 0:4, there is some indication for spin alignment of the �0 and
K�0(892), since �00 = 0:43 � 0:05 and �00 = 0:46 � 0:08, respectively. These
values are compared with those found in meson-induced hadronic reactions.
For the �, �00 = 0:30 � 0:04 for xp � 0:4 and 0:55 � 0:10 for xp � 0:7. The
o�-diagonal spin density matrix element �1�1 is consistent with zero in all cases.

(To be submitted to Physics Letters B)
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1 Introduction

With the large statistics presently accumulated by the LEP experiments, the inclusive
production characteristics of at least one state per isospin multiplet have been measured
for the SU(3) pseudoscalar and vector meson nonets, and for the baryon octet and decu-
plet. This has allowed tuning of a number of adjustable parameters in the QCD-based
Monte Carlo models to get a reasonable description of the experimental data, thus ob-
taining useful information about the nature of the fragmentation process (see [1] and
references therein).

The study of the spin properties of hadrons produced in e+e� annihilation is much less
advanced. In the present versions of the commonly used Monte Carlo programs based
on the Lund string model [2] and QCD cluster model [3], the particle spins enter only
through adjustable phenomenological parameters accounting for the vector-pseudoscalar
and decuplet-octet ratios. Otherwise the hadrons are treated as spinless objects. How-
ever, measurements of spin observables in quark fragmentation in e+e� reactions might
be of interest. In particular, more can be learnt about the hadronization process from
the alignment of the vector meson spins.

The spin alignment can be described in terms of the spin density matrix ��;�0 , which
is a 3 x 3 Hermitian matrix with unit trace usually de�ned in the helicity basis.

Its diagonal elements, �11, ��1�1, and �00, represent the relative intensities of the he-
licity � = +1, � = �1 and � = 0 states. Since vector mesons decay strongly, there are no
interference e�ects like those in parity non-conserving weak decays and the values of �11
and ��1�1 can not be measured separately. Therefore only one diagonal element �00 is
measurable. A state of no spin alignment corresponds to �00 = 1=3. For inclusively pro-
duced vector mesons in e+e� annihilation, the values of �00 in the helicity frame predicted
by di�erent models [4{9] span the range 0 � �00 � 1, depending on the assumptions made
about the fragmentation process.

The o�-diagonal elements of the spin density matrix measure the correlations between
states with di�erent helicities. In general, in the meson helicity rest frame considered in
this paper, these elements are expected to be small. However, according to some theoret-
ical expectations [10{12], coherence phenomena due to �nal-state interactions between
the primary quark and antiquark may result in non-zero values of Re�1�1 and Im�1�1 for
the vector mesons.

The spin density matrix elements have been measured previously for D�� mesons
produced inclusively in e+e� collisions at energies up to

p
s = 29 GeV [13{15]. No strong

evidence for spin alignment was found. More recently, they have been measured at LEP
for the B� [16{18], and for the D�� and � [18]. For the B�, the results of all three
experiments [16{18] are consistent with no spin alignment. However, for the high energy
�, and perhaps for the D��, evidence for preferential production in the helicity zero state
is observed [18].

This paper describes measurements of the spin density matrix elements for the �0,
K�0(892) and � vector mesonsy produced in Z0 hadronic decays at LEP. The DELPHI
results on the inclusive production properties of these mesons can be found elsewhere
[19,20].

yUnless otherwise stated, antiparticles are implicitly included.
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2 Experimental Procedure

The data collected by the DELPHI experiment in 1994, when the DELPHI Ring Imag-
ing Cherenkov (RICH) detectors were fully operational and providing good particle iden-
ti�cation, were used for the measurement of the spin density matrix for the K�0(892) in
all xp regions (xp = p=pbeam), and for the � in the region 0:05 � xp � 0:3. The sample
corresponds to a total of 1.34 million hadronic Z0 decays.

The spin density matrix for the �0 and � in the fragmentation region xp > 0:3 was
measured using the data sample with 3.3 million hadronic events collected by DELPHI
in 1992-1995, without use of particle identi�cation.

2.1 Event and particle selection

Detailed descriptions of the DELPHI detector and its performance can be found else-
where [21,22].

The charged particle tracks were measured in the 1.2 T magnetic �eld by a set of
tracking detectors. The average momentum resolution for charged particles in hadronic
�nal states was usually between �p=p ' 0:001p and 0.01p (p in GeV/c), depending on
which detectors were included in the track �t.

A charged particle was accepted in this analysis if its momentum p was greater than
0.2 GeV/c, its momentum error �p was less than p, its polar angle with respect to the
beam axis was between 25� and 155�, its measured track length in the Time Projection
Chamber (TPC) was greater than 50 cm, and its impact parameter with respect to the
nominal crossing point was within 5 cm in the transverse (xy) plane and 10 cm along the
beam direction (z-axis).

Hadronic events were then selected by requiring at least 5 charged particles, a total
energy of charged particles (assumed to be pions) above 3 GeV in each of the two hemi-
spheres de�ned with respect to the beam direction, a total energy of all charged particles
above 15 GeV, and a polar angle of the sphericity axis between 40� and 140�. For the
analyses in which particle identi�cation was used, information from the RICH detectors
had to be available for at least one charged particle.

The samples selected with the above cuts comprised 0.85 and 2.12 million events
collected in 1994 and in 1992-1995, respectively. The contamination from events due to
beam-gas scattering and to  interactions was estimated to be less than 0.1%, and the
background from �+�� events less than 0.2% of the accepted events.

After the event selection, in order to ensure a better signal-to-background ratio for the
resonances in the �+��, K���, and K+K� invariant mass spectra, stronger restrictions
were imposed on the track impact parameters with respect to the nominal crossing point:
they had to be within 0.3 cm in the transverse plane and 2 cm along the beam direction.

Charged kaon identi�cation was provided by the RICH detectors, as in the previous
DELPHI analysis of inclusive production of the K�0(892) and � [20]. The identi�cation
performance was evaluated by means of the detector simulation program DELSIM [22].
In DELSIM, about 4.9 million events satisfying the same selection criteria as the real data
were generated using the JETSET program [23] with the DELPHI default parameters
[24]. The particles were followed through the detector, and the simulated digitizations
obtained were processed with the same reconstruction programs as the experimental data.
The e�ciency of kaon identi�cation was found to be about 70% on average.

Kaon identi�cation was required for the K��� mass distributions. For the K+K�mass
spectra, at least one particle had to be identi�ed as a kaon in the region xp � 0:3, while
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all charged particles were assigned the kaon mass in the region xp > 0:3. The �+�� mass
distributions were analysed without using particle identi�cation, assuming all charged
particles to be pions.

2.2 Fit procedure and treatment of detector imperfections

Particle identi�cation ine�ciencies as well as other detector imperfections, such as
limited geometrical acceptance, particle interactions in the detector material, and the
di�erent kinematical cuts imposed for charged particle and event selection, were taken
into account by applying the approach described in refs. [19,20,25] and outlined here.

In the present analysis a vector ~a of parameters was used in the de�nition of the
anticipated distribution function, f(M;~a), of the invariant mass M . The parameters ~a
were then determined by a least squares �t of the function to the data.

The function f(M;~a) was composed of three parts:

f(M;~a) = fS(M;~a) + fB(M;~a) + fR(M;~a); (1)

corresponding to the signal, background, and reection contributions, respectively.
The signal function, fS(M;~a), described the resonance signals in the corresponding

invariant mass distributions. For the �+�� mass distributions, it had a form:

fS(M;~a) = a1PS�0(M) �BW�0(M;a2; a3) + a4PSf0(M) �BWf0(M;a5; a6)

+ a7PSf2(M) �BWf2(M;a8; a9) (2)

with the relativistic Breit{Wigner functions BW for the �0, f0(980) and f2(1270) multi-
plied by the functions PS(M) accounting for distortion of the resonance Breit{Wigner
shapes by phase space e�ects (see [19] for details). For the K��� mass distributions
only two Breit{Wigner terms, representing the K�0(892) and K�0

2 (1430), contributed to
fS(M;~a). For the K+K� mass distribution only the � was considered.

The background term, fB(M;~a), was taken to be of the form

fB(M;~a) = a10(M �Mth)
a11 � exp(a12M + a13M

2 + a14M
3) (3)

for the �+�� mass distributions, where Mth is the invariant mass threshold. The same
form was used for the background parametrization for the K��� mass distribution. For
the K+K� mass spectra only the linear term in the exponential in Eq. 3 was used.

The third term, fR(M;~a), represented the sum of all the reection functions (RFi):

fR(M;~a) =
X
i

aiRFi(M): (4)

Two types of reection functions contributing to Eq. 4 were considered, as was discussed
in detail in [19,20]. Reections of the �rst type arise from imperfect particle identi�cation
(when, for example, resonances in the �+�� and K+K� systems distort the K��� mass
spectra). Those of the second type arise from resonance and particle decays in the same
system, for example from K0

S ! �+�� or ! ! �+��X in the �+�� mass spectra, or from
charmed particle production.

Although all possible reections were considered, only the most important ones were
�nally taken into account. The ones considered were a) from the �, �0, !, �, K0

S , K
�0(892),

K�0
2 (1430), f

0

2(1525) and D0 in the �+�� mass spectra, b) from the �, !, �0, �, f0(980),
f2(1270), f

0

2(1525), D
0, D+ and D�+ in the K��� mass spectra, and c) from the �, �

0

, !,
�0, f0(980), K

0
S , K

�0(892), D0, D+, D�+ and D+
S in the K+K� mass spectra.
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All reections were found to be important for the �+�� mass spectra, treated without
particle identi�cation. The K�0(892) signal in the K��� mass spectra was mostly a�ected
by reections from the � for values of the helicity decay angle cos �h (de�ned in section
3) near �1, and from the D�+ for cos �h near +1. The inuence of reections on the �
signal selection was found to be very small.

The functions RFi(M) in Eq. 4 were determined from events generated according to
the JETSET model. The contributions of the reections to the uncorrected mass spectra
de�ned by the function �NR

m(~a) (see Eq. 6 below) were then obtained by passing these
events through the detector simulation. This also accounted properly for the inuence of
particle misidenti�cation.

In each mass bin, m, the number of entries �Nm(~a) predicted by the function f(M;~a)
is given by:

�Nm(~a) = �NS
m(~a) +

�NB
m(~a) +

�NR
m(~a); (5)

where
�NG
m(~a) = CG

m

X
n

SGmnA
G
n f

G
n (~a); (6)

fGn (~a) =
Z Mn+1

Mn

fG(M;~a)dM; (7)

where G = S;B; or R, and Mn is the lower edge of the n-th histogram bin in the
distribution of the variable M . The coe�cients An characterize the detector acceptance
and the losses of particles due to the selection criteria imposed, and the Cm take into
account the extra particles due to ghosts, secondary interactions, etc. The smearing
matrix Smn is determined by the experimental resolution. The three terms in Eq. 5 are
all necessary (see [20,25] for more details) because the resonance signals, for example in
the K��� invariant mass distribution, contain by de�nition only the K��� pairs, while
the background is contaminated by the misidenti�ed �+��, K+K�, K�p� and p��� pairs.
Therefore the coe�cients An and Cm for the resonance signals and for the background
are expected to be di�erent.

The An, Cm, and Smn were estimated using the detector simulation program DELSIM
(see [19] for more details). Due to di�erences in the detector performance and data
processing in di�erent running periods, the events generated by DELSIM for these periods
were taken with relative weights corresponding to the relative numbers of corresponding
events in the real data. By including the loss of particles due to the selection criteria in
the coe�cients An (instead of in Cm as was done in [19,20,25]), the coe�cients Cm for
the resonance signals became practically independent of the mass M .

The treatment of residual Bose-Einstein correlations a�ecting the Breit-Wigner shape
of the resonances was also di�erent from the procedure used in refs. [19,20,25]. The
distortion of the resonance mass by this e�ect was accounted for by calculating, in each
event generated by JETSET with the DELPHI default parameters [24], the resonance
masses Mn and Ml before and after switching on the Bose-Einstein e�ect, and thus
constructing the corresponding matrix SSln(BE), satisfying the normalization conditionsP

l S
S
ln(BE) = 1. The �nal matrix SSmn for the resonances in Eq. 6 is the product of

the usual smearing matrix accounting for the experimental resolution SSml(resol:) and the
matrix SSln(BE) accounting for Bose-Einstein e�ects:

SSmn =
X
l

SSml(resol:)S
S
ln(BE): (8)

The Bose-Einstein e�ect was found to be important for the �0 [19], very small for the
K�0(892) [20] and was neglected for the �.
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The best values for ~a were then determined by a least squares �t of the predictions of
Eq. 5 to the measured values, Nm, by minimizing the function:

�2 =
X
m

(Nm � �Nm(~a))
2=�2m +

X
i

(ai � �ai)
2=(��ai)

2; (9)

where �2m = Nm+�2( �Nm) and �( �Nm) is the error of �Nm due to the �nite statistics of the
simulation used to evaluate An, Cm and Smn. The second sum in Eq. 9 constrains some of
the �tted parameters ai to the values �ai���ai taken from external sources. In particular,
the normalization of the reection functions to the particle production rates taken from
other experiments, and the masses and widths taken from the PDG tables [26], were used
as constraints in this second term. Thus the \statistical" errors obtained from the �ts
include the corresponding systematic components.

The �ts were made in the mass ranges from 0.3 to 1.8 GeV/c2 for the �+��, from 0.64
to 1.3 GeV/c2 for the K���, and from 0.988 to 1.1 GeV/c2 or from 0.988 to 1.06 GeV/c2

for the K+K� mass spectra.
The resonance production rates were calculated as

hNi = 1

Br

1

hRi
Z
fS(M;~a) dM; (10)

where the factor 1/Br takes into account the unobserved decay modes, and the integration
limits are the same as the �t ranges. The factor hRi, practically independent of the mass
M , takes account of the imperfection of the detector simulation when the stronger cuts
on impact parameters are applied. It was very close to the unity for the reprocessed 1994
data, but not for the rest of the data (see [19,20] for more details).

3 Results and Discussion

The spin density matrix was determined in the meson helicity rest frame with the
quantization z-axis along the meson direction in the laboratory frame. The y-axis was
de�ned as the vector product of the direction of the vector meson and the e� beam
direction. The azimuthal angle, ', is equal to zero in the production plane de�ned by the
vector meson momentum and the e� beam direction. The polar angle, �h, is the helicity
angle of the resonance, i.e. the angle of the �+ from the �0, the K� from the K�0(892),
and the K+ from the � with respect to the z-axis in the resonance rest frame.

For JP = 1� states, the distributions in cos �h and ' may be written as

W (cos �h) =
3

4
(1� �00) +

3

4
(3�00 � 1) cos2 �h; (11)

W (') =
1

2�
(1 + 2Im�1�1 sin 2'� 2Re�1�1 cos 2'): (12)

The distributions in ' were folded in such way that '! '+� for ' < 0. For the �0 and
�, with the same decay particles, the distributions in cos �h were folded around cos �h = 0.
For the K�0(892), the full range �1 � cos �h � 1 was used, except for 0:1 � xp � 0:3
where only the range cos �h � 0 was used (for the reasons discussed in [20]).

3.1 Spin Density Matrix

The spin density matrix for the K�0(892) and � was �rst analysed in the region of
relatively small xp. The corresponding analysis for the �

0 in this region was not possible
due to the small signal to background ratio.
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The measured uncorrected K��� invariant mass distributions for 0:1 � xp � 0:3
and for three cos �h intervals are presented in Fig. 1a-c. The K+K� mass spectra for
0:05 � xp � 0:3 and for three j cos �hj intervals are shown in Fig. 1d-f. In both cases, at
least one kaon was required to be identi�ed by the RICH. The K�0(892) and � signals
are clearly seen, and the �ts describe the data quite well in all cos �h intervals: the values
of �2=NDF are equal to 21/27, 15/27, and 34/27 for Figs. 1a-c, and 58/52, 81/52, and
81/52 for Figs. 1d-fz. The �rst four values indicate excellent �ts; the last two acceptable
�ts. Notice that the structure at about 0.8 GeV/c2 in Fig. 1a is explained by reection
from the �, which is most important for cos �h ! �1; it is also well reproduced by the
�t.

The cos �h distributions for the K
�0(892) and � were obtained by determining the res-

onance cross-sections for di�erent cos �h intervals from �ts to the corresponding invariant
mass distributions shown in Fig. 1. They are presented in Fig. 2. The �t of these cos �h
distributions to the function (11) (shown by the curves in Fig. 2), and of the ' distribu-
tions to the function (12) (not shown), gave the values of the spin density matrix elements
presented in the upper part of Table 1.

Table 1: Spin density matrix elements �00, Re�1�1, Im�1�1 for the �
0, K�0(892) and � for

di�erent xp ranges. The statistical and systematic errors are combined quadratically.

Particle xp range �00 Re�1�1 Im�1�1

K�0(892) 0:1 � xp � 0:3 0.33�0.05 0.00�0.02 -0.01�0.02
� 0:05 � xp � 0:3 0.30�0.04 0.00�0.02 0.00�0.02
�0 0.42�0.04 0.00�0.02 0.00�0.02

K�0(892) xp � 0:3 0.41�0.07 0.01�0.03 -0.01�0.03
� 0.27�0.04 0.00�0.02 0.00�0.02
�0 0.43�0.05 0.01�0.02 -0.01�0.02

K�0(892) xp � 0:4 0.46�0.08 0.00�0.03 -0.03�0.03
� 0.30�0.04 0.01�0.02 -0.01�0.02
�0 0.48�0.06 0.02�0.03 0.00�0.03

K�0(892) xp � 0:5 0.47�0.10 -0.02�0.04 -0.06�0.04
� 0.36�0.06 0.02�0.03 0.00�0.03
� xp � 0:7 0.55�0.10 0.02�0.04 0.00�0.04

The values
�00(K

�0(892)) = 0:33 � 0:05 (13)

and
�00(�) = 0:30 � 0:04 (14)

obtained for the K�0(892) and � in the region of small xp are close to the value of 1/3
expected for no spin alignment. This is quite understandable, since many of the light
meson resonances in the small xp region come from the decays of heavier objects.

In the next step, the spin density matrices for the �0, K�0(892) and � were measured
in the fragmentation regions xp � 0:3, xp � 0:4, xp � 0:5 and also in the region xp � 0:7

zFor the other �ts to be presented in the paper, the values of �2=NDF also indicate acceptable �ts.
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for the � alone. The measured uncorrected �+��, K���, and K+K� invariant mass
distributions for xp � 0:4 and for di�erent cos �h and ' intervals are shown in Figs. 3 - 5.

For the �+�� mass spectra, the signal to background ratios for the �0 are rather small
(Fig. 3), but the high statistics allow the �0 cross-sections to be determined in di�erent
j cos �hj and ' intervals with good statistical precision. The �ts describe the data well;
note the presence of f0(980) signals on the right-hand-side shoulder of the �0 peak. The
signal to background ratios are larger for the narrower K�0(892) (see Fig. 4), and especially
for the � (see Fig. 5). Here again the �ts provide a good description of the data. Large
distortions of the K��� mass distributions by the reections from the � (Fig. 4a) and
from the D�+ (Fig. 4f) on the left-hand-side of the K�0(892) are also well described by
the �ts.

The cos �h and ' distributions for the �0, K�0(892) and � determined from the �ts of
the invariant mass distributions shown in Figs. 3-5 are presented in Fig. 6. The �t of the
cos �h distributions to the function (11) (see the curves in Fig. 6a, c, e) gave the values
of the spin density matrix element for xp � 0:4

�00(�
0) = 0:43� 0:05; (15)

�00(K
�0(892)) = 0:46 � 0:08; (16)

�00(�) = 0:30� 0:04: (17)

All values for di�erent xp ranges are collected in Table 1. It also shows the values of the
o�-diagonal matrix elements Re�1�1 and Im�1�1 for these mesons obtained from the �t
of the ' distributions to the function (12) (see Fig. 6b, d, f) for xp � 0:4).

In the high xp region, the K
�0(892) and �0 appear to be produced with unequal popu-

lation of the three helicity states with an indication that the helicity zero state is prefer-
entially occupied. For the � in the same xp region, no spin alignment is observed. Some
di�erence between the spin alignment of the � and �0 and K�0(892) might be perhaps
related to mixing of the � and !. Anyhow, the preference for the helicity zero state
appears to occur at still higher xp values for the � than for the �0 and K�0(892). In-
deed for the � in the region xp � 0:7, �00 = 0:55 � 0:10, in agreement with the value of
�00 = 0:54 � 0:08 recently measured in the same xp � 0:7 range by OPAL [18].

3.2 Systematic Errors

In Table 1, the statistical and systematic errors are combined quadratically. The
systematic errors were �rst estimated in the same way as in [19,20] by determining the
contributions arising from:

1. variations of the charged particle selection cuts;
2. uncertainty in the K� identi�cation e�ciency;
3. treatment of residual BE correlations;
4. overall normalization of reections;
5. choice of the background parametrization, bin size of the mass spectra and mass

range used in the �t;
6. variation in absolute value of the factor hRi.

However, the systematic uncertainties arising from these e�ects a�ected mostly the overall
normalization of the vector meson cross-sections, rather than the shapes of their angular
distributions. Consequently, their inuence on the values of the spin density matrix
elements was found to be small compared with the statistical errors. The systematic
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error on �00 and the o�-diagonal matrix elements for all three mesons in all xp intervals
arising from these uncertainties was conservatively taken to be �0:01.

The relative contributions of the reections in di�erent angular intervals were taken
from JETSET, where isotropic angular distributions for the decay products of the vector
mesons are assumed. This may result in additional systematic uncertainties of the �00
values for the �0 and K�0(892), for which the reections from the vector mesons are
important. These uncertainties were estimated by modifying the angular distributions
of the reections from the vector mesons, which were taken to have the form (11) with
�00 = 0:5, close to the experimentally found values. The determination of the spin density
matrix was then repeated, and the resulting elements of �00 were found to di�er by less
than 0.03 from those listed in Table 1, independent of the xp range; this was assigned as
the additional systematic error for the �0 and K�0(892).

For the �, where the inuence of reections is negligible, the above systematic error
was ignored. However, in this case one cannot exclude some distortion of the cos �h dis-
tribution, especially for � of large momentum, due to the small opening angle between
the K+ and K� in the xy plane in the laboratory frame. This was estimated by compar-
ing the cos �h distributions in two di�erent intervals of the azimuthal angle ', which is
closely correlated with the opening angle between the K+ and K� in the xy plane in the
laboratory frame. From the values of �00 and Re�1�1 determined in the two ' intervals
'=� = 0:25�0:75 and '=� 6= 0:25�0:75 and their comparison with the values determined
in the full ' interval, no evidence for possible systematic biases in the �00 and Re�1�1
was seen within the statistical errors. The corresponding systematic errors on �00 and
on the o�-diagonal matrix elements for the � were conservatively taken to be �0:03 and
�0:02, respectively, in all xp intervals.

A part of the observed spin alignment may arise from charmed particle decays into
the vector and pseudoscalar mesons, since in this case the angular distribution of the
vector meson decay products in the vector meson rest frame follows a cos2 �h distribution
with respect to the charmed particle direction. The e�ect was evaluated using the Monte
Carlo simulation with measured charmed particle production rates taken from [26]. Its
contribution to the measured �00 values was found to be negligible for xp � 0:3 and less
than 0.01 for xp � 0:3, 0.4 and 0.5.

3.3 Discussion

Simple statistical models (see [4] and references therein) which might be applicable
in the region of small xp, assume that in the fragmentation process extra quark pairs
are produced with both helicities of quarks being equally likely. If the helicities of the
primary quark and secondary antiquark line up, a vector meson is produced. If the quark
helicities are antiparallel, either a pseudoscalar meson is produced with a probability f or
a vector meson with a probability 1� f . Then �00 = (1� f)=(2� f), with 0 � �00 � 0:5.
In terms of the ratio of pseudoscalar to vector meson production, P=V , such models [4]
give �00 =

1
2
(1�P=V ). With the �00 values (13) and (14) close to 1/3, one has P=V = 1=3

as expected from spin counting. This agrees with the recent conclusions made from the
analysis of particle production rates at LEP in [27{29], but not with the default value of
the parameter P=V = 1 in the commonly used Monte Carlo models.

In the region of large xp, it is interesting to compare the spin alignment of the vector
mesons produced in the fragmentation of the primary quarks in e+e� ! q�q and of the
valence quarks of the incident mesons in meson-induced hadronic reactions. The latter
was measured in the so-called transversity frame in the reactions �+p ! �0 + X and
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K+p! K�0(892)+X at incident momentumof 250 GeV/c by the EHS-NA22 experiment

[30]. In the transversity frame, cos � was de�ned as cos � = ~N � ~n(��), with ~N being
the unit vector normal to the reaction plane, and ~n(��) being a unit vector along the
momentum of the �� from the �0 or K�0(892) decay in the resonance rest frame. In
the Feynman variable range x(�0;K�0) � 0:7 (x = 2pL=

p
s where pL is the longitudinal

momentum in the centre of mass frame), the reported values are �00(�
0) = 0:10 � 0:04

and �00(K
�0) = 0:13 � 0:04. Small values of �00 in the transversity frame correspond to

large values of �00 in the helicity frame. Thus the spin alignment of the vector mesons
produced in e+e� collisions and in meson-induced reactions in the fragmentation regions
appears to be qualitatively similar.

Several models give predictions on the values of �00 in the helicity frame for the vector
mesons produced in the fragmentation region. The QCD-inspired model [6] is based on a
picture where hadron production proceeds via independent soft gluon emission creating
a q�q pair. At each step of the chain, as the primary quark (or antiquark) remains
highly energetic and undeected, the vector coupling to the gluon conserves the quark
helicity. At the end of the chain the primary quark catches a soft antiquark and forms
the leading hadron. The vector mesons produced by such a mechanism are expected to
be preferentially in the helicity � = �1 state with �00 � 0. In this picture the coupling
of the hadronic wave function to nearly real quarks with very large rapidity di�erence
was considered. This kinematical con�guration, as noticed in [6], is di�erent from that
considered in other models [7{9] based on perturbative QCD, where the �nal hadron
is made of quarks sharing the hadron energy equally. These models, contrary to the
previous one, predict the dominance of the helicity � = 0 state, with �00 � 1. A similar
prediction was made in the model considered in [4]. The DELPHI results indicating that
�00 > 1=3 for the vector mesons in the forward xp region appear to be in better agreement
with the models [4,7{9] predicting the preference of the helicity zero state.

The o�-diagonal elements �1�1 of the spin density matrix for the �0, K�0(892) and
� (Table 1) were found to be consistent with zero in the xp regions considered . Generally
the o�-diagonal elements are expected to be very small. However, according to [10{12],
this may not be the case for the vector mesons due to coherence phenomena. Within
present errors, no evidence is seen for such e�ects. In particular, this disagrees with the
quantitative predictions of the �1�1 for the �0, K�0(892) and � in hadronic Z0 decays
recently obtained in [12].

4 Summary

For the K�0(892) and � produced in the small xp regions 0:1 � xp � 0:3 and
0:05 � xp � 0:3, respectively, the �00 spin density matrix element was measured to
be: �00(K

�0) = 0:33 � 0:05 and �00(�) = 0:30 � 0:04 in the helicity frame. These results
are consistent with no spin alignment and with the ratio of pseudoscalar to vector meson
production P=V = 1=3 as expected from spin counting.

In the high xp region, the K
�0(892) and �0 appear to be produced with unequal popu-

lations in the three helicity states. Thus for xp � 0:4, the �00 spin density matrix element
was measured to be �00(K

�0) = 0:46 � 0:08 and �00(�
0) = 0:43 � 0:05, indicating that

the helicity zero state is preferentially occupied. This agrees with the preference for the
helicity zero states for the K�0(892) and �0 produced in the beam fragmentation region
in hadronic K+p and �+p reactions , respectively.

For the � in the same xp � 0:4 region, no spin alignment was observed with �00 =
0:30 � 0:04. However in the high xp region xp � 0:7, �00(�) = 0:55 � 0:10 for the � in
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agreement with the value of �00 = 0:54 � 0:08 recently measured in the same xp � 0:7
range by OPAL.

The o�-diagonal elements �1�1 of the spin density matrix for the �0, K�0(892) and
� were found to be consistent with zero.

The measurements presented here, together with the OPAL results on the � and D��,
show some evidence for spin alignment of the vector mesons produced in the fragmentation
region, and thus contribute to an understanding of the role of spin in the hadronization
process.
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Figure 1: The invariant mass spectra of (a-c) K��� for 0:1 � xp � 0:3 and (d-f)

K+K� for 0:05 � xp � 0:3 in the indicated cos �h and j cos �hj intervals for the uncorrected
data (open points). The upper histograms are the results of the �t. The sum of the
background and reection function contributions is shown by the lower histograms. The
lower parts of the �gures present the data and the results of the �t after subtracting the
background and reection contributions.
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Figure 2: The cos �h and j cos �hj distributions of a) K�0(892) for 0:1 � xp � 0:3 and b)

� for 0:05 � xp � 0:3. The curves are the results of the �t to the function (11).
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Figure 3: The �+�� invariant mass spectra for the xp � 0:4 range in the indicated j cos �hj
(a-d) and ' (e-h) intervals for the uncorrected data (open points). The upper histograms

are the results of the �t. The sum of the background and reection function contributions
is shown by the lower histograms. The lower parts of the �gures present the data and
the results of the �t for the �0, f0(980) and f2(1270) contributions after subtracting the
background and reections.
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Figure 4: The K��� invariant mass spectra for the xp � 0:4 range in the indicated cos �h
(a-f) and ' (g-j) intervals for the uncorrected data (open points). The upper histograms

are the results of the �t. The sum of the background and reection function contributions
is shown by the lower histograms. The lower parts of the �gures present the data and the
results of the �t after subtracting the background and reection contributions.
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Figure 5: The K+K� invariant mass spectra for the xp � 0:4 range in the indicated j cos �hj
(a-d) and ' (e-h) intervals for the uncorrected data (open points). The upper histograms

are the results of the �t. The sum of the background and reection function contributions
is shown by the lower histograms. The lower parts of the �gures present the data and the
results of the �t after subtracting the background and reection contributions.
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Figure 6: The cos �h and ' distributions of (a, b) the �0, (c, d) the K�0(892), and (e,

f) the � for the xp � 0:4 range. The curves are the results of the �t to the functions (11)
(a, c, e) and (12) (b, d, f).


