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Abstract. The helicity density matrix elements poo of p(770)* and w(782) mesons produced in Z° decays
have been measured using the OPAL detector at LEP. Over the measured meson energy range, the values
are compatible with 1/3, corresponding to a statistical mix of helicity —1, 0 and +1 states. For the highest
accessible scaled energy range 0.3 < zg < 0.6, the measured poo values of the p* and the w are 0.373 +
0.052 and 0.142 4 0.114, respectively. These results are compared to measurements of other vector mesons.

1 Introduction

Very little is known about the role of spin in the hadroniza-
tion process. At LEP, this can be investigated by studying
the properties of vector mesons produced in hadronic Z°
decays. Recent data on the helicity states of vector mesons
produced in hadronic Z° decays [1-4] reveal that the spin
of high-energy K*(892)° and ¢(1020) mesons is preferen-
tially aligned transverse to the direction of their momen-
tum. Measurements of the p(770)° and D*(2010)* mesons
are consistent with this behaviour, while B* mesons show
no alignment. The mechanism at the origin of spin align-
ment is not well understood theoretically [5], and this phe-
nomenon is ignored in models such as the Lund string
model [6] and the cluster model [7]. Extending these stud-
ies to other vector mesons would provide valuable help in
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elucidating the role of spin in hadronization. The helic-
ity density matrix elements for the p(770)* and w(782)
mesons produced in Z° decays have never been measured:
these are particularly interesting because the most pro-
nounced alignments observed so far are for light mesons.
The p* and w mesons, together with the p® whose helicity
matrix element has already been measured [2], have a sim-
ilar quark structure and can be expected to have similar
behaviour. Experimentally, the systematic uncertainties
affecting the extraction of the helicity matrix elements for
these three mesons differ substantially.

This paper describes the measurement of the helicity
density matrix elements pgg of p* and w mesons produced
in Z° decays using the OPAL detector at LEP. The detec-
tor and its performance are described in detail in [8-10].
The data sample consists of 4.1 million hadronic Z° de-
cays collected at centre-of-mass energies within +£2 GeV
of the Z° peak. The selection of hadronic events is pre-
sented in [11]. The method to reconstruct and identify
the p* — 757% and w — 77770 decays is the same as
used in [12], where it is explained in detail. The measure-
ments of pgy for the p* and w mesons are presented in
Sects. 2 and 3, and the results are compared to those for
other mesons at LEP in Sect. 4.
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2 Helicity density matrix element pgg
of p* mesons

The p* resonance decays dominantly via the 7570 chan-
nel. Using as a spin analyser the angle in the 779 rest
frame between one of the pion momenta and the p* boost
direction, the distribution of this angle, 0y, is [13]:

W(cosOy) = §[(1 — p00) + (3poo — 1) cos® O]

: (1)

where pgq is the helicity density matrix element expressing
the probability that the spin of the p* meson be perpen-
dicular to its momentum direction.

As the mechanisms producing the observed mesons
and their amount of spin alignment can vary with their
energy, the analysis is repeated for different intervals of
the scaled energy g = Emeson/Fbeam-

2.1 p* meson reconstruction

The reconstruction of the decay p* — 7t70 follows ex-
actly that described in [12]. Charged pion candidates are
selected as tracks in the central drift chambers with an en-
ergy loss measurement having a probability greater than
1% for the pion hypothesis [10]. Neutral pions are ob-
tained from the combination of pairs of photons detected
either as localised energy deposits in the electromagnetic
calorimeter or as two tracks from a v — eTe™ conver-
sion within the volume of the central drift chambers, and
selected using the multivariate method described in [12].

All selected 7 and 7% candidates are combined in
pairs. From the energy and momenta of the 70 and 7% in
each pair, three quantities are evaluated: the scaled energy
of the pair, 2, the invariant mass of the 779 system, m,
and the cosine of the spin analyser angle 6, defined as the
angle in the 770 rest frame between the 7° momentum
and the boost of the 770 system. The sample is divided
into ten equal bins of cos 0y in the range from —1 to +1,
for six intervals of zg in the range from 0.025 to 1. The
size of the bins in zp and cosfy are large compared to
the experimental resolutions on these quantities, which are
dominated by the 7% energy resolution. The Monte Carlo
simulations provide realistic estimates of these resolutions
as they reproduce well the width of the 7° mass peak [12].
They predict that the 7° energy resolution varies between
4% and 8% over the energy range relevant for the present
analysis, resulting in a resolution of approximately 0.04
on cos .

The number of reconstructed p* mesons in each cos 0
bin and zg interval is obtained from a fit to the corre-
sponding invariant mass distribution using the method
described in [12]. These numbers are corrected by the
efficiency evaluated by applying the same reconstruction
method and fit procedure to a sample of 6.4 million hadro-
nic Z° decays simulated [14] using the Monte Carlo pro-
grams JETSET 7.3 and 7.4 [6] tuned to reproduce the
global features of hadronic events as observed by OPAL
[15,16].

Examples of invariant mass distributions and fit results
are shown in Figs. 1 and 2. As can be seen, the shapes of
the p* signal and of the underlying background vary sig-
nificantly as a function of xg and cosfy. According to
the Monte Carlo simulations, this is due in large part to
the dependence of the ¥ reconstruction efficiency on its
energy. To track these effects carefully the fit procedure,
described in [12] and summarised below, is applied inde-
pendently to each mass distribution.

In the fit, the p* signal is parameterized as a relativis-
tic Breit-Wigner convoluted with the experimental mass
resolution and multiplied by a factor 1 4 C™= here
I' is the width of the resonance [17] and my is the Breit-
Wigner pole mass. This factor has been shown to take
adequately into account shape distortions due to inter-
ferences and residual Bose-Einstein correlations [18]. The
systematic variations of the signal shape consist of fixing
C to zero or leaving it as a free parameter and, in addition,
the mass resolution is set to the Monte Carlo prediction or
left as a free parameter. The systematics associated with
the background are evaluated using two methods. In the
first, the background shape is taken from the simulation
and normalised to the number of counts outside the signal
region. In the second method, the background is parame-
terized as:

f(m) = p1(m —mup)P? x exp(ps(m — mep)

+pa(m —m)?) 2)
where my, = my+ + myo and the parameters p; to py
are determined in the fits to the data. A Gaussian repre-
senting the reflection from w — 777~ 7% decays is added
to this shape. Its width is fixed to the Monte Carlo pre-
diction while its amplitude and centroid are left as free
parameters in order to absorb possible imperfections in
the modelling of the background near the 7 7° thresh-
old. The 7% selection is also varied as in [12], testing the
sensitivity of the results to an increase and a decrease of
the acceptance by a factor 2.

2.2 Extraction of the matrix element pgg
of pT mesons

For each interval of z, the efficiency-corrected p* yields
are evaluated for all ten cos @y bins and fitted to the ex-
pression

I(cosfy) = A(1 + Bcos®0y) (3)

From which the value of pgg is obtained via:

1+ B

~34B @

Poo
The parameters A and B and their errors are obtained
from a linear least-squares fit. As an example, Fig. 3 shows
the fits to the data of Figs. 1 and 2. The fit of Eqn. 3 to the
data is repeated for all systematic variations of the signal
and background parameterization, of the 7° selection, and
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of the Monte Carlo sample used for the efficiency. The
resulting B values are averaged and the systematic error
associated to each source of uncertainty is taken from the
rms deviation from the average. In this way, these errors
reflect the uncertainty on B and are independent of global
variations which affect only the parameter A.

The measured pgg values are listed in Table 1, together
with the statistical errors and the errors from the following
systematic uncertainties:

1. The statistical error on the Monte Carlo samples used

to calculate the efficiency.

The bias induced by the presence of the background

under the signal peak. This is estimated by the differ-

ence of the results of fits to the invariant mass spectra
of Monte Carlo samples where the background is in-
cluded or excluded.

. The variations of the fitted yields when the parameter-
ization of the shape of the signal and the background
is varied as in [12].

. The difference in efficiency obtained with Monte Carlo
samples using the JETSET tune parameters of [15]
and [16].

. The variation observed when the analysis is repeated
with different values for the cut on the 7° selection
variable [12], corresponding to changes by factors from
1/2 to 2 in the acceptance. As shown in [12], the varia-
tion of this cut induces significant changes in the shape
of the background and therefore provides an additional

2.

background (full lines) from the data. The
dashed lines are the fitted signals scaled by
the same factor

test of the stability of the results relative to the as-
sumptions regarding its shape.

3 Helicity density matrix element pgg
of w mesons

The decay w — w7 7’ has a branching ratio of
88.840.7% [17]. In the rest frame of the 7T 7~ 70 system,
the momenta of the three pions are in a plane. The appro-
priate spin analyser, 6y, in this case is the angle between
the normal to this plane and the boost direction [13], and
Eqn. 1 applies here [19] also.

3.1 w meson reconstruction

The reconstruction of the decay w — 77~ 7% follows ex-
actly that described in [12]. Charged and neutral pion can-
didates are selected as in the p* analysis. All triplets com-
prising two oppositely charged pions and one neutral pion
are considered. From the energy and momenta of the 7,
7~ and 7V candidates three quantities are evaluated: the
scaled energy of the triplet, g, the invariant mass of the
aTr 7% system, m, and the cosine of the spin analyser
angle, 0y, defined above. The sign of cos @y is arbitrary
and only its absolute value is considered. The Monte Carlo
simulations predict that the resolution on |cos | is ap-
proximately 0.04, increasing to 0.06 for 0.3 < zgp < 0.6.
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The sample is divided into six equal bins of | cos 6| in the
range from 0 to 1, for six intervals of x g in the range from
0.025 to 1.

The number of reconstructed w mesons in each | cos 0|
bin and zg interval is obtained from a fit to the corre-
sponding invariant mass distribution. Examples of invari-
ant mass distributions and fit results are shown in Figs. 4
and 5. In these fits, the combinatorial background is pa-
rameterized as a third order polynomial, P3(m). Asin [12],
the w signal, S(m), is described as the superposition of

two Gaussians sharing the same centroid, the ratios of the
two widths and areas being determined from the simula-
tion. According to the simulations, the position and total
width of the peak does not depend on | cos 0 |. Therefore,
for each =g interval, these two quantities are determined
from a fit to the data in the total interval 0 < | cos Oy | < 1,
and are subsequently fixed to these values in the fits to the
six individual | cos 0| bins.
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Table 1. Measured poo values for p* mesons as a function of 2z, together with the statistical, sys-
tematic and total errors. The different systematic error contributions 1-5 are described in Sect. 2.2.
The total numbers of ,oi candidates in each g bin are also listed, together with their statistical
errors, for the 7° cut yielding the largest acceptance. These numbers are only shown to give an
idea of the statistical precision of the measurement and are not used in the analysis
Number 1 2 3 4 5
TE of candidates P00 Stat. Stat. Bkg. Signal Diff. 0 Total
range (x10%) value (data) (MC) bias shape MC  select. error
0.025 - 0.050 48 £5 0.312 0.066 0.004 0.000 0.000 0.005 0.047 0.081
0.050 - 0.100 156 + 5 0.338 0.060 0.030 0.030 0.008 0.004 0.033 0.081
0.100 - 0.150 222 + 4 0.322 0.044 0.017 0.023 0.014 0.008 0.018 0.058
0.150 - 0.300 273 £ 3 0.316 0.027 0.019 0.032 0.018 0.019 0.009 0.054
0.300 - 0.600 60 £1 0.373 0.035 0.029 0.001 0.011 0.009 0.022 0.052
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3.2 Extraction of the matrix element pgg of w mesons

The extracted w yields are corrected by the reconstruction
efficiency evaluated in a similar manner to that in the p*
analysis (Sect. 2.2). For each interval in z g, the efficiency-
corrected w yields are evaluated for the six | cosfy| bins
and fitted to Eqn. 3. As an example, Fig. 6 shows the fits
to the data of Figs. 4 and 5. The shape of the background
does not vary with zz as much as in the case of the p*,
and here a fit to the sum of all g bins (Fig. 4) can be

0.8

background (full lines) from the data. The
dashed lines are the fitted signals scaled by
the same factor

performed. This allows a high-statistics test of the fitting
procedure. The measured pgg values are listed in Table 2,
together with the statistical and systematic uncertainties.
The systematic errors are evaluated as in Sect. 2.2. In the
case of the w, the systematic variation of the shape of the
signal (third error in table 2) are derived from determining
the width of the w peak from the simulation instead of the
data. As in [12], an additional error (the sixth in Table 2)
is derived from the test of whether the extracted w signal
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where pi is the momentum of the 7% meson in the
7770 rest frame. The ), distribution is expected to
rise linearly with A\, for the signal, and be flat for the
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Fig. 5. Invariant mass distributions of
7tn 7% combinations for the scaled en-
ergy range 0.3 < zg < 0.6, for the six
equal bins of | cos 0| between 0 and 1. The
black circles are the data. The full lines are
the background obtained in the fits to the
data. The white circles show the w signal,
scaled by a factor 10, obtained by subtract-
ing the fitted background (full lines) from
the data. The dashed lines are the fitted
signals scaled by the same factor

Fig. 6a,b. Efficiency-corrected w yields
obtained from the fits to the data shown
a in Fig. 5 (zg > 0.025) and b in Fig. 6
(0.3 < zg < 0.6). For clarity, the total
yields are normalised to 1 using the results
of the fit to the data in the entire | cos 0|
range. The errors are statistical only. The
full lines represent the fit of (3) to the data

combinatorial background. The data are therefore divided

into six bins in A, and the two-dimensional distributions
I(m, \,) are fitted with the expression:

(5)

I(m,\,) =

Ps(m) + Ao S(m)
e(m, A\y) (14 A,0)

(6)

where e(m, \,) is the acceptance of the detector deter-
mined from the combinatorial background distributions
in the simulations, and ¢ is a free parameter in the fit,
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Fig. 7a—c. Measured pgo values as
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06 L * OPAL w OPAL K (892) \\\\k and b w mesons produced in Z° de-
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04 E | ///% isotropic spin distribution (1/3). The

) W R s ---------------1 dotted lines represent the amount of
02 B ? 1 alignment expected from the J¥ =

C (0) % 1 07 — 07 4+ 17 decays present in the

0 L . Lo L L L .+ 1+ 1 simulations described in Sect. 4. In c,

1 the data from a and b are compared

xg of particle with other measurements [2, 3]

Table 2. Measured poo values for w mesons as a function of zg, together with the statistical, systematic
and total errors. The different systematic error contributions 1-6 are described in Sect. 2.2 and 3.2. The
total numbers of w candidates in each xg bin are also listed, together with their statistical errors, for the
7% cut yielding the largest acceptance. These numbers are only shown to give an idea of the statistical
precision of the measurement and are not used in the analysis

Number 1 2 3 4 5 6
TE of candidates 00 Stat. Stat. Bkg. Mass  Diff. 0 Total
range (x10%) value (data) (MC) Dbias resol. MC  select. Aw error
0.025 - 1.000 226.0 £ 2.7 0.312  0.011 0.001 0.010 0.008 0.005 0.027 0.000 0.032
0.025 - 0.050 328 £ 1.2 0.367 0.040 0.004 0.038 0.002 0.013 0.027 0.001 0.063
0.050 - 0.100  100.2 £1.7 0.249 0.018 0.003 0.047 0.008 0.008 0.038 0.007 0.065
0.100 - 0.150 475 + 1.2 0.308 0.021 0.003 0.015 0.003 0.010 0.032 0.005 0.043
0.150 - 0.300 414+ 1.0 0.303 0.026  0.004 0.011 0.007 0.012 0.023 0.011 0.041
0.300 - 0.600 48 £ 04 0.142 0.081 0.010 0.034 0.014 0.029 0.049 0.041 0.114

designed to account for possible deviations between the
Ao-dependence of the acceptance in the data and in the
Monte Carlo. The value of the sixth error in Table 2 is
the difference between the results obtained from the fits
to the I(m, A,) and I(m) distributions, where I(m) is the
sum of the six A, bins.

4 Results and discussion

Tables 1 and 2 present the measured pgy values for the
p* and w mesons, respectively, together with their statis-
tical, systematic and total errors. The total numbers of
meson candidates are also listed, together with their sta-
tistical errors. The statistical errors are dominated by the
contribution of the background under the p* and w sig-
nals. The highest accessible x g interval is 0.3 < zg < 0.6.
The uncertainty on the p* and w samples with 2z > 0.6
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(approximately 400 + 200 and 800 + 400 candidates, re-
spectively) is too large for a meaningful extraction of pgp.
The systematic errors are evaluated using the method of
[12]. In Tables 1 and 2, the scatter of the error values as a
function of x g for some uncertainty sources indicate that
their evaluation may still be affected by statistical fluctu-
ations. However the observed scatter is smaller than the
size of the total errors and thus should not affect signifi-
cantly the final results.

The measured values of pgy as a function of xzg are
shown in Figs. 7a and b for the p* and w mesons, respec-
tively. The measurements are compatible with 1/3 (the
dashed line in Figs 7a and b), corresponding to a sta-
tistical mix of helicity —1, 0 and +1 states. Out of ten
measurements, eight are equal to 1/3 within one standard
deviation, and two are within two standard deviations. In
other cases where vector meson spin alignment has been
observed [1-3] it appears only at meson energies above
zgp > 0.3. Here, in the energy range 0.3 < zg < 0.6, the
values of pgo for the p* and w mesons are 0.373 £ 0.035
4 0.038 and 0.142 £ 0.081 £ 0.080.

According to the Monte Carlo, and depending on the
p* energy, up to 10% of p* originate from the sequential
decays of JP = 0~ mesons into a p* (JF = 17) and an-
other J¥ = 0~ meson. The most important source of these
decays is DY — pt K~. In these decays the orbital angular
momentum of the p* must be opposite to its intrinsic spin
so that the p* must be in a helicity 0 state (pgo = 1) in the
rest frame of the parent meson. The degree of alignment in
the laboratory frame depends on the relative momenta of
the p* and the parent 0~ meson. Simulations predict that
only 60% of the alignment survives in the laboratory frame
for p* mesons in the interval 0.3 < 2z < 0.6 and that it
essentially disappears for g < 0.1. The effect of the align-
ment of the p* mesons coming from JZ =0~ — 0~ + 1~
decays present in the JETSET 7.3 and 7.4 samples based
on the parameters of [15] and [16] are almost indistinguish-
able, despite the inclusion of L = 1 mesons in the latter
simulation. This prediction is shown in Fig. 7a as a dotted
line. It agrees with the data. However, these small devia-
tions from 1/3 at high g are comparable in size to the ex-
perimental errors. For the w, the simulations predict that
less than 5% of w mesons in the interval 0.3 < g < 0.6
come from J” = 0~ — 0~ + 1~ decays. The expected
impact on the average w alignment, shown as a dotted
line in Fig. 7b, is significantly smaller than in the p* case
(Fig. 7a). If the contributions of the expected sources of
JP =07 = 0~ + 1~ decays are removed, the remain-
ing population is still compatible with pgg = 1/3 over the
entire z g range.

Fig. 7c compares the p* and w measurements with
those for the K*(892)Y obtained by OPAL [3] and the p°
by DELPHI [2]. The less precise DELPHI K*(892)° data
[2] are not shown for clarity: they are consistent with the
OPAL data. The K*(892)° data show a significant prefer-
ence for pgo values above 1/3 at values of 25 above 0.3. By
itself, the p° data was not sufficiently precise to conclude
whether similar alignment values were also observed for
light, unflavoured mesons in the corresponding = range.

p(770)* +o— OPAL 0.3<x<0.6
p(770)0 I ‘ —O0— DELPHI x>0.3 |
w(782) 7—0— OPAL 0.3<x<0.6 |
K*(892)0 I —— OPAL x>0.7 |
K*(892)0 I —— OPAL 0.3<x<0.5 1
K" (892)° I —0— DELPHI x>0.4 |
®(1020) I —e— OPAL x>0.7 |
@(1020) I —O0— DELPHI x>0.7 |
D’(2010)* I . oPAL c.D' |
B’ I —0— OPAL |
B’ I —o— ALEPH |
B I %% DELPHI |

0 0z 04 06 08 1

Helicity matrix element p,,

Fig. 8. Summary of published pgp measurements for vector
mesons produced in Z° decays. The results for the pi and w
are from this work. The DELPHI results for the p°, K*(892)°
and ¢ mesons are from [2], and the OPAL results for the ¢,
D** and B* mesons are from [1]. Other results are from [3]
(OPAL K*(892)°) and [4] (ALEPH and DELPHI B*). Only
measurements at large x or corresponding to primary quarks
are shown. The K*(892)° data at 0.3 < zg < 0.5 and g > 0.7
are also shown as an example of the possible xg dependence

Fig. 8 shows a compilation of ppg measurements for dif-
ferent mesons in different xg ranges. Up to now, the B*
meson was the only case where pop=1/3 was clearly pre-
ferred. The K*(892)° and ¢ mesons! appeared to prefer
larger values of poo > 1/2 at high x g, with the D* mesons
in between. In contrast, the new results on the p* and w,
together with the previous DELPHI p° results, appear to
prefer pgo values close to 1/3. Therefore the presence of
spin alignment above xg > 0.3 cannot be considered to be
a general property of mesons produced in hadronic Z° de-
cays. This could either be due to the influence of cascade
decays on the observed alignments or to some unknown
mechanism producing the alignment. More measurements
above rzp = 0.3, and particularly above 0.6, would con-
tribute significantly to the understanding of meson spin
alignment.

5 Conclusion

The helicity density matrix elements pgy of p* and w
mesons produced in Z° decays have been measured us-
ing the OPAL detector at LEP. Over the entire energy

! The OPAL ¢ data [3] are corrected for the effects of
JP =07 — 07 + 1~ decays predicted by the Monte Carlo
simulations. However the size of the correction is small com-
pared to the observed alignment.
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range, the measured values are compatible with 1/3 cor-
responding to a statistical mix of helicity —1, 0 and +1
states. The measurements in the highest accessible energy
range 0.3 < zg < 0.6 are 0.373 £ 0.052 and 0.142 + 0.114
for p* and w mesons, respectively. Taken together, these
results are lower than the values observed at high zp for
the K*(892)° and ¢ mesons.
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