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Abstract 

The spin density matrix elements for the p”, K*‘( 892) and 4 produced in hadronic Z” decays are measured in the 

DELPHI detector. There is no evidence for spin alignment of the K*‘( 892) and 4 in the region x, < 0.3 (x, = pIpbeam), 
where pm = 0.33 f. 0.05 and poo = 0.30 rt 0.04, respectively. In the fragmentation region, x, 1 0.4, there is some indication 
for spin alignment of the p” and K*‘( 892)) since pm = 0.43 f 0.05 and ~0 = 0.46 =t 0.08, respectively. These values are 
compared with those found in meson-induced hadronic reactions. For the $, ~0 = 0.30 f 0.04 for x, 2 0.4 and 0.55 f 0.10 
for .q, 2 0.7. The off-diagonal spin density matrix element pl-1 is consistent with zero in all cases.@ 1997 Published by 
Elsevier Science B.V. 

1. Introduction 

1 On leave of absence from IHEP Serpukhov. With the large statistics presently accumulated by 
’ CICYT-AEN96-1681. the LEP experiments, the inclusive production char- 
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acteristics 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 de- 
cuplet. This has allowed tuning of a number of ad- 
justable parameters in the QCD-based Monte Carlo 
models to get a reasonable description of the experi- 
mental data, thus obtaining useful information about 
the nature of the fragmentation process (see [ 1 ] and 
references therein). 

The study of the spin properties of hadrons pro- 
duced 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 [ 21 
and QCD cluster model [ 31, the particle spins enter 
only through adjustable phenomenological parameters 
accounting for the vector-pseudoscalar and decuplet- 
octet ratios. Otherwise the hadrons are treated as spin- 
less objects. However, measurements of spin observ- 
ables 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 P~,~I, which is a 3 x 3 Hermitian 
matrix with unit trace usually defined in the helicity 
basis. 

Its diagonal elements, pr 1, p-1 -1, and pao, repre- 
sent the relative intensities of the helicity A = +l, 
A = -1 and A = 0 states. Since vector mesons decay 
strongly, there are no interference effects like those in 
parity non-conserving weak decays and the values of 
pi 1 and p_ I_ I can not be measured separately. There- 
fore only one diagonal element pm is measurable. A 
state of no spin alignment corresponds to poo = l/3. 
For inclusively produced vector mesons in e+e- an- 
nihilation, the values of pno in the helicity frame pre- 
dicted by different models [4-91 span the range 0 < 
paa < 1, depending on the assumptions made about 
the fragmentation process. 

The off-diagonal elements of the spin density matrix 
measure the correlations between states with different 
helicities. In general, in the meson helicity rest frame 
considered in this paper, these elements are expected 
to be small. However, according to some theoretical 
expectations [ 10-121, coherence phenomena due to 
final-state interactions between the primary quark and 
antiquark may result in non-zero values of Re ~1-1 
and Im pi _ I for the vector mesons. 

The spin density matrix elements have been mea- 
sured previously for D** mesons produced inclusively 
in efe- collisions at energies up to fi = 29 GeV 
[ 13-151. No strong evidence for spin alignment was 
found. More recently, they have been measured at LEP 
fortheB* [16-18],andfortheD**and+ [18].For 
the B*, the results of all three experiments [ 16-181 
are consistent with no spin alignment. However, for 
the high energy 4, and perhaps for the D**, evidence 
for preferential production in the helicity zero state is 
observed [ 181. 

This paper describes measurements of the spin den- 
sity matrix elements for the p”, K*‘( 892) and 4 vector 
mesons 2 produced in Z” hadronic decays at LEP The 
DELPHI results on the inclusive production properties 
of these mesons can be found elsewhere [ 19,201. 

2. Experimental procedure 

The data collected by the DELPHI experiment in 
1994, when the DELPHI Ring Imaging Cherenkov 
(RICH) detectors were fully operational and pro- 
viding good particle identification, were used for 
the measurement of the spin density matrix for the 
K*‘( 892) in all xp regions (xp = p/pb,,) , and for 
the 4 in the region 0.05 < xp < 0.3. The sample cor- 
responds to a total of 1.34 million hadronic Z” decays. 

The spin density matrix for the p” and 4 in the 
fragmentation region xp > 0.3 was measured using 
the data sample with 3.3 million hadronic events col- 
lected by DELPHI in 1992-1995, without use of par- 
ticle identification. 

2.1. Event and particle selection 

Detailed descriptions of the DELPHI detector and 
its performance can be found elsewhere [ 21,221. 

The charged particle tracks were measured in the 
1.2 T magnetic field by a set of tracking detectors. The 
average momentum resolution for charged particles 
in hadronic final states was usually between Ap/p Y 
0.001~ and 0.01~ (p in GeV/c), depending on which 
detectors were included in the track fit. 

A charged particle was accepted in this analysis if 
its momentum p was greater than 0.2 GeV/c, its mo- 

’ Unless otherwise stated, antiparticles are implicitly included. 
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mentum error Ap 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 Cham- 
ber (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 hemispheres defined 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 identification 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 yy inter- 
actions was estimated to be less than O.l%, and the 
background from r+r- events less than 0.2% of the 
accepted events. 

After the event selection, in order to ensure a bet- 
ter signal-to-background ratio for the resonances in 
the &‘z--, 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 identification was provided by the 
RICH detectors, as in the previous DELPHI analy- 
sis of inclusive production of the K*‘(X92) and 4 
[ 201. The identification performance was evaluated 
by means of the detector simulation program DELSIM 
[22]. In DELSIM, about 4.9 million events satisfy- 
ing the same selection criteria as the real data were 
generated using the JETSET program [ 231 with the 
DELPHI default parameters [ 241. The particles were 
followed through the detector, and the simulated dig- 
itizations obtained were processed with the same re- 
construction programs as the experimental data. The 
efficiency of kaon identification was found to be about 
70% on average. 

Kaon identification was required for the Kr& 
mass distributions. For the K+K-mass spectra, at 
least one particle had to be identified as a kaon in 

the region xp < 0.3, while all charged particles were 
assigned the kaon mass in the region xp > 0.3. The 
rTT+rTT- mass distributions were analysed without using 
particle identification, assuming all charged particles 
to be pions. 

2.2. Fit procedure and treatment of detector 

imperfections 

Particle identification inefficiencies as well as other 
detector imperfections, such as limited geometrical 
acceptance, particle interactions in the detector ma- 
terial, and the different 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 definition of the anticipated distribution 
function, f( M, a), of the invariant mass M. The pa- 
rameters a were then determined by a least squares fit 
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.u), (1) 

corresponding to the signal, background, and reflec- 
tion contributions, respectively. 

The signal function, fS( M, a), described the reso- 
nance signals in the corresponding invariant mass dis- 
tributions. For the QT+~- mass distributions, it had a 
form: 

fS(M,u) = alPSPa( BW,,o(M,az,as) 

+a#S,(M) .BWfa(M,as,as) 

+a7PS,(M) -BWfi(M,as.a9), (2) 

with the relativistic Breit-Wigner functions BW for 
the p”, fu (980) and f2 ( 1270) multiplied by the func- 
tions PS( M) accounting for distortion of the reso- 
nance Breit-Wigner shapes by phase space effects 
(see [ 191 for details). For the K*trrr mass distribu- 
tions only two Breit-Wigner terms, representing the 
K*‘( 892) and KG0 ( 1430), contributed to fs( M, a). 

For the K+K- mass distribution only the 4 was con- 
sidered. 

The background term, fa(M, a), was taken to be 
of the form: 
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fB (M, a) = Ul()( M - Mth)n’l 

x exp(at2M + a13M2 + a14M3) (3) 

for the n-+rTT- mass distributions, where Me, is the in- 
variant mass threshold. The same form was used for 
the background parametrization for the K*rrr mass 
distribution. For the K+K- mass spectra only the lin- 
ear term in the exponential in Eq. (3) was used. 

The third term, f R (M, a), represented the sum of 
all the reflection functions ( RFi) : 

fR(M,a) = ~aJwi(M). (4) 
i 

Two types of reflection functions contributing to 
Eq. (4) were considered, as was discussed in detail 
in [ 19,201. Reflections of the first type arise from 
imperfect particle identification (when, for example, 
resonances in the r+rr- and K+K- systems dis- 
tort the K*vF mass spectra). Those of the second 
type arise from resonance and particle decays in the 
same system, for example from K$ + V+V- or 

w --+ &n-X in the &7~- mass spectra, or from 
charmed particle production. 

Although all possible reflections were considered, 
only the most important ones were finally taken into 
account. The ones considered were a) from the r], v’, 
w, 4, Ko,, K*O(S92), K;‘( 1430), f;( 1525) and Do 
in the &r- mass spectra, b) from the 7, w, p”, 4, 
f0(980), f2(1270), &(1525), Do, Df and D*+ in 

the K*n-r mass spectra, and c) from the r], g’, w, p”, 
fo( 980)) K’?, K*‘( 892)) Do, D+, D*+ and Di in the 
K+K- mass spectra. 

All reflections were found to be important for the 
&7r- mass spectra, treated without particle identifi- 
cation. The K*O( 892) signal in the K*rrF mass spec- 
tra was mostly affected by reflections from the (b for 
values of the helicity decay angle cos $1, (defined in 
Section 3) near - 1, and from the D*+ for cos 13h near 
fl. The influence of reflections on the # signal se- 
lection was found to be very small. 

The functions RF;:(M) in Eq. (4) were determined 
from events generated according to the JETSET 
model. The contributions of the reflections to the un- 
corrected mass spectra defined by the function ni (a) 
(see Eq. (6) below) were then obtained by passing 
these events through the detector simulation. This 
also accounted properly for the influence of particle 
misidentification. 

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

Nn*(a) = flZ&z) + N;(a) + z?;(a), 

where 

(5) 

where G = S, B, or R, and M, is the lower edge of 
the n-th histogram bin in the distribution of the vari- 
able M. The coefficients A, characterize the detector 
acceptance and the losses of particles due to the selec- 
tion criteria imposed, and the C, take into account the 
extra particles due to ghosts, secondary interactions, 
etc. The smearing matrix S,, is determined by the ex- 
perimental resolution. The three terms in Eq. (5) are 
all necessary (see [ 20,251 for more details) because 
the resonance signals, for example in the K*rF in- 
variant mass distribution, contain by definition only 
the K%TF pairs, while the background is contami- 
nated by the misidentified G-+T-, KfK-, K*pF and 
p*7rJ pairs. Therefore the coefficients A, and C,,, for 
the resonance signals and for the background are ex- 
pected to be different. 

The A,, C,,, , and S,, were estimated using the detec- 
tor simulation program DELSIM (see [ 191 for more 
details). Due to differences in the detector perfor- 
mance and data processing in different running peri- 
ods, the events generated by DELSIM for these pe- 
riods 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 coefficients A,, (instead of in 
C,, as was done in [ 19,20,25] ), the coefficients C,,, 
for the resonance signals became practically indepen- 
dent of the mass M. 

The treatment of residual Bose-Einstein correla- 
tions affecting the Breit-Wigner shape of the reso- 
nances was also different from the procedure used 
in Refs. [ 19,20,25]. The distortion of the resonance 
mass by this effect was accounted for by calculating, 
in each event generated by JETSET with the DELPHI 
default parameters [ 241, the resonance masses M, and 
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MI before and after switching on the Bose-Einstein 
effect, and thus constructing the corresponding ma- 
trix ,Si (BE), satisfying the normalization conditions 
Cr $(BE) = 1. The final matrix SiZ for the reso- 
nances in Eq. (6) is the product of the usual smear- 
ing matrix accounting for the experimental resolution 
Sil (resol.) and the matrix $(BE) accounting for 
Bose-Einstein effects: 

$7, = c % ( resol.)$,(BE). 

1 

(8) 

The Bose-Einstein effect was found to be important 
for the p” [ 191, very small for the K*‘( 892) [ 201 
and was neglected for the 4. 

The best values for a were then determined by a 
least squares fit of the predictions of Eq. (5) to the 
measured values, Nnt, by minimizing the function: 

111 

+ C(Q - &)‘/(A&)‘, (9) 
i 

where ~2 = Nnl + u2 ( fim) and a( Nm) is the error of 
&‘,,Z due to the finite statistics of the simulation used to 
evaluate A,, C, and S,,. The second sum in Eq. (9) 
constrains some of the fitted parameters ai to the values 
7Ei f AZ!i taken from external sources. In particular, the 
normalization of the reflection functions to the particle 
production rates taken from other experiments, and the 
masses and widths taken from the PDG tables [ 261, 
were used as constraints in this second term. Thus the 
“statistical” errors obtained from the fits include the 
corresponding systematic components. 

The fits were made in the mass ranges from 0.3 to 
1.8 GeVlc2 for the mIT+nTT-, from 0.64 to 1.3 GeVlc’ 
for the K*#F, 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: 

where the factor l/Br takes into account the unob- 
served decay modes, and the integration limits are the 
same as the fit ranges. The factor (R), practically inde- 
pendent of the mass M, takes account of the imperfec- 
tion 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 [ 19,201 for more details). 

3. Results and discussion 

The spin density matrix was determined in the me- 
son helicity rest frame with the quantization z-axis 
along the meson direction in the laboratory frame. The 
y-axis was defined as the vector product of the direc- 
tion of the vector meson and the e- beam direction. 
The azimuthal angle, p, is equal to zero in the pro- 
duction plane defined by the vector meson momentum 
and the e- beam direction. The polar angle, &, is the 
helicity angle of the resonance, i.e. the angle of the r+ 
from the p”. the K* from the K*O (892)) and the Kf 
from the 4 with respect to the z-axis in the resonance 
rest frame. 

For JP = I- states, the distributions in cos oh and 

q may be written as: 

W(cos&) =~(l-p~)+~(3poo-l)Cos2e~, 

(11) 

W(p) = &( 1 + 2Impt_i sin2p 

- 2Rept_i ~0~250). (12) 

The distributions in 9 were folded in such way that 
40 -+ 40 + Z- for 9 < 0. For the p” and 4, with the 
same decay particles, the distributions in cos Bh were 
folded around cos 6h = 0. For the K*O (892)) the full 
range -1 6 cos Bh < 1 was used, except for 0.1 < 
xp < 0.3 where only the range cos oh < 0 was used 
(for the reasons discussed in [ 201) . 

3.1. Spin density matrix 

The spin density matrix for the K*O (892) and 4 was 
first analysed in the region of relatively small xp. The 
corresponding analysis for the p” in this region was not 
possible due to the small signal to background ratio. 

The measured uncorrected K*rF invariant mass 
distributions for 0.1 < x* ,< 0.3 and for three cos 6h 
intervals are presented in Figs. la-c. The K+K- mass 
spectra for 0.05 < xp < 0.3 and for three 1 cos OhI in- 
tervals are shown in Figs. Id-f. In both cases, at least 
one kaon was required to be identified by the RICH. 
The K*O (892) and 4 signals are clearly seen, and the 
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Fig. 1. The invariant mass spectra of (a-c) K*rrF for 0.1 < x, < 0.3 and (d-f) KfK- for 0.05 < xP < 0.3 in the indicated cos0h 

and / cos &,I intervals for the uncorrected data (open points). The upper histograms are the results of the fit. The sum of the background 

and reflection function contributions is shown by the lower histograms. The lower parts of the figures present the data and the results of 

the fit after subtracting the background and reflection contributions. 

fits describe the data quite well in ah cos 6$, intervals: 
the values of x2/NDF are equal to 21/27,15/27, and 
34127 for Figs. la-c, and 58/52, 81152, and 81152 
for Figs. Id-f 3 . The first four values indicate excel- 
lent fits; the last two acceptable fits. Notice that the 
structure at about 0.8 GeV/c2 in Fig. la is explained 
by reflection from the 4, which is most important for 
cos Bh -+ - 1; it is also well reproduced by the fit. 

The cos tih distributions for the K*O( 892) and 
4 were obtained by determining the resonance cross- 
sections for different COS tih intervals from fits to the 

3 For the other fits to be presented in the paper, the values of 

x*,/NDF also indicate acceptable fits. 

corresponding invariant mass distributions shown in 
Fig. 1. They are presented in Fig. 2. The fit of these 
cos oh distributions to the function (11) (shown by 
the curves in Fig. 2)) and of the p distributions to the 
function ( 12) (not shown), gave the values of the 
spin density matrix elements presented in the upper 
part of Table 1. 

The values 

&K*‘(892)) = 0.33 f 0.05 (13) 

and 

poa( 4) = 0.30 f 0.04 (14) 
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Fig. 2. The cos&, and / cost9hl distributions of a) K*O(892) for 0.1 < xp < 0.3 and b) 4 for 0.05 < .r, < 0.3. The curves are the 

results of the fit to the function (11). 

Table 1 
Spin density matrix elements pea, RepI_1, Impt-t for the p”, 
K*O(892) and 4 for different xp ranges. The statistical and sys- 
tematic errors are combined quadratically. 

Particle xp ramze PO0 RePI- ImPI-1 

K*O(892) 0.1&,<0.3 0.33f0.05 O.OOf0.02 -0.Olf0.02 

4 0.05<n,<0.3 0.30f0.04 0.00f0.02 0.00f0.02 

PO 0.42+0.04 O.OOf0.02 O.OOf0.02 

K*‘( 892) x&O.3 0.41 f0.07 0.01 f0.03 -0.01*0.03 

4 0.27f0.04 O.OOf0.02 O.OOf0.02 

PO 0.43f0.05 0.01f0.02 -0.011t0.02 

K*O(892) x&O.4 0.46f0.08 O.OOztO.03 -0.03rtO.03 

4 0.30f0.04 0.01*0.02 -0.01zt0.02 

PO 0.48f0.06 0.02~tO.03 0.00&0.03 

K*‘(892) X&O.5 0.47f0.10 -0.02f0.04 -0.06f0.04 

4 0.36f0.06 0.02*0.03 O.OOf0.03 

X&O.7 0.55f0.10 0.02f0.04 O.OOf0.04 

obtained for the K*‘( 892) and C$ in the region of small 
xg are close to the value of l/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 p”, 
K*O (892) and C$ were measured in the fragmentation 
regions xP 3 0.3, xP 2 0.4, xP > 0.5 and also in 

the region xP 2 0.7 for the C$ alone. The measured 
uncorrected rTT+r-, K*rrF, and K+K- invariant mass 
distributions for xP 2 0.4 and for different cos tih and 
50 intervals are shown in Figs. 3-5. 

For the QT+~- mass spectra, the signal to back- 
ground ratios for the p” are rather small (Fig. 3)) 
but the high statistics allow the p” cross-sections to 
be determined in different 1 cos &I and 40 intervals 
with good statistical precision. The fits describe the 
data well; note the presence of fa(980) signals on 
the right-hand-side shoulder of the p” peak. The sig- 
nal to background ratios are larger for the narrower 
K*O (892) (see Fig. 4)) and especially for the 4 (see 
Fig. 5). Here again the fits provide a good description 
of the data. Large distortions of the K*vF mass dis- 
tributions by the reflections from the C$ (Fig. 4a) and 
from the D*+ (Fig. 4f) on the left-hand-side of the 
K*O (892) are also well described by the fits. 

The cos& and 50 distributions for the p”, 
K*‘( 892) and 4 determined from the fits of the 
invariant mass distributions shown in Figs. 3-5 are 
presented in Fig. 6. The fit of the cos flh distributions 
to the function ( 11) (see the curves in Figs. 6a, c, e) 
gave the values of the spin density matrix element for 
XP > 0.4 

pa&P> = 0.43 f 0.05, (15) 

poo( K*‘( 892)) = 0.46 f 0.08, (16) 

p()()( 4) = 0.30 f 0.04. (17) 
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Fig. 3. The r+r- invariant mass spectra for the xP 2 0.4 range in the indicated 1 cos oh 1 (a-d) and q (e-h) intervals for the uncorrected 

data (open points). The upper histograms are the results of the fit. The sum of the background and reflection function contributions is 

shown by the lower histograms. The lower paris of the figures present the data and the results of the fit for the p”, fu (980) and f2 ( 1270) 
contributions after subtracting the background and reflections. 

All values for different xp ranges are collected in Ta- 
ble 1. It also shows the values of the off-diagonal ma- 
trix elements Repr-r and ImpI_r for these mesons 
obtained from the fit of the rp distributions to the func- 
tion ( 12) (see Figs. 6b, d, f) for -“p 2 0.4). 

In the high xp region, the K*O( 892) and p” appear 
to be produced with unequal population of the three 
helicity states with an indication that the helicity zero 
state is preferentially occupied. For the 4 in the same 
xp region, no spin alignment is observed. Some differ- 
ence between the spin alignment of the C# and p” and 
K*O (892) might be perhaps related to mixing of the 
4 and o. Anyhow, the preference for the helicity zero 
state appears to occur at still higher xp values for the 
4 than for the p” and K*O (892). Indeed for the 4 in 

the region xp 3 0.7, puu = 0.55 + 0.10, in agreement 
with the value of paa = 0.54 f 0.08 recently measured 
inthesamex, >0.7rangebyOPAL [18]. 

3.2. Systematic errors 

In Table 1, the statistical and systematic errors are 
combined quadratically. The systematic errors were 
first estimated in the same way as in [ 19,201 by de- 
termining the contributions arising from: 

(i) variations of the charged particle selection cuts; 
(ii) uncertainty in the K* identification efficiency; 

(iii) treatment of residual BE correlations; 
(iv) overall normalization of reflections; 
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(v) choice of the background parametrization, bin 
size of the mass spectra and mass range used in 
the fit; 

(vi) variation in absolute value of the factor (I?). 
However, the systematic uncertainties arising from 
these effects affected mostly the overall normaliza- 
tion of the vector meson cross-sections, rather than 
the shapes of their angular distributions. Consequently, 

their influence on the values of the spin density ma- 
trix elements was found to be small compared with 
the statistical errors. The systematic error on pm and 
the off-diagonal matrix elements for all three mesons 
in all xP intervals arising from these uncertainties was 
conservatively taken to be fO.O1. 

The relative contributions of the reflections in differ- 
ent angular intervals were taken from JETSET, where 
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isotropic angular distributions for the decay products 
of the vector mesons are assumed. This may result 
in additional systematic uncertainties of the pm val- 
ues for the p” and K*‘( 892)) for which the reflections 
from the vector mesons are important. These uncer- 
tainties were estimated by modifying the angular dis- 
tributions of the reflections from the vector mesons, 
which were taken to have the form ( 11) with pm = 
0.5, close to the experimentally found values. The de- 
termination of the spin density matrix was then re- 
peated, and the resulting elements of paa were found 
to differ 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 p” and K*‘( 892). 

For the qb, where the influence of reflections is neg- 
ligible, the above systematic error was ignored. How- 
ever, in this case one cannot exclude some distortion 
of the cos 6+, distribution, especially for qb of large mo- 
mentum, due to the small opening angle between the 
K+ and K- in the xy plane in the laboratory frame. 
This was estimated by comparing the cos 6$ distribu- 
tions in two different intervals of the azimuthal angle 
cp, which is closely correlated with the opening angle 
between the K+ and K- in the xy plane in the labo- 
ratory frame. From the values of pee and Re pr _ 1 de- 
termined in the two C,CJ intervals q/r = 0.25-0.75 and 
p/r # 0.25-0.75 and their comparison with the val- 
ues determined in the full q~ interval, no evidence for 
possible systematic biases in the ~00 and Re pt _t was 
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seen within the statistical errors. The corresponding 
systematic errors on ~00 and on the off-diagonal ma- 
trix elements for the 4 were conservatively taken to 
be ho.03 and 1kO.02, respectively, in all xP intervals. 

A part of the observed spin alignment may arise 
from charmed particle decays into the vector and pseu- 
doscalar mesons, since in this case the angular dis- 
tribution of the vector meson decay products in the 
vector meson rest frame follows a cos2 19h distribution 
with respect to the charmed particle direction. The ef- 
fect was evaluated using the Monte Carlo simulation 
with measured charmed particle production rates taken 
from [ 261. Its contribution to the measured ~00 val- 
ues was found to be negligible for xP < 0.3 and less 
than 0.01 for xP 2 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 ex- 
tra quark pairs are produced with both helicities of 
quarks being equally likely. If the helicities of the pri- 
mary quark and secondary antiquark line up, a vector 
meson is produced. If the quark helicities are antipar- 
allel, either a pseudoscalar meson is produced with 
a probability f or a vector meson with a probabil- 
ity 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 [ 41 give 
~00 = 4(1--P/V). WiththePoovalues (13) and (14) 
close to l/3, one has P/V = l/3 as expected from 
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spin counting. This agrees with the recent conclusions 
made from the analysis of particle production rates 
at LEP in [ 27-291, 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- -+ 
44 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 re- 
actions ?r+p -+ p” + X and K+p -+ K*‘( 892) + X at 
incident momentum of 250 GeV/c by the EHS-NA22 
experiment [ 301. In the transversity frame, cos 0 was 
defined as cos 0 = N. n(n--), with N being the unit 
vector normal to the reaction plane, and n( z-- ) being 
a unit vector along the momentum of the 7~~ from the 
p” or K*O (892) decay in the resonance rest frame. In 
the Feynman variable range x(p’,K*‘) 3 0.7 (x = 
2p~/& where pL is the longitudinal momentum in 
the centre of mass frame), the reported values are 
poo(po) = 0.10 f 0.04 and p&K*‘) = 0.13 & 0.04. 
Small values of pee in the transversity frame corre- 
spond to large values of pa0 in the helicity frame. Thus 
the spin alignment of the vector mesons produced in 
eie- collisions and in meson-induced reactions in the 
fragmentation regions appears to be qualitatively sim- 
ilar. 

Several models give predictions on the values of 
pco in the helicity frame for the vector mesons pro- 
duced in the fragmentation region. The QCD-inspired 
model [6] is based on a picture where hadron pro- 
duction proceeds via independent soft gluon emission 
creating a qg pair. At each step of the chain, as the pri- 
mary quark (or antiquark) remains highly energetic 
and undeflected, the vector coupling to the gluon con- 
serves 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 A = f 1 state with pus M 0. In this picture the 
coupling of the hadronic wave function to nearly real 
quarks with very large rapidity difference was con- 
sidered. This kinematical configuration, as noticed in 
[ 61, is different from that considered in other mod- 
els [ 7-91 based on perturbative QCD, where the final 
hadron is made of quarks sharing the hadron energy 
equally. These models, contrary to the previous one, 

predict the dominance of the helicity A = 0 state, with 

PO0 M 1. A similar prediction was made in the model 
considered in [ 41. The DELPHI results indicating that 
pa0 > l/3 for the vector mesons in the forward xp re- 
gion appear to be in better agreement with the models 
[ 4,7-91 predicting the preference of the helicity zero 
state. 

The off-diagonal elements pt _ 1 of the spin density 
matrix for the p”, K*‘( 892) and ~+6 (Table 1) were 
found to be consistent with zero in the xP regions 
considered. Generally the off-diagonal elements are 
expected to be very small. However, according to [ lo- 
121, this may not be the case for the vector mesons 
due to coherence phenomena. Within present errors, 
no evidence is seen for such effects. In particular, this 
disagrees with the quantitative predictions of the pt -1 
for the p”, K*‘( 892) and 4 in hadronic Z” decays 
recently obtained in [ 121. 

4. Summary 

For the K*O( 892) and 4 produced in the small xp 
regions 0.1 < xp < 0.3 and 0.05 f xp < 0.3, respec- 
tively, the paa spin density matrix element was mea- 
sured to be: poc(K*‘) = 0.33 & 0.05 and pm(+) = 
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 = l/3 
as expected from spin counting. 

In the high xp region, the K*‘( 892) and p” appear 
to be produced with unequal populations in the three 
helicity states. Thus for xp 3 0.4, the pm spin den- 
sity matrix element was measured to be pcc(K*O) = 

0.46f0.08 and p&p’) = 0.43f0.05, indicating that 
the helicity zero state is preferentially occupied. This 
agrees with the preference for the helicity zero states 
for the K*‘( 892) and p” produced in the beam frag- 
mentation region in hadronic K+p and r+p reactions, 
respectively. 

For the c$ in the same xp 3 0.4 region, no spin align- 
ment was observed with pas = 0.3O~tO.04. However in 
thehighxp regionx, > 0.7, pm($) = 0.55fO.lOfor 
the 4 in agreement with the value of poo = 0.54 f 0.08 
recently measured in the same xp 3 0.7 range by 
OPAL. 

The off-diagonal elements pt _i of the spin density 
matrix for the p”, K*‘( 892) and 4 were found to be 
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consistent with zero. 
The measurements presented here, together with the 

OPAL results on the q5 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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