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Abstract

DELPHI results are presented on the inclusive production of the neutral mesons
P°, f0(980), f»(1270), K3°(1430) and f,(1525) in hadronic Z° decays. They are
based on about 2 million multihadronic events collected in 1994 and 1995, using
the particle identification capabilities of the DELPHI Ring Imaging Cherenkov
detectors and measured ionization losses in the Time Projection Chamber. The
total production rates per hadronic Z° decay have been determined to be: 1.194+
0.10 for p% 0.164 4 0.021 for f5(980); 0.214 + 0.038 for f5(1270); 0.073 £ 0.023
for K3°(1430); and 0.012 £ 0.006 for f,(1525). The total production rates for
all mesons and differential cross-sections for the p%, fo(980) and f3(1270) are
compared with the results of other LEP experiments and with models.
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1 Introduction

The production of several orbitally excited mesons such as f,(980) and f>(1270) [1,2],
aZ(980) [3], K3°(1430) [4,5] and f,(1525) [6] has been measured by DELPHI and OPAL
using the large statistics accumulated by these experiments at the Z° peak. A significant
rate of production of L = 1 excited mesons in the hadronization was clearly established.
Orbitally and radially excited mesons in the heavy quark sector were also observed by
the LEP experiments [7—13] to be produced with significant rates.

The results obtained on the production of orbitally excited mesons in the light quark
sector have usually been compared with the string [14] or cluster [15] models implemented
in the QCD-based Monte Carlo generators JETSET [16] and HERWIG [17] respectively.
In most cases, after proper tuning of a number of adjustable parameters, a reasonable
description of the experimental data was obtained, thus allowing useful information to be
obtained about the nature of the fragmentation process (see, for example, [18]). However
in some cases a significant disagreement with these models was observed [5]. This is
not very surprising, since the underlying physics of hadronization is not fully understood
and such models cannot supply sufficiently reliable guidance on possible differences in
production mechanisms of different mesons and baryons or on their dependences on spin
and orbital momentum dynamics. Studies of the production properties of the orbitally
excited states are thus of special interest in view of the possibly different dynamics of
their production.

This paper describes new DELPHI measurements of p°, f5(980), f2(1270), K3°(1430)*
and f,(1525) production in Z° hadronic decays at LEP1. The previous DELPHI results
on the inclusive production properties of the p° f3(980) and f(1270) mesons [1] were
based on data collected in 1991 and 1992 and were obtained without the use of particle
identification. The previous DELPHI results on the A3°(1430) and f,(1525) produc-
tion [5,6] were obtained using the 1994 data sample, with particle identification coming
from the RICH detectors only. The present results, superseding the previous DELPHI
measurements, are based on a data sample of 2 million hadronic Z° decays collected dur-
ing 1994 and 1995 and make use of the particle identification capabilities provided by the
Ring Imaging Cherenkov (RICH) detectors and by measured ionization losses dF/dx in
the Time Projection Chamber (TPC).

2 Experimental Procedure

2.1 Event and particle selection

Detailed descriptions of the DELPHI detector and its performance can be found else-
where [19,20].

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, Ap/p, was usually between 0.001 and 0.01, 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
140 MeV /e, its momentum 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 TPC was greater
than 50 cm, and its impact parameter with respect to the nominal crossing point was
within 5 e¢m in the transverse (2y) plane and 10 ¢cm along the beam direction (z-axis).

'Unless otherwise stated, antiparticles are implicitly included.



Hadronic events were then selected by requiring at least 5 charged particles, with
total energy of the charged particles greater than 15 GeV and at least 3 GeV in each
hemisphere of the event, defined with respect to the beam direction. In addition, the
polar angle of the sphericity axis was required to lie between 40° and 140°.

The sample selected with the above cuts consisted of 1.13 million events. The con-
tamination from events due to beam-gas scattering and to v+ interactions was estimated
to be less than 0.1% and the background from 7F7~ events less than 0.2% of the total
number accepted.

After the event selection, in order to ensure a better signal-to-background ratio for the
resonances in the 7¥7~, KT7~ and A+t K~ invariant mass spectra, tighter requirements
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 ¢m along the beam direction.
Charged particles were used only from the barrel region of the detector and were further
required to have hits in the Vertex Detector. Any particle identified by the RICH was
required to have a track segment in the Outer Detector.

Charged particle identification was provided by the barrel RICH detectors for parti-
cles with momentum above 700 MeV /¢, while the ionization loss measured in the TPC
could be used for momenta above 100 MeV/c. The corresponding identification tags
were based on the combined probabilities derived from the measured average Cherenkov
angle and the number of observed photons in the RICH, and from the measured dF/dx
in the TPC. Tight cuts were applied to achieve the highest possible identification purity
(see [21] and references therein where further details of particle identification routines
can be found). The identification performance was evaluated by means of the detec-
tor simulation program DELSIM [20]. In DELSIM, about 3 million hadronic decays of
the Z° satisfying the same selection criteria as the real data were produced using the
JETSET generator [16] with the DELPHI default parameters [18] obtained before the
measurements reported in this paper. Subsequent references to JETSET always mean
this tuning, which is described in detail in [18]. The particles were followed through the
detector, and the simulated digitizations obtained were processed with the same recon-
struction programs as the experimental data. Good agreement between the data and
simulation was observed.

2.2 Fit procedure and treatment of detector response

Particle identification inefficiencies, detector imperfections such as the limited geomet-
rical acceptance and electronic inefficiencies, particle interactions in the detector material,
and the different kinematical cuts imposed for charged particle and event selection, were
accounted for by applying the approach first described in [1], developed in [5,22,23] and
outlined in brief below.

In the present analysis, a vector @ of parameters was used in the definition of the
anticipated distribution function, f(M,d), of the invariant mass M. The parameters @
were then determined by a least squares fit of the function to the data.

The function f(M,d) was composed of three parts:

fIM,@) = f5(M,a@) + f7(M.a) + f(M,d), (1)

corresponding to the signal, background, and reflection contributions respectively.
The signal function, f°(M,a), described the resonance signals in the corresponding
invariant mass distributions. For the 77~ mass distributions it had the form



(M, @) = a,PS(M) - BW,o(M, as,a3) + ayPSs (M) - BW;, (M, as, ag)
+ a7PSf2(M) 'BWf2(M7a87a9)7 (2)

where the relativistic Breit—-Wigner functions BW for the p°, f5(980) and f»(1270) are
multiplied by the functions PS(M) to account for the distortion of the resonance Breit—
Wigner shapes by phase space effects (see [1] for details.) For each of the K*#x~ and
K* K~ mass distributions only one Breit—-Wigner term, representing the K;°(1430) and
f,(1525)respectively, contributed to f%(M,@).

The background term, fB(M, @), was taken to be of the form

fB(M,d@) = BGyepser (M) - P(M, @), (3)

where BG jetse:( M) represented the background shape generated by JETSET (presumed
to describe the gross features of the real background) and P(M, @) = 1+ a10M + a1 M* +
aiaM? + a;3M* was a polynomial of order 4 (or sometimes of order 3) introduced to
account for possible deviations of BGjeiset(M) from the real background. All pairs of
charged particles which do not come from the resonances considered and reflections in
the invariant mass spectra were included in the definition of BG jeisee(M). This param-
eterization of the background was different from the analytical form used in a previous
DELPHI analysis [1,5,22,23].
The third term, f*(M,a), represented the sum of all the reflection functions (RF}):

B(M,d) = a;RFi(M), (4)
i=14

with different numbers n of the reflection functions for each of the mass distributions
under consideration. Two types of reflection function contributing to Eq. 4 were con-
sidered. Reflections of the first type arise from particle misidentification, for example
when resonances in the K7~ and K™K~ systems distort the 7t7~ mass spectra. Due
to the efficient particle identification of the combined RICH and TPC tags and to the
high identification purity provided by the tight cuts, the influence of reflections of this
type was found to be much smaller than in the previous DELPHI analysis [1], which
was performed without particle identification. Reflections of the second type arise from
resonances and particles decaying in the same system, for example from K% — w7~
or w — 7t7~ X in the 777~ mass spectra, or from charmed particle production. The
reflections from charmed particle decays are of special importance for the tensor mesons,
as discussed in section 3.

The functions RF;(M) in Eq. 4 were determined from events generated according
to the JETSET model. The contributions of the reflections to the raw mass spectra
defined by the function NX(@) (see Eq. 5 below) were then obtained by passing these
events through the detector simulation. This also took proper account of the influence of
particle misidentification.

In each mass bin, m, the number of entries N,,(@) predicted by the function f(M,a),
representing a sum of contributions from the resonance signals, background and reflections
(see [23]), is given by

=Cm Z wAnfn(@ (5)

() = / o, O



where G = S, B or R, and M, is the lower edge of the n-th histogram bin in the
distribution of the variable M. The coefficients A, characterize the detector acceptance
and the losses of particles due to the selection criteria imposed, and the €, take into
account the contamination of the sample by particles from V° decays, wrongly associated
charged particles, secondary interactions, etc. The smearing matrix 5,,, represents the
experimental resolution. The A,, C,, and S,,, were estimated separately for the resonance
signals, background and reflection contributions using the detector simulation program
DELSIM. Due to differences in the detector performance and data processing in different
running periods, the events generated by DELSIM for these periods were taken with
weights corresponding to the relative number of events in the real data. The distortion
of the smearing matrix by residual Bose-Einstein correlations was also accounted for by
means of the procedure described in [23].

The best values for d@ were then determined by a least squares fit of the predictions of
Eq. 5 to the measured values, N,,, by minimizing the function

XF =20 (N = Now(@))* forg, + 3 (ai — a:)*/(Aai)?, (7)

where 02, = N,, +0*(N,,) and o(N,,) is the error on N,, due to the finite statistics of the
simulation used to evaluate A,, C,, and S5,,,. The second sum in Eq. 7 constrains some
of the fitted parameters a; to the values a; = Aa; taken from external sources, such as the
normalization of the reflection functions to the particle production rates taken from this
and other LEP experiments, and the masses and widths taken from the PDG tables [24].
The errors obtained from the fits thus include the corresponding systematic components.

The fits were made in the mass ranges from 0.3 to 1.8 GeV/c? for the #*7~, from 1.1
to 2.1 GeV/c? for the Kt7~ and from 1.2 to 2.2 GeV/c? for the K K~ mass spectra.

The resonance production rates were calculated as

V)= g [ FPOnd) v, g

where the factor 1/Br (with the branching ratios, Br, from [24]) takes into account the
unobserved decay modes and the integration limits are the same as the fit ranges. The
factor (R), which is almost independent of the mass M, takes account of the imperfection
of the detector simulation when the stronger cuts on impact parameters are applied (see
[1,23] for details). It is very close to unity.

3 Results

3.1 p°% fo(980) and f5(1270) production

The measured raw 7t7~ invariant mass distributions are shown for the individual

v, = p(7T77)/Pream intervals in Fig. 1 together with the results of the fits. The p°
and fo(980) resonance signals are clearly seen in all x, intervals. The relatively broad
f2(1270) resonance is only just visible in the 7+7~ spectra for x, < 0.4 but is clearer
after subtracting the background and reflection contributions.

The contribution of reflections is also shown in Fig. 1. As discussed in the previous
section, good particle identification reduces the reflection resulting from particle misiden-
tification to a very low level. In particular, it is seen from Fig. 1 that the reflection from
the K*°(892) under the p° signal is almost negligible (about 2-3%). This is in stark con-
trast with the previous DELPHI analysis of 1991 and 1992 data [1], performed without



the use of particle identification, where the K*°(892) reflection contribution resulted in a

strong peak in the p® mass region, comparable in magnitude with the p° signal.

The dominant contribution of the reflections is due to resonances and particles decay-
ing into the 7t7~ X systems. Their influence is mainly concentrated in the low mass re-
gion. In the p® and f3(980) mass regions, the contribution of reflections is relatively small,
their mass dependence is rather smooth and therefore they do not distort the resonance
signals in a significant way. However this is not the case for the f»(1270) for x, > 0.2,
where the reflections from the quasi-two-body D decays, such as D° — K= (892)7 ™,
with the 77 from the D° decay and 7~ from K™~ forming the 777~ system, give a large
contribution exactly in the f5(1270) mass region. The influence of these reflections was
accounted for as discussed in sect. 2.2. In addition, possible systematic uncertainties
for the f3(1270) for x, > 0.2 arising from these reflections were accounted for in the
systematic errors (see sect. 3.4).

In the fits, the p°, f5(980) and f5(1270) masses and the p® and f»(1270) widths were
constrained by the second term in Eq. 7 using the PDG values [24]. The f,(980) width
was fixed at 50 MeV/c*. As can be seen from Fig. 1 and Table 1, the fits describe the data
very well in all measured z, intervals, apart from the lowest z, region, where \?/ndf = 2
for 44 degrees of freedom. The p°, f5(980) and f»(1270) differential production cross-
sections, (1/o},) - do/dx,, where o}, is the total hadronic cross-section, are presented in

Table 1 and Fig. 2.

Table 1: Differential p°, f5(980) and f3(1270) cross-sections (1/0}) - do/dx, for the in-
dicated z, intervals. The errors obtained from the fits and the systematic errors are
combined quadratically. The corresponding values of \?/ndf for the fits are also given.

‘J}p interval‘ p¥ ‘ 10(980) ‘ 12(1270) ‘Xz/ndf‘
0.05-0.1 | 6.15+0.72 | 0.84+0.16 1.23+0.37 | 90/44
0.1-0.2 2.1610.23 0.3510.06 0.47+£0.12 | 48/44
0.2-0.3 0.924+0.10 | 0.134+0.03 | 0.1840.05 | 58/44
03-04 0.45+0.05 |0.075+0.017| 0.104+0.04 | 65/44
0.4-0.6 0.13+£0.02 |0.029+0.006 |0.0424+0.016 | 46/44
0.6 — 0.8 [0.027+£0.005|0.006+0.003 |0.012+0.006 | 47/44
0.8 -1.0 [0.0034+0.002 — — 31/46

The rather high value of y?/ndf in the lowest z, region, comes mainly from a few
isolated bad points and reflects difficulties in extracting resonance rates at low momenta.
Partly this is due to a poor determination of the opening angle between the low momen-
tum particles and to the fact that a significant fraction of the particle pairs is contami-
nated by particles from V° decays and secondary interactions and by wrongly associated
charged particles. For z, < 0.05, the influence of the residual Bose-Einstein correlations,
whose treatment in JETSET is not perfect, becomes very important. For these reasons,
no attempt was made to measure meson resonance rates below z, = 0.05 and thus this
analysis is restricted to x, > 0.05.

The measured p°, f5(980) and f»(1270) rates per hadronic event in the z, > 0.05
range, obtained by integrating the x, spectra, were determined to be

</00>po0.05 =0.692 £+ 0.034 (ﬁt)

(f0(980))s,>0.05 = 0.104 £ 0.009 (fit) (10)



(f2(1270))5,>0.05 = 0.148 £ 0.022 (fit), (11)

where the errors were obtained from the fits and, as explained in section 2.2, include a
systematic component. The values (9), (10) and (11) agree with the corresponding values

of 0.698 £+ 0.035, 0.102 4+ 0.009 and 0.145 4+ 0.022, obtained by fitting the overall mass

spectrum in the z, > 0.05 range.

3.2 K;°(1430) production

The measured raw K17~ invariant mass distribution for x, > 0.04 is shown in Fig. 3
together with the results of the fit. The small K3°(1430) signal is seen in the data and its
contribution is well described by the fit, with x?/ndf = 39/44. In the fit, the K;°(1430)
mass and width were constrained by the second term in Eq. 7 using the PDG values [24].

As seen from Fig. 3, the overall contribution of reflections, where charmed particle
decays play the dominant role, is quite large. However their mass dependence in the
K3°(1430) mass region is rather smooth and so they do not significantly distort the reso-
nance signal. Both the shape and the normalization of the reflections in the K7~ mass
spectrum are well reproduced by the fit. This is seen from a very good description of the
sharp peak from the two-body D® — K ~n% decay and of the broader structure centered
around 1.62 GeV caused by the quasi-two-body D° — K*~(892)7%t, with the 7% from
the DY decay and K~ from K*~ forming the K~ 7% system. A fit with the contribution
of the D reflection left free resulted in an overall D® production rate of 0.39240.044,
consistent within errors with the present average LEP value of 0.454+0.030 [24]. This
strengthens our confidence in the result obtained. The K3;°(1430) signal for z, > 0.04
shown in Fig. 3 corresponds to the production rate of

(K35°(1430)),, 5004 = 0.060 £ 0.018 (fit) (12)

per hadronic event.

3.3  f,(1525) production

The measured raw K+ K~ invariant mass distribution for z, > 0.05, shown in Fig. 4,
exhibits some structures around 1.5-1.6 and 1.6-1.75 GeV/c*. As discussed in [6], they
could be due to the f,(1525) and f;(1700). However, the structure around 1.5-1.6 GeV /c?
is rather complicated, indicating that other states can possibly contribute to this mass
region. Thus a contribution of the relatively narrow fo(1500), the Crystal Barrel candi-
date for the scalar glueball [25], and of the tensor meson f(1565), revived recently in the
analysis performed by the OBELIX collaboration [26], cannot be excluded.

Fig. 4 shows that the contribution of reflections in the mass range 1.40-1.75 GeV/c? is
quite significant, but with a mass dependence that is comfortably small. The reflections
are found to be due mainly to charmed particle decays in the K* K~ X system. However,
contrary to the situation in the K+tm~ mass spectrum discussed in the previous section,
the expected D° — K+t K~ signal (with I'(D° — KTK™)/T(D° — K~7t) = 0.113 £+
0.006 [24]) is small and poorly observed in the data. The larger contribution of this signal
in the fit might be due to an overestimation of the background on account of resonances
(in the mass region from 1.4 GeV/c? to 1.8 GeV/c? as discussed above) which were not
included in the fit.

In this situation, a precise determination of the f;(1525) production rate is rather
difficult. As seen from Fig. 4, the fit of the Kt K~ mass spectrum with the contribution
of only one fé(1525) resonance, performed in order to obtain a rough estimate of its rate,



is not quite satisfactory in the mass region between 1.45 and 1.9 GeV/c?, although the
value of x?/ndf = 59/44 obtained for the full mass range shows that the fit is acceptable.
The fé(1525) signal for x, > 0.05 shown in Fig. 4 corresponds to a production rate of

([2(1525)), <05 = 0.0093 £ 0.0038 (fit) (13)

per hadronic event.

3.4 Systematic uncertainties

The systematic uncertainties were estimated in the same way as in previous DELPHI
analyses [5,23] by determining the contributions arising from:

variations of the charged particle selections;

uncertainty in particle identification efficiencies;

treatment of residual Bose-Einstein correlations;

errors in the branching ratios assumed;

overall normalization of reflections;

assumption that the relative contribution of reflections in different x, intervals, if

not taken from the LEP experiments, is the same as in JETSET;

7. extrapolation procedure used for determination of the total rate from that measured
in the restricted z, range;

8. uncertainty in the resonance line-shape, background parameterization and choice of

the bin size of the mass spectra and mass range used in the fit.

SR A o

The contribution of the first four factors was approximately the same for all resonances.
The relative systematic error from the first factor (including uncertainty in the factor (R)
in Eq. 8), affecting mostly the overall normalization of the total rates, was found to be
about 2%, significantly smaller than in previous DELPHI analyses, reflecting a better
understanding of the detector. The uncertainty in particle identification efficiencies was
estimated to be around +3% as follows from a more detailed analysis given in [21]. This
agrees with the estimate obtained from the remaining K*°(892) reflection contribution
under the p® signal (sect. 3.1). The systematic uncertainties arising from imperfect treat-
ment of the residual Bose-Einstein correlations in JETSET is difficult to estimate. They
were evaluated as in [1] by comparing the resonance rates obtained when the treatment
of Bose-Einstein correlations was included in JETSET with those obtained when they
were ignored. This gave a rather small relative error of about £2%, because the lowest
x, region, where the residual Bose-Einstein correlations are expected to be most signifi-
cant, was not used in our analysis. The errors in the branching ratios, Br, in Eq. 8 were
taken from the PDG tables [24] and amounted to +2% for the f5(1270), +2.4% for the
K3°(1430) and £3.5% for the f,(1525).

The overall normalization of reflections and their relative contributions in different z,
intervals (factors 5 and 6) were accounted for by normalizing the contributions of the
different reflections to the corresponding production rates measured at this and other
LEP experiments and by using the constraints in the second term in Eq. 7. Their uncer-
tainties are thus included in the errors obtained from the fit. The relative contributions
of reflections in the different x, intervals, if not measured, were taken from JETSET.
This may result in additional systematic uncertainties for the differential cross-sections.
Since JETSET describes the shape of the p° f(980) and f2(1270) momenta spectra
very well (Fig. 2), the corresponding relative systematic errors are small. However, in
view of the significant contribution of the reflections from the quasi-two-body D decays



in the f5(1270) mass region and some difference between Monte Carlo modelling of the
777~ mass spectrum from charmed particle decays and the DELPHI data, systematic
errors of +10% and +15% were assigned to the f3(1270) rates in the 0.2 < z, < 0.4
and 0.4 < x, < 0.8 regions respectively. This gave a relative error of +3% for the total
f2(1270) rate. No additional systematic uncertainty due to the treatment of reflections
was found to be necessary for the K3°(1430). In contrast, an error of £10% was assigned
to the fé(1525) total rate in view of some discrepancy between the JETSET expectation
and the data for the D® — K K~ decay, thus indicating possible biases in the calculated
reflection contributions to the K™ K~ mass spectrum.

The overall p°, f5(980), f2(1270), K;°(1430) and f,(1525) rates in the full x, range
were obtained from (9)—(13) by normalizing the JETSET expected rates in the x, ranges
under consideration to the data measurements in the same ranges and then taking the
overall rates from the corresponding JETSET predictions. Good agreement between the
measured p°, f5(980) and f2(1270) x,-spectra and JETSET predictions (Fig. 2) allowed
the extrapolation error to be taken as +10% of the difference between the extrapolated
and measured values. This gave systematic errors of +4% for the p® and f,(980), and
+3% for the f,(1270) total rates. Similarly, a systematic error of +2% was assigned to
the K3°(1430) and f,(1525) total rates, with the assumption that JETSET describes the
shapes of their x,-spectra equally well.

The last factor accounts for uncertainties in the resonance parameterizations and fits,
apart from the variation of resonance masses and widths above and below their nominal
values taken from the PDG tables and accounted for in the errors on the fits?. The influ-
ence of variations of the bin size of the mass spectra and of the mass range used in the fit
on the total p°, f5(980), f2(1270) and K;°(1430) rates was found to be small. Variations of
the background parameterization, using different polynomials P(M, @) in the background
term (3), also had negligible effects on the total rates. However, the influence of these
two factors was found to be more significant for the f,(1525) and resulted in a systematic
error of £11% for its total rate. Systematic effects in the resonance parameterization
and uncertainties in the line-shape of resonances far from the pole position, gave an error
of £3% to the p° total rate. It was increased to £5% in view of possible interference
between the fitted resonances or resonances and background, not accounted for in our
analysis. This error was increased to +£7% for the f,(980) and f»(1270), and to +10% for
the K;°(1430), in view of the small rates and low signal-to-background ratios for these
resonances and due to a significant coupling of the f5(980) to K K below threshold. The
corresponding error for the f;(1525), including the above mentioned £11%, was increased
to £20% because of the rather complicated structure of the Kt K~ mass distribution in
the f,(1525) mass region.

The overall systematic uncertainties for the resonance total rates not accounted for
in the errors on the fits were therefore estimated to be +7.1% for the p°, £9.1% for the
fo(980), £9.4% for the f,(1270), £11.3% for the K3°(1430) and £23% for the f,(1525).
The correctness of these estimates of the systematic uncertainties can be assessed to
some extent by comparing the present and previous DELPHI results (see next section),
obtained using different data samples (especially for the p®, f5(980) and f,(1270)) and
with a different method. Such a comparison shows that the above estimates of the
systematic errors are quite reasonable.

2This does not apply to the fg (980) with the width fixed at 50 MeV and for which the results are therefore model-
dependent, in view of the uncertainty on its width [24].



The overall p°, f5(980), f2(1270), K;°(1430) and f,(1525) rates in the full z, range,
obtained from (9)—(13) by applying the extrapolation procedure just described, were

(p°) = 1.192 £0.059 (fit) & 0.085 (syst) (14)
(f0(980)) = 0.164 4 0.015 (fit) & 0.015 (syst) (15)
(f2(1270)) = 0.214 4 0.032 (fit) £ 0.020 (syst) (16)
(K3°(1430)) = 0.073 4 0.022 (fit) £ 0.008 (syst) (17)
(f,(1525)) = 0.012 % 0.005 (fit) % 0.003 (syst), (18)

where the second errors represent our estimates of the systematic uncertainties.

4 Discussion

The total p°, fo(980) and f5(1270) rates (14-16) can be compared with the previous
values of 1.21 £ 0.15, 0.140 4+ 0.034 and 0.243 4+ 0.062 respectively, determined by DEL-
PHI [1] from the 1991 and 1992 data samples without the use of particle identification®.
The corresponding differential cross-sections, (1/0}) - do/dx, for these two data sets are
also compared in Fig. 2. In general, the agreement between the old and new results, both
for the total rates and for the x,-spectra, is very satisfactory. This shows that the rather
complicated procedure of accounting for the significant reflections, which was used in this
paper and was most essential for the reliable determination of the p® rate in the previous
DELPHI analysis [1] without the use of particle identification, was basically correct. The
largest difference between the differential cross-sections in the present and previous anal-
yses is observed for the f5(1270) at the largest x, values. This is understandable, since
the reflections from the K3°(1430) and D, most significant at large x, values, were not
accounted for in [1].

The DELPHI result (14) on the total p° rate agrees within errors with the value of
1.45 + 0.21 measured by ALEPH [27]. The x,-spectra measured by the two experiments
are also consistent with each other (Fig. 2a), although the x,-spectrum measured by
ALEPH appears to be slightly harder than that measured by DELPHI. The total p® rate
(14) can also be compared with the rate 2.40 4 0.43 of their isospin partners p* recently
measured by OPAL [3]. The ratio of the rates, 2(p°)/(p) = 0.99 £0.20, is close to unity,
as expected.

The total fo(980) and f2(1270) rates, (15) and (16), can be compared with the OPAL
values [2] of 0.141 4+ 0.013 and 0.155 + 0.021 respectively. The DELPHI and OPAL
results on the f3(980) total rate agree quite well. This is also true for the f,(980) x,-
spectra (Fig. 2b). The f5(1270) a,-spectra measured by DELPHI and OPAL agree in
shape (Fig. 2¢) but differ in the absolute normalization, reflecting the difference in the
respective total rates of 1.3 standard deviations.

Fig. 2 presents a comparison of the p°, f5(980) and f(1270) z,-spectra with the expec-
tations of the tuned JETSET model. The tuning [18] was made before this measurement,
but using the previous DELPHI results on the p°, f3(980) and f5(1270). Since the previ-
ous and present results are very close to each other, good agreement of the tuned JETSET
model with the present DELPHI data is not surprising. It is still worth noting the good
description of the p°, f5(980) and f»(1270) x, shapes by JETSET. The shapes of the p°,
f0(980) and f»(1270) x,-spectra for x, < 0.4 appear to be approximately the same. For
x, > 0.4, there is some indication that the f5(980) and especially the f5(1270) x,-spectra

3These rates are obtained from the values measured in the restricted z,, ranges [1] using the same extrapolation procedure
as in the present paper.
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are harder than the p® z,-spectrum. This is seen from Fig. 5, where the ratios f,(980)/p°
and f»(1270)/p° are shown as a function of x,. The observed increase of these ratios with
x, 1s consistent with the JETSET expectations.

The total K3°(1430) production rate (17) agrees, within errors, with our previous result
of 0.079 +0.040 [5], obtained on a smaller data sample and with particle identification by
the RICH only. It is also in good agreement with the DELPHI estimate of the K;*(1430)
production rate of 0.05135% [1]. However the total K3°(1430) production rate (17) differs
by 1.8 standard deviations from the corresponding OPAL value of 0.238 +0.088, obtained
by extrapolation of the rate of 0.19 £ 0.07 for 5 < 0.3 measured by OPAL [4] to the full
xp range.

The total f,(1525) production rate (18) can be compared with the previous DELPHI
result of 0.02040.008 [6], again obtained from a smaller data sample and when only RICH
detectors were used for particle identification. The f,(1525) rate was also measured in [6]
assuming a branching ratio Br(f,(1525) — KtK~) = 35.6%, compared with the value
of 44.4% [24] in the present analysis. The values for the total K3°(1430) and f,(1525)
rates predicted by the tuned JETSET model, 0.168 and 0.024 respectively, are twice the
size of those measured.

It is interesting to compare the total production rates (16), (17) and (18) of the tensor
mesons f,(1270), K3°(1430) and f,(1525) with the respective rates of the vector mesons
p?, K*°(892) and ¢. For the p°, the value (14) was used. The K*°(892) and ¢ total rates

were taken from [5]. This gives:

f2(1270)/p° = 0.180 £ 0.035 (19)
K3°(1430)/ K*°(892) = 0.095 £ 0.031 (20)
£,(1525)/¢ = 0.115 £ 0.058. (21)

The K3°(1430)/K*°(892) and f,(1525)/¢ ratios are similar within large errors, but
smaller than the f5(1270)/p® ratio by 1.8 and 1.0 standard deviations respectively.
Although the observed differences between the K3°(1430)/K*°(892), f,(1525)/¢ and
f2(1270)/p° ratios are not very significant, they might indicate, as has been suggested in
[28], that this is a simple consequence of the difference in particle masses and the mass
dependence of the production rates.

This suggestion is supported by Fig. 6, where the total rates, (N (part)), measured by
DELPHI for the p°, K*°(892), fo(980), ¢, f,(1270), K;°(1430) and f,(1525) are plotted
as a function of their mass squared, M?. Antiparticles are not included in the K*°(892)
and K;°(1430) rates. Both the p° K*°(892), f5(980) and ¢ data points and the f,(1270),
K3°(1430) and f£,(1525) data points are well described (y?/ndf = 0.07/2 and 0.01/1)
by exponentials of the form Ae=BM’ (dashed lines in Fig. 6), with the respective slope
parameters 5.43 4 0.25 and 4.13 £ 0.63. The slopes are consistent with each other within
two standard deviations. It can be noted that the w, p*/2, a£(980)/2 and 1" production
rates measured by other LEP experiments (see [3] and references therein) are also consis-
tent with the exponential describing the p°, K*(892), f5(980) and ¢ data points. Thus
it appears, as already noted in [29], that the production rates of particles with similar
masses, such as the p° and w or the f5(980), a£(980) and " are very similar.

Fig. 6 also shows that the mass dependence of the production rates is almost the same
for the pairs p° and f,(1270), K*°(892) and K3°(1430), ¢ and f,(1525). These three sets
of data points are well fitted (y?/ndf = 0.5/2) to the exponential Ae~BM? (full lines in
Fig. 6), with three different normalization parameters A but the same slope parameter
B, with a fitted value of 1.74 £ 0.15. Thus the relation between the production rates of



11

tensor and vector mesons indeed appears to be very similar for different particles if the
mass dependence of these production rates is taken into account.

The comparison of the f,(980) production rate with those of other mesons should
be treated with some caution, since the results for the f,(980) are model-dependent,
to a certain extent, due to the uncertainty on the fy(980) width. If the f,(980) is a
conventional ¢¢ meson in the lowest 1 Py multiplet with J©¢ = 07+ and its mixing
isosinglet partner is the fy(1370), then in analogy with the tensor-to-vector meson ratios,
the production rate of the f3(980) should presumably be compared with the production
rate of the w(1600), the member of the 1 D, multiplet with J° = 17, However,
the inclusive production rate of the w(1600) is not known. The ratio of the rates of the
a£(980) recently measured by OPAL [3] and the f,(980) (15) is 1.64 £ 0.69, compatible
with a value of 2, in analogy with the p(770)/w(782) ratio.

The total production rates of the tensor mesons f,(1270), K3°(1430) and f,(1525) are
found to be rather small in absolute value, when compared with the vector meson pro-
duction rates. This agrees, at first sight, with common expectations that the production
of orbitally excited states is suppressed. However, recently it was noticed [30] that the
production rates of orbitally excited mesons are not smaller, but much larger relative to
the states with no orbital momentum if compared at the same masses with the universal
mass dependence of the production rates for the pseudoscalar and vector mesons and the
octet and decuplet baryons [29].

Another indication for the excess of orbitally excited mesons can be seen from Table 2,
where a comparison of the data with the recently proposed thermodynamical model [31]
is presented. This model provides a very good description of the total production rates
for the pseudoscalar and vector mesons and for the octet and decuplet baryons, both for
ete™ [31] and for pp and pp [32] collisions. This is illustrated in Table 2 by a very good
agreement between the model prediction and the data for the p°. However, comparison
of the model predictions with the present DELPHI results for the total production rates
of orbitally excited mesons indicates that the model underestimates their yields by about
the same factor of 1.6-2.1, except for the fé(1525), where the experimental uncertainties
are quite large.

Table 2: Comparison of the measured p°, f5(980), f2(1270), K3°(1430) and f,(1525) total

production rates with the predictions of the thermodynamical model [31].

‘Particle ‘DELPHI results ‘ Model predictions‘

0 119 £0.10 1.17 £ 0.05
fo(980) | 0.164 £0.021 | 0.0772 + 0.0076
f2(1270) | 0.214 £0.038 | 0.130 £ 0.015
K3°(1430)| 0.073 £0.023 | 0.0462 + 0.0041
£2(1525) | 0.012 £0.006 | 0.0107 = 0.0007

As suggested in [30], the large excess of orbitally excited mesons might be related to
their gluonic excitation, since this can introduce angular momentum and therefore the
states resulting from quarkonium-gluonium mixing might be produced at higher rates.
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5 Summary

The DELPHI results on inclusive production of the p° fo(980), f2(1270), K3°(1430)
and fé(1525) in hadronic Z° decays at LEP have been presented. They are based on a data
sample of about 2 million hadronic events, using the particle identification capabilities of
the RICH and TPC detectors, and supersede the previous DELPHI results, with which

they are consistent. The following conclusions can be drawn.

e The total p° production rate per hadronic Z° decay amounts to 1.19 £ 0.10. The p°
momentum spectrum is well reproduced by the JETSET model tuned to previous
DELPHI data. The total p° rate and its momentum spectrum are consistent with
the ALEPH measurements.

e The total f5(980) and f5(1270) production rates per hadronic Z° decay are 0.164 +
0.021 and 0.214 4 0.038 respectively. The f5(980) and f2(1270) momentum spec-
tra are well described by the tuned JETSET model. The shapes of the f;(980)
and f3(1270) momentum spectra are similar to that for the p° for x, < 0.4. For
higher x, values there is some indication that the ratios f5(980)/p® and especially
f2(1270)/p° may increase with z,, in agreement with JETSET expectations. The
total fo(980) and f2(1270) rates and their momentum spectra are consistent with
the OPAL measurements.

o The total K3°(1430) and f,(1525) production rates per hadronic Z° decay amount
to 0.073 £ 0.023 and 0.012 £ 0.006 and are about half the size of the rates pre-
dicted by the tuned JETSET model. The total K3;°(1430) rate is smaller by 1.8
standard deviations than the value 0.238 £ 0.088 measured by OPAL for xp < 0.3
and extrapolated by us to the full gy range.

o The ratios f,(1270)/p°, K3;°(1430)/K*°(892) and f,(1525)/¢ are 0.180 4 0.035,
0.095 4+ 0.031 and 0.115 + 0.058 respectively. They appear to be somewhat dif-
ferent. However, the relationships between the production rates of the tensor and
vector mesons for the f,(1270) and p°, K3°(1430) and K*°(892), f,(1525) and ¢
are found to be very similar when the mass dependence of the production rates is
accounted for.

The DELPHI and OPAL results, despite some inconsistency between their measure-
ments of the K3°(1430) rate, show a rather significant production rate for orbitally excited
states in Z° hadronic decays. It appears, in agreement with the conclusions drawn in [30],
that the production rates of orbitally excited tensor mesons are at least as large as those
of states with no orbital momentum, if the mass dependence of their production rates is
accounted for. It is also indicated that the measured rates of orbitally excited mesons
are higher than follows from the thermodynamical model [31], which is quite successful
in describing the total production rates of other particles.
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DELPHI
with RICH and TPC particle identification
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Figure 1: The nt7~ invariant mass spectra for various x, ranges as indicated. Each
plot consists of an upper and lower part. In the upper part: the raw data are given by
the open points; the upper histogram is the result of the fit; the lower histogram is the
sum of the background and reflection contributions. In the lower part: the open points
represent the data after subtraction of the background and reflections; the histograms
show the contribution of reflections and result of the fit for the p°, f5(980) and f5(1270)
contributions. The histograms in the lower part are multiplied by the factor indicated.



(1/0,) do/dxe

16

b) f,(980)
A DELPHI 91-92
O DELPHI 94-95
% OPAL
O ALEPH

Jetset PS

c) f,(1270)

Figure 2: Differential cross-sections (1/a,)do/dz, for inclusive a) p°, b) f5(980) and c)
f2(1270) production, obtained with the 1994-1995 data (open points), in comparison with
the previous DELPHI results based on 1991-1992 data (triangles), ALEPH results for the
p? (squares) and OPAL results for the f5(980) and f3(1270) (stars). The curves represent
the expectations of the tuned JETSET model.
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DELPHI
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Figure 3: The K*7~ invariant mass spectrum for x, > 0.04. In the upper part: the raw
data are given by the open points; the upper histogram is the result of the fit; the lower
histogram is the sum of the background and reflection contributions. In the lower part:
the open points represent the data after subtraction of the background and reflections;
the full histogram is the result of the fit for the A3;°(1430) contribution; the dashed

histogram shows the contribution of reflections. The histograms in the lower part are
multiplied by a factor of 5.
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Figure 4: The KK~ invariant mass spectrum for z, > 0.05. In the upper part: the raw
data are given by the open points; the upper histogram is the result of the fit; the lower
histogram is the sum of the background and reflection contributions. In the lower part:
the open points represent the data after subtraction of the background and reflections; the
full histogram is the result of the fit for the f,(1525) contribution; the dashed histogram
shows the contribution of reflections. The histograms in the lower part are multiplied by
a factor of 5.
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Figure 5: The ratios of the production rates a) fo(980)/p° and b) f2(1270)/p° as a
function of x,. The curves represent the expectations of the tuned JETSET model.
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Figure 6: The production rates of the scalar, vector and tensor mesons measured by
DELPHI as a function of their mass squared. The dashed lines represent the results of
separate fits to exponentials of the p?, K*°(892), f5(980) and ¢ rates and the f,(1270),
K3°(1430) and f,(1525) rates. The full lines represent the results of separate fits to three
exponentials with the same slope of the p° and f5(1270), the K*°(892) and K3°(1430)
rates and of the ¢ and f;(1525) rates . The results of the fits are described in the text.



